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This invention relates to wave filters and m01 e-'_ -

(Cl 178—-—-—44)

| pa,rtlcularly to those of the 1mpedance transform-

ing variety.

- The prmmpal obgect o:E the- mventlon is to pro-'
- vide impedance tra,nsformatlon in a wave filter

of the lattice type. A further object is to em-

- ploy piezoelectric crystal elements in the imped-

‘ance hranches of an 1mpedance t‘* a*lsformlng fil-
ter of the lattice type. =~

~ 'The wave filter in accorﬂanﬂe Wlth the 1‘wen-_

10

tion comprlses a lattice network and two mdum—. -

ances, one of which is connected in series at one

~ end of the lattice gnd the other of which is con-
nected in shunt at the other end. If certain

design limitations are observed the impedance

branches of the lattice may be constituted by
piezoelectric crystals. Variable shunt capaci-

 tances may be provided at the ends of the lattice -
to facilitate the adjustment of the-transmission -

characteristic of the filter, =
. The nature of the invention wﬂl be more ful’y
understood from the following detailed descrip-
- tion and by reference to the accompanying draw-
ings, in which like reference characters refer to
51m11a,1* or corresponding parts and in which:

2

Taking up the figures in more detail, Fig. 1is
a schematlc circuit of an impedance~transform-
ing wave. filter in accordance with the mventlon

The filter has two pairs of terminals I, 2 and 3, &,
either pair of which may be conmdered the mput

and the other pair the output The network

comprises a lattice having two equal series im-
pedance branches Zi1 and two equal diagonal im-.
pedance branches Zia. For the sake of slm-phclty,'
in Fig. 1 and also in Figs. 2, 5, 6 and 7 only one

series 1mpeqance bra,nch and cme diagonal im-
‘pedance branch of the lattice are shown in detail,
the cther branches bkeing indicated by dashed

lines between the approprlate terminals.
_11ght—ha,nd end of the lattice is a shunt induct-

At the

ance of value Ii. At the left- hand end there is
a series inductance, -also of value Ii, which may -

~ be equally divided, as shown, and L2 connected

20

in each side of the line to promde a balanced
structure. At each end of the lgttice there is a

- variable shunt capacitance of value Cx, provided

- 25

‘Fig. 1 is g schematic circuit of 2 Wa,ve ﬁlter .

in accordance with the invention;

Fig. 2 shows the initial network compnsmg a
central lattice and two three-element ladder-type
end sections, from Wmch the ClI'Clllt of Fig, 1
is derived:;

- Flig. 3 shows the combmatwn of the rlght-hand
 ladder section and an ideal transformer;

Fig. 4 is an impedance- transformmg sectlon
- equivalent to the combination of Fig. 3;

Fig. 5 shows the network of Fig. 2 ‘with the

- right-hand ladder section replaced by the im-
- pedance-transforming section of IMig, 4 to provide

- equal series and equal shunt cap:n mtances exter—

nal to the lattice; ~
g, 6 is the network of Flg 5 w1th the externa.l

capacltances taken into the lattice;

Fig, 7 is a network equlvalent to 'the' one af |
Fig. 6 with the redumdant capamtances ehrm- B
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nated;
Fig. 8 is the network of ¥ig. 7 w1th the bra,nches

of the lattice constltuted by piezoelectric crystal

. elements;
- HFig. 9 shows the ﬁltﬂr of Flg 8 with va,rzable

capacitances in shunt at the ends of the lattice
for ad;lustment of the transmlssmn character—

istic; and

- Fig. 10 shows the ﬁlter of Flg 9 Wlth ea,ch shunt
capa,clta,nce constltuted by a ﬁxed portmn and
a variable. portlon o B

51

of value Li1 and g capacn:ance of value Cii.

for adjusting the transmlssmn cha,racterlstlc of

-the filter.

Each series branch Zu of the ﬁlter is made up
of a capacitance of value Ciz shunfed by the
series-connected combmatlon of an inductance
Each
diagonal branch Ziz comprises a capacitance of
value Cis shunted by the series-connected com-

o bination of an inductance of value Liz and a ca-

pacitance of value Ci3. It will be understood, of

- course, that in some cases the end shunt capaci-

tances Cx may be incorporated in the lattice by

. increasing the value of each of the capacitances
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SR -_55

“f2 and an upper cut-of

C1z and Cus by an amount equal to Cx. Formulas

- for evaluating the various elements of the filler -
~are. given hereinafter, |
‘_band extending: between selected frequencies, has

" The filter transmits a

peaks of attenuation only at zero frequency and

40 at infinite frequency and provides an impedance

step-up from left to right which at the mid- bandl

- _"frequency is equal to the ratio Ra to R1.

‘The derivation of the filter of Fig., 1 will now

be taken up. Fig. 2 shows schematically the ini-

tial network, comprising a central lattice section |
5 with ladder-type half sections & and T connected

" one at each end. The lattice 5 has the same con-

ficuration as the lattice in Fig. 1 but will have

different element values, as indicated by the use |

It has a transmission
frequency

of the different subscripis.
ba,nd extending between a lower cut-oif

1mpedance R+ at the. mid- band frequency im,
which is the geometric mean of f2 and Js.
the case where peaks of attenua,tmn occur only at

* frequency f3 and an image '

For
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- zero and infinite frequency, which is the one mf:}s_t__
the values of the component
‘reactance elements may be found from the fol-

frequently used,

lowmg formulas

qu_oga f3_f2

2?rR4fz(fz 7 _
023 o 024 ZWR-; (f o1 f3) @
T — R4(f2'|‘f3)
47 27fa(f ffz)
L R4 (f2 _]_fﬂ)
- 27f3(fs—f 2)

The capacitances are gwen in farads and the
inductances in henries.

oy
®

The proper value to use

Lo 2408786 .0

match the image impedance of the lattice §, if

~ the impedance levels are properly chosen.

| 10

15 .into the equivalent network (2 shown in Fig. 4 by

In accordance with the invention it is desired

. that the lattice § have at its right end a shunt

capacitance equal to the capacitance Cz shunting
the left terminals 8, 9 and a series capacitance

equal to the capacitance Ci at the left, in order
that these external capacitances may be taken

into the lattice § either in whole or in part. In
order to accomplish this an ideal transformer T

is inserted between the capacitance Ca and the
terminals 10, [ 1 of the lattice 3, as shown in Fig. 3,
- giving a new mid-band image impedance equal to

Re. - The network of Fig. 3 is now transformed

replacing the transformer T and the capacitance

- Ca by the equivalent = comprising the shunt

for Re is derived herelnafter a,nd is given by |

| Equatwn 27.

~Each of the end ladder half sectmns 6 and T

20

transmits a band e:{tendlng between a lower cut-

off frequency fi1-and an upper cut-off frequency

fa, with the same mid- band frequency fm as the-

lattice 5. The band may be of the same width as ox

~ below. The section § to the left is of the type

“that of the lattice or it may be wider, as explained

designated ITI1 in Fig. 168B on page 316 of Shea’s

“Transmission Networks and Wave Filters,” pub- |

lJished by D. Van Nostrand Company. The series
impedance branch comprises an inductance -1
and a capacitance Ci connected in series and. the

shunt impedance branch consists of a capacitance
The section T .to the right is of the- type-
demgnated II1s by: Shea in the above reference.

Ca.

The series impedance branch is a capamtance Ca
“and - the shunt 1mpedance branch comprises- a

- 30

capacitance Cs and an inductance Lz connected |

in parallel
fmm the followmg formulas

These  elements ‘may be evaluated-_.

40
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il ®
OemgamE 0 ©
=l e o

a=fte @

o Cﬂ—zwfé(ff:—fimg N (9) |
1pmUe i o

Where Ri is the mid-series image 1mpedance ab

mid-band for the section 6 and Rz is the mid-

shunt 1mage lmpedance at . mld-band for - the |

section 1.

60"

Each of these half sections 6 and 1 1ntroduces"--

an 1mpedance transformation which, in terms of

the cut-off frequencws f1and f4, may be exmessed

Ry
Ry

Ry
=2

fi+f4
fé_ )

. where R3 1s the 'mld-—shunt 1rnaﬂe 1m'pe'zda,'nne- at'

oA

series image impedance at mid-band for the sec-

mid-~-band for the section 6 and Rs is the mid-.

65

tion 7. The mid-shunt image impedance of the

section 8, and the mid-series image 1mpeda,nce of

the sectmn 1, which face each other; Wl].l match o

perfectly throughout the band a,n_d also will

ol

capacitance Cz, the series capacitance C; and the
shunt capacitance Cy which have the values

o= _ - a2

A _A=2)C4

C="g 9
D _@=DCs o
- Oy T - (14)

where & is the square root of the impedance trans-
formation ratio from right to left in the trans-
former T. In this connection refercnce is made
to the United States patents to E. L. Norton

1,681,554, issued August 21, 1928, and 1,708,950,

issued Aprll 16, 1929, Prom Equatmns i2 and 13

- & is found, in terms of CiCle, to be

| Ol
- G+

Substltutmg m Equatlon 15 the values of 01 and

- (15)

- Cz from Equations 5 and 6 gives & in terms of the
: cut-off frequencies f1and fz as

_(h o
S 1 f4) (16)

‘The next step ls to determme Re in terms of Ru,

fi and fs. 'This may be done by substituting in
Eduation 12 the values of Ci, Ca and & as given

respectively by Equatwns 5, 8 and 16. The re-
sult is - | _ |
_R1f1-f4 .

B Gi—foy 40

Now, by substitumng this value of Rz in
Equatmn 9, CB 1s found to have the value _
f4“—f 1 |
2ufily (18)

But from Equa,tmn 14, by the aid of E‘quatzons 5,
12 and 16, 1t is found that o

i, |
- 2nfiR, - (19)
It is seen from Equatmns 18 and 19 that the sum
of Ce and Cvy is zero. These capacitances may,

therefore, be omitted from the network 12.
From Equatlons 10 and 17 it is found that-

Ry
| LB 2 (fi—fi)

which is the same as the value given in Equation
7 for Li. Therefore, when the network. 12 is

- Cp=

c_.._

(20)

substituted for the section 7T in Flg 2 the mrcmt
shown in Fig. 5 is obtained. )

The next step is to determine the nnage 1m-.
pedance R« to be used in evaluating the com-

. ponent elements used in the lattice 5. The im-
5

pedances between which the lattice § works are
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Rs ab the left end and Re at the right end. These

- will be found in terms of R1 and the cut-off ire-

'We know that
Rs—tIJZRE.
| .But from Equatmn 11

quencies 'f-; and fa.

Now from Equatlon 21 usmg Equations 16 17_

and 22 .

Rxfl(.ﬁ +f4)

Rs= f4

~ From Equation 11

Ra=R1(f}jf4) @

'E)mdmg Equetlon 23 by Equatlon 24 gwes

RG _h
e

If the end seetlons 6 and I2 have

(25)

| - _

L (2.3),

compara-
tively narrow band (fs+—f1) the impedances Rz

(21) r

10;'

@y

. .' 041——042—-&5‘_0 éj‘l'oézz)z o (30)
i"Lmo+o+om
11 K - 01 |
L= Lzz(C 1 +OC:2 -+ 024)2 (32)

In Flg 7 the elements Ci1, Cis, L1, L11 end L2
are the same as the ones shown in Fig. 1. The
capamtanoes Ca1 and Ca2 will be the. same as Ciz

and Cis if the end capacutances Cx are Zzero.

However it is sometimes ‘desirable to have

- variable shunt capacitances such as Cx available

20

to adjust the transmission characteristic of the
filter.. They may be provided by reducing the

‘value of Cz1 and Ce2 each by an amount equal to-

Cx and connecting Cx at the ends as shown in
Fig, 1.

- It is seen that each of the lattice branches Z41
and Zs« of Fig. 7 has the configuration of the

| '_equwalent circuit of a piezoelectric crystal ele-

~and Re will not differ much from each other. If

the image impedance R« of the lattice 5 is taken &
‘as the geometric mean of the impedances R3 and

29

Rs the lattice 5 will be ternnnated substantially

in its image 1mped&nce and the reflection losses

at the junctions 8, 9 and 10, {1 will be neghglble
The value of R4 1s therefore taken as

.RPJme~

| tobe.

.,R_;R1(f1+f4) fl
, M f4 f4

This value of R is used in Equations 1, 2, 3 and 4
- 1o eva,lua,te the component elements of the lat—

tice 9.

- From Equation 17 the over-all 1mpeda,noe step~

up of the filter at the mid-band frequency is

) f1f4

Ry _(In )2 '.
By (fi—f)* Nfi—H/

- S8ince the mid-band frequency fm does not change, -
it is apparent that the impedance ratio is in- -
versely proportional to the square of the band .
The width of -

width (f4—f1) of the end sections.
the band may, therefore, be chosen to oorreepond
to the desired impedance ratio. For example, a

28) 4

30

_ _ _ e
o and by the ald of Equatlons 23 and 24 15 found |

- ment.
“branches does. not exceed a, certam value K, that
' 15 1f o

35‘ pro;omately 1490.

(27),e

If the ratio of the capacitances in these

oloo .
Oy Cu= (33)

the branohes may be constituted by orystals I'igf"
8 shows the branches Z4 and Zao replaced, re-

=K

'Speotwely, by the crystal elements Xi and Xz

The series inductance Li is also. divided, as in
Fig. 1. For quartz crystals K has a value of ap-
The limitation expr eesed in
Equation 33 also places a limit on the maximum
band width of the end sections 6 and T which, in
terms of the mid-band frequency fm and the band -

- width (f3—72) of the lattloe may be expressed as

40

fi—fi
fi+fs

fm

K70 @

" If K is taken as 140, it is found from Equation 34

that for a two per cent band for the lattice the

S
o

maximum band for the end sections will be ap-
proximately seventy-six per cent and for a sSiX

‘per cent band for the lattice this maximum band

- for the end sections will be approximately twenty-

- five per cent.

- cent band for the lattice the maximum band for

the end sections will just equal the band of the
Therefore, if quartz crystals are used

lattice.

- the maximum band that can be transmitted by

five per cent band will give a ratio of 400 and a

two per cent band a ratio of 25600. In some cases

it may be desirable to make the band of the end
sections wider than that of the lattice in order

to get a more suitable image impedance outside

-or more filters are to be operated in parallel_
However, as the band width of the end sections is *

the filter as a whole is twelve per cent. If the
lattice section is designed to have a wider band
than this the band of the end sections will be
narrower and thus limit the over-all band., Of

- course, if g type of crystal having a smaller value

This is of importance where two

of K is used the maximum band of the end

' sections and the maximum band for the filter as a

increased the. attenuatlon near the cut-off 18 re- |

duced.
. The equal shunt oepacﬂ:ances Co and the equal

series capacitances Ci of Fig. o may be taken into

the lattice as shown in the equivalent network of

Fig. 6. The impedance branches Zs and Zs3z of
the lattice of Fig. 6 may then be transformed

into the equivalent forms Z« and Zs2 as shown

in Fig. 7. The branch Z.41 comprises Ta1, Cu and

C4 and the branch Zs2 is made up of L1z, Ciz and ¥
These elements may he evaluated from the

Caia.
followmg formulas

c --C’ _ | CuC¥®
11 13 (01_]_02+ng)(C;—[—02+021"|‘022)

29)

whole are correspondingly increased.

- It is assumed that the filter of Fig. 8. has the
maximum possible band width and therefore no
shunt capacitances, such as Cx in. Fig. 1, are

 required. However, if the filter has a band width

less than maximum addifional shunt

capaci-

~tances are required. These may be added in

shunt at the ends of the network as the capaci-

~ tances Cx in Fig. 9 and may be made variable,

. as indicated, for adjustment.

The crystals X1
and Xa of Fig. 8 will, of course, have to be re- .

placed by slightly different crystals Xs and Xa.

- The filter shown in Fig. 10 is the same as the

one of Fig. 9 except that each of the end capaci-
ta,nees Cx is replaced by two capamtances Cv
and Cw of such va,lue that

For approximately a twelve per
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- One of these capacitances, for example Cv, is
made variable for adjusting the filter. This cir-
cuit may be used where it is inconvenient to make
the entire capamtance Cx varlable as 1s done in
'F'lg 9. | o
- What is claimed is: |

1. An impedance- tra,nsformmg wave. filter
comprising a lattice network and two mductances
of eaual value,
‘nected in series at one end of said lattice and the
-other of said inductances bheing connected m
shunt at the other end of said lattice.

2. A wave filter in accordance with claim 1 m-

which said lattice is symmetrical.

3. A wave filter in accordance with éla,im 1 hav-'

ing a band width which 1s small comparcd 1o
the mid-band frequency. ~
4. A wave filter in accordance with cla,lm 1 in
which the impedance branches of said lattzce
- comprise piezoelectric crystal elements.

5. A wave filter in accordance with claim 1.

onhe of sald Inductances belng con-

2,408,796
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- work, one of $aid ihductances being connected

10

15
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which has peaks of attenuatlon only at zero and

infinite freguency.

6. A wave filter in accﬂrdance with claim 1
which has peaks of_ attenuation only at zero and

infinite frequency and a band width which is
small compared to the mid-band frequency. -

1. A wave filter in accordance with claim 1

20

a0

i'r1 which said lattice is symmetrical and the band

width is small compa,red to the mid-band fre-"

GqUEIlCY.

8. An im pedance transformmg wave ﬁlter com-
prising two pairs of piezoelectric crystal elements
and two inductances of equal value, said crystal
elements being arranged to form a lattice net-

35

1N series .at one end of said lattice network and

-the other of said inductances- being connected.

in shunt at the other end of said lattice network.

9. A wave filter in accordance with claim 8

having a band width which is sma,ll compared
to the mid-band frequency.

10. A wave filter in accordance with claim 8
which has peaks of attenua,tmn only at zero and

infinite frequency.

11. A wave filter in accordance wr.th cla,lm 8
which has peaks of attenuation only at zero and
infinite frequency and a band width which is

- small compared to the mid-band frequency.

12. An

Impedance-transforming wave filter

comprising a lattice network, two inductances,

and two variable ca,pamtances one of said in-
ductances being connected in series at one end
of said lattice, the other of said inductances being
connected in shunt at the other end of said lat-
tice, and said capacitances being connected in

- snunt at the respective ends of said lattice.

13. A wave filter in accordance with claim 12
in whicn sald-lattice is symmetrical.
- 14. A wave filter in accordance with claim 12
having a band W1dth which is small compared

to the mid- band frequency

15. A wave filter in. accordance with claim 12

in which said inductances are equal.

16. A wave filter in accordance with claim 12

in which the impedance branches of said lattice

comprise piezoelectric crystal elements.

17. A wave filter in accordance with claim 12
which has peaks of attenuatlon only at ASHY and
infinite frequency |

FRANK R. BIES.
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