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This invention relates generally to low-pass 
wave-filter circuits and particularly to a low-pass 
filter Section utilized as a phase-linear filter, as a 
phase-correcting section in a confluent network, 
or as a phase-correcting filter co-operating with 
other filters having phase distortion. 
In many electrical circuits it is desirable to 

translate signals of a wide range of frequencies 
through an electrical network with a predeter 
mined frequency phase-shift characteristic or, in 
the case of distortionless transmission, with a 
phase shift in the network directly proportional 
to the frequency. For instance, in the translation 
and amplification of a video-frequency signal in 
a television apparatus, it is required to translate 
signals comprising a wide band of frequencies and 
including frequencies very low as compared with 
the cutoff frequency. The circuits have the char 
acteristics of low-pass filters, even though they 
do not pass signals quite down to zero frequency. 
While it is desired to translate such signals with 
no distortion in any stage of the signal-translat 
ing channel, this may not be practicable so that 
it may be necessary to provide phase-correcting 
circuits in the signal-translating channel. Such 
phase-correcting circuits may be utilized for the 
purpose of providing a distortionless over-all 
characteristic for the signal-translating channel 
or for providing, a given frequency phase-shift 
characteristic for one part of the signal-translat 
ing channel which is complementary to such 
characteristic of some other part of the channel. 

Certain phase-correcting networks have here 
tofore been utilized for the purpose discussed 
above. In designing a phase-correcting section 
for a particular form of correction, it is necessary 
to select a type of filter section whose phase shift 
varies in the desired manner over the entire pass 
band of the system in which it is to be utilized. 
It is highly desirable, therefore, to have available 
a phase-correcting network whose phase shift 
can be given the desired value at one or more 
frequencies within the pass band. In practice, 
such phase-correcting filters are usually designed 
to have a phase shift which is a multiple of it at 
one or more predetermined critical frequencies 
within the pass band. Those phase-correcting 
filter sections of the prior art which have such a 
characteristic require a relatively large coefficient 
of inductive coupling between inductances in the 
filter section and, furthermore, such prior art 
filter sections do not tolerate a shunt capacitance 
of any appreciable magnitude across the termi 
nals of the section. The normal characteristics 
of such filters are disturbed by any inherent 

(C. 18-44) 
capacitance of the circuit elements connected 
across the terminals at either end of the phase 
correcting section. 

Also, since the requirement for distortionless 
transmission over a band of frequencies is a 
straight-line frequency phase-shift characteristic 
for the network, it is particularly desirable to 
obtain in a low-pass network having generally the 
desired characteristic, a phase-correcting section 
capable of further correcting the phase shift of 
the system to its theoretically correct value at 
one or more points in the pass band. With a 
plurality of such phase-correcting networks, any 
desired degree of correction of the over-all trans 
mission characteristic of the system is possible. 

It is an object of the invention, therefore, to 
provide an improved low-pass phase-correcting 
network for use in a filter system, the phase shift 
of which can be predetermined as desired at one 
or more frequencies within the pass band. 

It is another object of the invention to provide 
an improved low-pass filter for substantially dis 
tortionless transmission of a wide band of fre 
quencies, the frequency phase-shift characteris 
tic of which passes through a straight line through 
the origin at Several points in the pass band, one 
of the points being the origin. 

It is another object of the invention to provide 
a phase-correcting filter section for the purposes 
described above which includes substantial shunt 
capacitance across either or both terminals. 

It is still another object of the invention to 
provide a phase-correcting filter section of the 
type described requiring a relatively small co 
efficient of inductive coupling between inductance 
elements of the filter circuit. 
In accordance with one embodiment of the 

invention, there is provided a low-pass filter sec 
tion comprising a transformer, the windings of 
which are connected as series arms of a ladder 
network whose shunt arms comprise capacitance 
elements. Input and output terminals of the 
section are across the terminal shunt capacitance 
elements. The reactive elements of the Section 
are so proportioned as to provide a low-pass filter 
circuit having constant-c, mid-shunt image im 
pedance at each end, a predetermined cutoff fre 
quency, and a phase shift which is a multiple of T 
at selected critical frequencies within the pass 
band. In other words, the frequency phase-shift 
characteristic of the filter section of this embodi 
ment of the invention can be utilized, in a low 
pass signal-translating channel, to compensate 
for the usual forms of phase distortion over the 
major part of the paSS band, 

10 

5 

20 

25 

30 

35 

40 

  



O 

O 

65 

O 

5 

In another embodiment of the invention there 
is provided a filter section comprising three or 
more inductance elements inductively coupled in 
pairs, the individual elements being connected in 
the series arms of a ladder network, the shunt 
arms of which are capacitance elements. The 
reactive elements of the circuit are so propor 
tioned as to provide a low-pass filter circuit hav 
ing constant-k mid-shunt image impedance at 
each end, a predetermined cutoff frequency, and 
a phase shift which is a multiple of r at two or 
more independent selected critical frequencies 
within the pass band. In other words, the fre 
quency phase-shift characteristic of this embodi 
ment of the invention can be utilized in a system 
to provide a greater degree of phase correction. 
In a variation of this embodiment of the inven 
tion, the three above-mentioned inductance ele 
ments are bridged by an additional inductance 
element. This bridged ladder circuit has the ad 
vantage that a complete freedom of choice of 
critical frequencies is procured in a symmetrical 
filter section with only one inductive coupling. 
For a better understanding of the invention, to 

gether with other and further objects thereof, 
reference is had to the following description taken 
in connection with the accompanying drawing 
and its scope will be pointed out in the appended 
claims. 

Referring now to the drawing, Fig. 1a is a cir 
cuit diagram of the filter composition of one em 
bodiment of the invention and is utilized to ex 
plain the general theory of the invention; Figs. 
1b and 1d are circuit diagrams of ladder net 
works utilized, respectively, to obtain one-point 
and two-point phase correction within the pass 
band; Fig. c is a graph illustrating certain Op 
erating characteristics of the circuits of Figs. 1d. 
and 1b; Fig. 2a is a circuit diagram of a network 
providing phase correction at two predetermined 
frequencies within the pass band; Fig. 2b is a 
graph illustrating an operating characteristic of 
the circuit of Fig. 2d.; Fig. 3a is a combination of 
the circuits of Figs. 1d and 2d.; Fig. 3b is a modi 
fication of the circuit of Fig. 3a with self-in 
ductances substituted for mutual inductances; 
and Fig. 4 is a circuit diagram of a vacuum-tube 
amplifier utilizing a phase-correcting filter in ac 
cordance with the invention. 

Referring now more particularly to Fig, la, 
there is shown a phase-correcting network con 
prising an m-derived filter section interposed be 
tween two constant-k half-sections so that the 
image impedances of the network are those of 
mid-shunt terminations of a constant-k filter. 
The terminating impedances or resistors to which 
the input and output pairs of terminals of the 
circuit of Fig. 1a are coupled are represented by 
resistors R, R shown in dotted lines. The induc 
tance of the shunt arm of the m-type Section, 
in this case the filter having an in greater than 
unity, is negative. It is not possible, therefore, to 
construct this inductance as a separate element. 
However, in the circuit of Fig. 1b there is shown 
an equivalent network utilizing a transformer as 
an equivalent to the three inductance elements of 
the circuit of Fig. 1a. This network comprises 
inductances L., L. having a coefficient of coupling 
therebetween and connected in the Series arms 

of a ladder network having shunt arms compris 
ing condensers C1, C. Connected across the ter 
minal circuits thereof, and shunt arm C2 inter 
posed between inductances I, I, 

Fig. 1c shows the frequency phase-shift char 
acteristic of the circuits of Fig. 1a and Fig. 1b. 
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The shape of the phase characteristic may be 
determined by the choice of the value of m in 
the formulae hereinafter given. In other words, 
the intersection of each curve with the r phase 
shaft line occurs at frequency f1, fa being the 
cutoff frequency, and ac, being determined by the 
first of the following formulae which are ap 
plicable to the circuits of Figs. la and 1b: 

r== V1 n =-1 (1) 
C-s: R- ce, (2) 

C-2mc=2(-)c. (3) 
L-5-c. (4) 

K--it--(1-2)- (5) 
where wa is the angular frequency corresponding 
to fa, and R is the image impedance at Zero fre 
quency. The value of m in the above equations 
may be determined from the curves of Fig. 1c. It 
will be seen that the curve me f is concave up 
wardly over the major portion of the pass band, 
while the curve m-3 is convex upwardly over the 
major portion of the pass band, 

It will be seen from the above description and 
formulae that each of the circuits of Figs. 1d. 
and 1b may be utilized as a phase-correcting 
filter network having a phase shift which is a 
multiple of r at one preselected critical frequency 
within the pass band and that such a filter pre 
Sents a constant-k mid-shunt image impedance 
across each of its pairs of terminals, 
The circuit of Fig. d is similar in some re 

spects to the circuit of Fig. 1b and similar circuit 
elements have been given identical reference 
numerals in the two figures. The filter composi 
tion of the circuit of Fig. 1b is shown in Fig. a 
and comprises a single m-type section; the filter 
composition of the circuit of Fig. d is not shown 
but is similar except that it comprises two m 
type sections. These may or may not have the 
same value of m. The circuit of Fig. 1d is effec 
tive to provide a phase shift which is a multiple 
of r at each of two critical frequencies in the 
pass band, while presenting a constant-c mid 
shunt image impedance across each of its pairs 
of terminals. Formulae for the circuit of Fig. 
ld may be derived on filter principles from the 
equivalent network comprising two m-derived 
Sections. 
The circuits described above illustrate the util 

ity of the phase-correcting networks of the in 
vention in Securing a linear frequency phase-shift 
characteristic or for partially compensating for 
the curvatures of the characteristics of other 
networks to which the phase-correcting network 
is coupled. The same general utility is found in 
the circuits of Figs. 2d, 3d, and 3b, but these have 
greater freedom of design. 
The circuit of Fig. 2a comprises inductors L, 

L2 and L1 connected in the series arms of a lad 
der network and condensers C3, CA, C, Cs con 
nected as shunt arms thereof. Pairs of input and 
output terminals are connected, respectively, 
across condensers C3, C3 to which are coupled re 
sistors R, R which may be actual terminating re 
sistors or may represent the image impedances 
of the circuits to which the filter of the invention 
is coupled. Inductor L5 is connected to bridge 
inductors L1, La, Il. While inductors 1, L1 have 
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a coefficient of inductive coupling k therebe 
tween, as represented in the drawing by the 
dotted line M. 
The following are the formulae applicable to 

the circuit of Fig. 20: 
1-h 

k=E, - (6) 
f w 

2=e 7 
Vf -f ( ) 

C. R. (8) 
Co-c) . . . 

c-acete) ; (9) 
1-h 

12C(i) (10) 
o 4h 

22h4LC. - hi- (11) 
2 

Is 4h L1 (12) 

where the subscripts on the angular frequencies 
w identify the angular frequencies with the cor 
responding frequencies f, fs, and fs at which the 
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filter has a phase shift of ar, 2ar, and 3rt, respec 
tively, fis being the cutoff frequency. 
The circuit of Fig. 2d. is thus effective to pro 

Wide a phase-correcting circuit having a phase 
shift which is a multiple of r at each of two pre 
determined independent critical frequencies 
within the pass band and which presents a con 
stant-k mid-shunt image impedance at its ter 
minals. The frequency phase-shift characteris 
tic of the circuit of Fig. 2a is represented by the 
graph of Fig. 2b. 
The inductance L5 as determined by Formula 

12 becomes infinite, and may then be omitted 
from the circuit without altering its characteris 
tics, if the following relation between the critica 
frequencies is satisfied: s 

The operation of the circuit thus modified is esr 
sentially unchanged except that the two critical 
frequencies within the pass band, at which the 
phase shift is a multiple of tr, are interdependent. . 

Also, the circuit of Fig. 2d may be so propor 
tioned as to secure a frequency phase-shift char 
acteristic which is substantially linear Over the 
major portion of the pass band. It is, however, 
impossible to provide a linear phase character 
istic near the cutoff frequency. The maximum 
phase shift of the circuit of Fig. 2a is 3T, there 
being four critical frequencies as shown in Fig.2b, 
these being fa, f4, fs, and fs. The critical fre 
quencies may be so related that the curve be-, 
tween fs, or zero frequency, and fs is substantial- . 
ly linear by choosing equal frequency differences 
between successive critical frequencies except the 
last two and making the difference between the 

5 

last two approximately half that between the 
other frequencies. These relationships are shown 
in the frequency phase-shift curve of Fig.2b, 
The general expression for the fraction A of the 

band having a linear frequency pha e-shift char 
acteristic, in a network of the type of the inven 
tion having a maximum phase shift mirr and hav 
ing a number of critical frequencies equal to 
(n-1), is: 

2n - 2 
A= i (14) 

The spacing of the critical frequencies in such a. 
s - 

3 
design is uniform except that the Space just inside 
the cutoff frequency is only one-half the uniform 
Vale, 

In Fig. 3a, there is shown a filter-correcting cir 
cuit in accordance with the invention which has 
the features of both Fig. 1d and Fig. 2a, similar 
circuit elements being given identical reference 
numerals. The only difference between the cir 
cuits of Figs. 2a and 3a is that there is, in the case 
of Fig. 3a, inductive coupling between the induct 
ance La and each of inductances L1, L1. It will be 
understood, however, that Equations 6-12, inciu 
sive, given above as being applicable to Fig. 2a, 
are not applicable to the circuit of Fig. 3a inas 
much as they do not take into account the added 
mutual inductances. Comparable formulae may 
be derived utilizing well-known principles of filter 
design. 

0. 

s 

The circuit of Fig. 3b is the full equivalent of 
the circuit of Fig. 3a in which all the inductive 
elements are Self-inductances. Similar circuit 
elements in the circuit of Fig. 3d and the circuit of 
Fig. 3b have been given identical reference numer 
als. L3, L3, L4 represent, respectively, the induc 
tances L1, L1, La less the mutual inductances. 
Additional Self-inductances in the circuit of Fig. 
3b have been added in place of mutual inductances 

between inductances 
capacitance element 20 which takes the place of 

: 

in the circuit of Fig. 3a; thus, inductance element 
I6 replaces the mutual inductance between in 
ductance L2 and one of inductances L1 in Fig. 3a, 
and inductance. In replaces the mutual inductance 
between inductances L1, L1 of Fig. 3a. Fig. 3b is 
given mainly for explanatory purposes, since one 
Or more of I-6, L6, I would be negative in a phase 
correcting filter, so that mutual inductance would 
be needed. 

In Fig. 4 there is shown a filter in accordance 
with the invention which is utilized as a coupling 
circuit between the output electrodes of a vacuum 
tube 0 and the input electrodes of a vacuum tube 

. . The inherent capacitance of the output cir 
cuit of vacuum tube 0 is represented by capaci 
tance means 2 and 3 in parallel, while the inher 
ent capacitance of the input circuit of vacuum 
tube is represented by capacitance means f 
and 5 in parallel. These inherent capacitances 
tend to limit the response of the Systems of the 
prior art as a wide band amplifier. 
filter circuit comprising an inductance f6, con 
denser 7, and resistor 26 is coupled across capaci 
tance 2, 3 to maintain a high impedance across 
the output terminals of vacuum tube to over a 
wide band of frequencies in a manner which is 
fully described in applicant's copending applica 
tion, Serial No. 203,597, filed April 22, 1938. The 
filter circuit between the tubes 0 and , which is 
in all respects equivalent to the circuit of Fig. 1b, 
comprises inductances 8 and 9 which are widely 
separated from each other and adjacent, respec 
tively, to vacuum tube 0 and vacuum tube . 
These inductances comprise series arms of the 
filter, being the equivalent of inductances L., L of 
the circuit of Fig. 1b. A shunt arm interposed 

8 and 

condenser C2 of the circuit of Fig. lb and may 
E. at least partially the inherent capaci 

tance to ground of inductances 8, 9, and 2 and 
associated circuit elements. Condensers C1, C1 of 
Fig. 1b are replaced, respectively, by capacitance 
means 3 and 4. 
between inductances 8 and 9 which is the equiv 
alent of the mutual inductive coupling between 
inductances L., L of Fig. 1b, a link circuit is pro 

w 

9, comprises a , 

In order to provide a coupling, 
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4. 
vided comprising an inductance 2 inductively 
coupled to inductance and tapped on induct 
ance 9. A grid-leak resistor 22 is provided for 
vacuum tube while blocking condensers 23, 24 
serve to confine direct currents to their proper 
paths. 
In considering the operation of the circuit of 

Fig. 4, it will be seen that the dead-end filter, 
comprising capacitance elements 2 and f, in 
ductance 16, and resistor 26, Serves to maintain a 
high value of impedance across the output circuit 
of vacuum tube ?o in a manner fully described in 
the above-mentioned Copending application. The 
filter circuit of the present invention operates in 
the manner described in detail with respect to the 
circuit of Fig. 1b to provide a circuit in which a 
predetermined phase shift, equal to a selected 
multiple of r, is obtained at a selected critical fre 
quency within the pass band of the system for any 
of the purposes Outlined in detail above. 
While there have been described what are at 

present considered to be the preferred embodi 
ments of the invention, it will be obvious to those 
skilled in the art that various changes and modi 
fications may be made therein without departing 
from the invention, and it is, therefore, aimed in 
the appended claims to cover all such changes and 
modifications as fall within the true spirit and 
Scope of the invention. 
What is claimed is: 
1. A low-pass phase-correcting filter network 

for procuring a predetermined phase shift which 
is a multiple of r at each of one or more pre 
selected frequencies within said band compris 
ing, a ladder network including a plurality of 
inductances as series arms, at least one pair of 
said inductances having negative mutual induct 
ance therebetween, a plurality of capacitance ele 
ments included as shunt arms, and input and out 
put pairs of terminals across different ones of 
Said shunt arms, the reactive constants of said 
filter network being so proportioned as to present 
constant-c mid-shunt image impedance across 
each of said pairs of terminals. 

2. A low-pass phase-correcting filter network 
for procuring a predetermined phase shift which 
is t at a preselected frequency within said band 
comprising, a ladder network including two nega 
tively inductively coupled inductances as series 
arms, three capacitance elements as shunt arms, 
and input and output pairs of terminals across 
different ones of said shunt arms, the reactive 
constants of Said filter network being so propor 
tioned as to present constant-k mid-shunt image 
impedance across each of said pairs of terminals. 

3. A low-pass phase-correcting filter network 
for procuring a predetermined phase shift which 
is a multiple of t at each of two preselected fre 
quencies within said band, comprising, a ladder 
network including two negatively inductively 
coupled inductances and a third inductance as 
series arms, four capacitance elements as shunt 
arms, and input and output pairs of terminals 
acroSS different Ones of Said shunt arms, the re 
active constants of said filter network being so 
proportioned as to provide constant-k mid-shunt 
image impedance across each of said pairs of 
terminals. 

4. A low-pass phase-correcting filter network 
for procuring a predetermined phase shift which 
is a multiple of it at each of two or more inde 
pendent preselected frequencies within said band 
comprising, a ladder network including at least 
three inductances as series arms, at least one 
pair of said inductances having negative mutual 

3,188,857 
inductance therebetween, a plurality of capaci 
tance elements as shunt arms, input and output 
pairs of terminals across different ones of said 
shunt arms, and an additional inductance con 
nected to bridge said plurality of inductances, 
the reactive constants of said filter network being 
So proportioned as to provide constant-c mid 
shunt image impedance across each of said pairs 
of terminals. 

5. A low-pass phase-correcting filter network 
for procuring a predetermined phase shift which 
is a multiple of r at each of two independent pre 
Selected frequencies within said band comprising, 
a ladder network including three negatively in 
ductively coupled inductances as series arms and 
four capacitance elements as shunt arms, input 
and output pairs of terminals across different 
Ones of Said shunt arms, and an additional in 
ductance connected to bridge said three induct 
ances, the reactive constants of said filter net 
Work being so proportioned as to provide con 
stant-c mid-shunt image impedance across each 
of Said pairs if terminals. 

6. A low-pass wide band amplifier comprising 
first and second vacuum tubes comprising input 
and output electrodes having shunt capacitance, 
a phase-correcting filter network coupled be 
tween the output electrodes of said first tube and 
the input electrodes of said second tube for pro 
curing a phase shift which is a multiple of r at 
each of one or more preselected frequencies with 

- in said band, said filter network including a lad 
der network having a plurality of inductances in 
series arms of said network, said inductances 
Comprising at least one pair having negative 
mutual inductance therebetween, said filter net 
work elements having inherent capacitance in 
cluded as shunt arms, the output circuit capaci 
tance of said one of said tubes being included 
in one of said shunt arms and the input circuit 
capacitance of the other of said tubes being in 
cluded in another of said shunt arms, said in 
herent capacitances of said network elements 
comprising substantial portions of the total 
capacitances of said shunt arms with which they 
are associated, and the reactive constants of said 
filter network being so proportioned as to provide 
constant-k mid-shunt image impedance across 
each of Said circuits. 

7. In a low-pass wide band amplifier, first and 
Second Vacuum tubes comprising input and out 
put circuits having appreciable capacitances, a 
phase-correcting fliter network coupled between 
the Output circuit of one of said tubes and the 
input circuit of the other of said tubes for pro 
curing a phase shift which is a multiple of r at 
each of one or more predetermined frequencies 
within said band, said filter network including 
a ladder network having two remotely separated 
inductances as Series arms adjacent to said tubes, 
a link circuit comprising inductance coupling 
said inductances to provide a negative mutual in 
ductance therebetween, and shunt arms compris 
ing Said capacitances, the reactive constants of 
Said filter network being so proportioned as to 
provide constant-k mid-shunt image impedance 
aCrOSS each of Said capacitances. 

8. A low-pass phase-correcting filter network 
for procuring a phase shift of r at a preselected 
frequency within said band, said filter network 
including a transformer comprising primary and 
secondary windings providing negative mutual 
inductance, shunt capacitance elements for each 
of Said WindingS Comprising a common portion, 
and input and output pairs of terminals across 
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the remaining portions of said shunt capacitance 
elements, the reactive constants of said filter sec 
tion being so proportioned as to provide con 
stant-k mid-shunt image impedance across each 
of said pairs of terminals. 

9. A low-pass phase-correcting filter network 
for procuring a predetermined phase shift which 
is a multiple of Tr at each of One Or more prese 
lected frequencies within the pass band compris 
ing, a ladder network including a plurality of in 
ductances as Series arms, at least One pair of 
said inductances having negative mutual induct 
ance therebetween, a plurality of capacitance 
elements as shunt arms, and input and Output 
pairs of terminals across different Ones of said 
shunt arms, the reactive Constants of said filter 
network being so proportioned as to present con 
stant-k mid-shunt image impedance across each 
of said pairs of terminals, 

10. A low-pass phase-correcting filter network 
for procuring a predetermined phase shift which 
is a multiple of w at a preselected frequency 
within the pass band comprising, two constant-k 
half-sections with adjacent mid-series termina 
tions, an m-derived filter section interposed be 
tween said half-sections, said m-derived section 
having a value of m. greater than unity, and in 
put and output pairs of terminals across said 
half-sections, wherefore said network presents 
constant-k image impedance across each of said 
pairs of terminals. 

11. A low-pass phase-correcting filter network 
for procuring a predetermined phase shift which 
is a multiple of r at each of one or more pre 
selected frequencies within the pass band come 

5 
prising, a ladder network including a plurality 
of inductances as series arms, at least one pair 
of Said inductances having negative mutual in 
ductance therebetween, a plurality of capacitance 
elements as shunt arms, and input and Output 
pairs of terminals across different Ones of said 
shunt arms, the reactive constants of said filter 
network being so proportioned as to provide a 
phase-frequency characteristic which is convex 
upwardly over the major portion of the pass band 
and to present constant-k image impedance 
across each of said pairs of terminals. 

12. A low-pass phase-correcting filter network 
for procuring a predetermined phase shift which 
is a multiple of r at each of one or more pre 
selected frequencies within the pass band Con 
prising, a ladder network including a plurality 
of inductances as series arms, at least one pair 
of said inductances having negative mutual in 
ductance therebetween, and a plurality of capaci 
tance elements as shunt arms, and input and 
output terminals across different ones of said 
shunt arms, said filter having a maximum phase 
angle of nor and having 7-1 critical frequencies 
within the band, the spacing between the critical 
frequencies being uniform to provide nearly 
linear phase-frequency characteristic over the 
fraction 

2e2 
2n-1 

of the pass band and to present constant- mid 
shunt image impedance across each of said pairs 
of terminals, 
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