ANS5.1

APPLICATION NOTE 5
CRYSTAL FILTER IN CASCADED LATTICE FORM
1. Introduction
In Section 6 of the manual, we have explained how to use the LAT (ladder-to-lattice conversion)
command. To design more complex filters, we must learn additional details. We will accomplish

this with the help of an example.

2. Filter Specification

Assume a very narrow band (3 kHz passband) single-sideband filter, centered at 1| MHz with 2
kHz transition region at the lower edge of the passband, but only 600 Hz at the upper edge. We
estimate that for 70 dB stopband loss, we will need four finite transmission zeros -- one below
the passband and three above. These could be implemented by two cascaded lattice sections. To
sim- plify the realization of this filter, we require a shunt inductor be placed between the lattices
and at both ends. Additional capacitors will also be needed. We need therefore, a fifth order
transmission zero at zero (three shunt L's with two series C's in between) and a single zero at
infinity represent- ing a shunt C. Terminations are set to 1 kohms, but can be changed later. This
circuit is a conven- tional structure and using the PLACER segment to obtain the optimum
transmission zero loca- tions, the data input sequence is as follows:

C:>sfilsyn

* % K K % S/FILSYN * kK ok x
RELEASE 3.2 VERSION 1 4/1/94

** ROOT SEGMENT **

Copyright (C) 1983-1995 Dr. George Szentirmai.
All Rights Reserved.

READ TRANSFER FUNCTION DATA FROM FILE? (Y/N)

> n

SMAIN: S, PLACER: P OR END: E

> p

ENTER TITLE. IF NO MORE DESIGN, ENTER: END

> lattice filter

FILTER KIND - LUMPED: 0O, BILINEAR DIGITAL: 1 OR MICROWAVE: 2

> 0

FILTER TYPE - LOWPASS: 1, HIGHPASS: 2, BANDPASS: 4

> 4

ENTER LOWER PASSBAND EDGE IN HZ

> 1M

ENTER UPPER PASSBAND EDGE IN HZ

> 1.003e6

PASSBAND - MAX.FLAT: 0, OR EQUAL RIPPLE: 1

> 1

ENTER BAND EDGE LOSS IN DB

> .1

ENTER NO. OF BREAKPOINTS IN LOWER STOPBAND (AT LEAST 1)
> 1

ENTER 1 BREAKPOINTS IN HZ AND THE LOSS BELOW THEM IN DB IN PAIRS
> .998M 70.

ENTER NO. OF BREAKPOINTS IN UPPER STOPBAND (AT LEAST 1)
> 1

ENTER 1 BREAKPOINTS IN HZ AND THE LOSS ABOVE THEM IN DB IN PAIRS
S/FILSYN Manual Crystal filter in cascaded lattice form



ANS5.2

> 1.0036M 70.

ENTER NO. OF FIXED ZEROS (NOT MORE THAN 10)

> 0

BANDPASS - CONVENTIONAL: 1 OR PARAMETRIC: 2

> 1

ENTER MULTIPLICITY OF ZERO AT ZERO

> 5

ENTER MULTIPLICITY OF ZERO AT INFINITY

> 1

IF YOU WISH TO SPECIFY THEM, ENTER NO.'S OF MOVABLE ZEROS IN LOWER
AND/OR UPPER STOPBAND(S) . OTHERWISE ENTER ZERO (S)

> 1 3

ENTER 4 MULTIPLICITIES, ALL ON ONE LINE (DEFAULT: ALL 1'S)
>

WISH TO ENTER GUESSES FOR ZEROS? (Y/N)

> n

ENTER INPUT TERMINATION IN OHMS

> 1le3

ENTER OUTPUT TERMINATION (0. INDICATES OPEN OR SHORT)

> 1le3

ENTER VALUE OF AVERAGE Q. IF NO PREDISTORTION, ENTER O.
> 0

The optimization was uneventful converging in three iterations, and forcing one more step
yielded the following printout:

ITERATION NO. 1

TRANSMISSION ZEROS MULTIPLICITY

9.9780730E+05 1
1.0077450E+06 1
1.0039940E+06 1
1.0036340E+06 1
FMIN (HZ) AMIN (DB) DMIN (DB)
9.9800E+05 73.7713 3.7713
9.9708E+05 73.7705 3.7705
1.0100E+06 102.0559 32.0559
1.0045E+06 73.7824 3.7824
1.0038E+06 73.7701 3.7701
1.0036E+06 73.7703 3.7703
OPTIMIZE: 1, PROCEED WITH DESIGN: 2, MODIFY: 3 OR RESTART: 4

> 2
*x*% S/FILSYN *** FILTER PROGRAM

lattice filter
BAND-PASS FILTER

EQUAL RIPPLE PASS BAND
BANDEDGE LOSS .100000 DB.
LOWER PASSBAND EDGE FREQUENCY .000000 MHz
UPPER PASSBAND EDGE FREQUENCY = 1.003000 MHz

SPECIFIED STOP BAND
MULTIPLICITY OF ZERO AT ZERO =
MULTIPLICITY OF ZERO AT INFINITY =
NUMBER OF FINITE TRANSMISSION ZERO PAIRS =
OVERALL FILTER DEGREE = 1
TRANSMISSION ZEROS

Il
-

I el

REAL PART IMAGINARY PART
0.0000000D+00 9.9780731D+05
0.0000000D+00 1.0077450D+06
0.0000000D+00 1.0039939D+06
0.0000000D+00 1.0036343D+06

1.000000 kohm
1.000000 kohm

INPUT TERMINATION
OUTPUT TERMINATION
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REQUESTED TERMINATION RATIO = 1.0000000D+00
Entering the passive synthesis segment, we must use the manual synthesis to get the specific cir-
cuit we want. The simplified method is adequate for this design.

LATTICE: L, COMPUTER CONFIG.: C, INPUT SIDE: IN, OUTPUT SIDE: OUT OR END: END
> in

IS COMPUTER-SELECTED IMPEDANCE O.K.? (Y/N)

>y

lattice filter

PARAMETERS USED: JPOLY = ES OS IMP = F

RESULTS OF THE SYNTHESIS FROM THE INPUT SIDE

The actual synthesis is straightforward, but we must consider the placement of the shunt
inductors carefully:

NORMALIZED DENORMALIZED
1.0000000D+00 F—,—] 1.0000000D+03 TERMINATION
| |
MODE - SIMPLIFIED: 0, FULL: 1 OR EXPERT: 2
> 0
NEXT SECTION
> 1lp
2.5321090D-03 —1— 4.0179229D-07
|
NEXT SECTION
> Cs
3.9612836D+02 C 6.2857215D-08
|
NEXT SECTION
> cpr 2
9.0739630D+05 ——C— 1.4398465D-04
|
—h
1.3165180D-08 L C 2.0890364D-12  ZERO FREQUENCY
7.5244326D+07 L 1.1939687D-02 1.0077450D+06
|
NEXT SECTION
> cpr 4
1.2563510D+07 ——Cc— 1.9935641D-03
|
—h
2.1419683D-10 L C 3.3988519D-14  ZERO FREQUENCY
4.6627043D+09 e 7.3987283D-01 1.0036343D+06
|
NEXT SECTION
> 1lp
5.5048538D-11 L 8.7350417D-15
NEXT SECTION
> cpr 3
1.8198132D+10 C 2.8876596D+00
[ —
3.4471203D-10 L C 5.4698527D-14  ZERO FREQUENCY
2.8952312D+09 A, 4.5941212D-01 1.0039939D+06
|
NEXT SECTION
> csr 1
1.1951238D+07 C 1.8964094D-03
|
1.1684905D-06 —1—Cc— 1.8541480D-10  ZERO FREQUENCY
8.6473553D+05 | 1.3721529D-04 9.9780731D+05
|
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NEXT SECTION
> cp

1.2085635D+08 —o0—

NEXT SECTION
> Cs

1.0223196D+05 C
I
NEXT SECTION
> 1p
9.8189194D-06 ——1—

NEXT SECTION
> end

1.9177354D-02

1.6222055D-05

1.5580554D-09

The circuit can readily be synthesized in the reverse direction (not shown). Following that, the

program completes the design, when the LADDER segment is entered:

lattice filter

1 R
3 L
4 C
5 b—1-c—]
- c
1
8 i
0 :
11 L
13 c
1
14 L C
L1
15 c
1
16 L C
L1
17 c
18 C
19 L
21 R

401.

62.

47

532.

74.

11.

[ee}

538.
46.

558.

243.

103.

257.

.000000

792293

905288

.814884

088405

365238

.105690
.781491

.353827

.252598

197660

. 764980
.869052

.730570

722004
299281

338397

745400

614446

880622

kohm
nH
nk

nH
nk

uF
PH
mE
uF
PH
mE
PpH
mE
uF
PH
uF
nkF
pF
uH

kohm

RES.
997.

RES.

.003994 MHz

RES.

.003634 MHz

RES.
.007745 MHz

FREQUENCY
807312 kHz

FREQUENCY

FREQUENCY

FREQUENCY

The element values are positive, but not realizable and although they can be improved, more
drastic steps are needed. Therefore, we convert the first pair of resonant circuits (branches 5 and

8) to a lattice (see ref. [51]):
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COMMAND:
> lat 5 8

5 —c—

I I
—L—C—
L—c—

7 X
—L—C—
L—c—

I
10 C
11 L
13 C
i
14 L C
L1
15 C
i
16 L C
L1
17 C
18 C
19 L
21 R

31.

75.
336.
27.

19.

102.

32.

762.

33.

22.

182.
136.

720.

35.

87.

589017

633203
383284
042885

996564

.272306

284571

516743

463854

081998

.966788
.476231

838939

347697
785064

.649536

113349

071624

287946

ul

nH
nk
ul

nH
ul
ul
ul

fH

mE

ul
pF
uH

kohm

RES.
997.

RES.
997.

RES.

RES.
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FREQUENCY
807312 kHz

FREQUENCY
807312 kHz

FREQUENCY

.003634 MHz

FREQUENCY

.007745 MHz

In order to shift some of the external capacitors inside the lattice, we must flip the L section of

C10 and C13 around:

COMMAND :
> tr 10 13

ENTER REQUIRED OUTPUT TERMINATION

> 0

LARGEST TRANSFORMATION RATIO:
TRANSFORMATION RATIO USED:

9 .
10 C
13 L
1
14 L C
L1
15 C
1
16 L C
T
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32.

31.

790.

22.

189.
131.

484813

929763

755026

.076870
.172974

021821

113696
891248

ul

nk

nH

uH

nk

pF

uH
pF

1.0371049D+06
1.0371049D+06

RES.

RES.

FREQUENCY

.003634 MHz

FREQUENCY

.007745 MHz

Crystal filter in cascaded lattice form



AN5.6

17 C
18 C
19 L
21 R

1.590520 pF

6.943495532D-16

36.

90.526760 Gohm

372954

H

Now we have shunt C's flanking the lattice and we may use the include (INCL) command to shift

them inside:

COMMAND :

> incl 7
—L—C—
L_c—

7 X
—L—C—
L_c—

9 .

10 C
13 L
1
14 L C
L1
15 C
1
16 L C
L1
17 C
18 C
19 L
21 R

75.
336.
58.

19.
.272306
133.
895.

31.

790.

22.

189.
131.

1

6.943495532D-16

36.

90.526760 Gohm

633203
383284
631902

996564

873588

796126

929763

755026

.076870
.172974

021821

113696
891248

.590520

372954

nH
nk
ul

nH
ul
ul
nk
nk
nH

uH
nk

pF
uH
pF

pF

H

RES.
997.

RES.
997.

RES.

RES.

FREQUENCY
807312 kHz

FREQUENCY
807312 kHz

FREQUENCY

.003634 MHz

FREQUENCY

.007745 MHz

There is a leftover C9 because this was larger than the shunt C on the other side. Flipping C9 and

C10 around again:

COMMAND :
> tr 9 10

ENTER REQUIRED OUTPUT TERMINATION

> 0

LARGEST TRANSFORMATION RATIO:

TRANSFORMATION RATIO USED:

8 C
9 e
13 L
[ —

927.725888 nF

26.027543 uF

936.685916 pH

Crystal filter in cascaded lattice form
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S/FILSYN Manual



14 L

15 C
—
16 L
L

17 C

Lad

18 C

19 L

21

o

o W

18.

224.
111.

586.

43.

107.

.644695
.899666

590933

013923
343264

.342725

173433

085448

233136

ANS5.7

nH RES.FREQUENCY
ufF 1.003634 MHz

nF
nH RES.FREQUENCY
nF 1.007745 MHz
nF
fF
mH

Mohm

This allows us to use the INCL command a second time, because there are two series C's, one on

either side of the lattice:
COMMAND:
> incl 7
4 | C
I I
—L—C—
F_
L_c—
7 X
—L—C—
L_c—
9 .
13 L
1
14 L C
| —
15 C
1
16 L C
| —
17 C
18 C
19 L
21 R

67.

311.
81.
913.

422.
59.
921.
26.

936.

o W

18.

224.
111

586.

43.

107.

480891

728922
156606
275239

186448
698415
341119
027543

685916

.644695
.899666

590933

013923

.343264

.342725

173433

085448

233136

nk

uH RES. FREQUENCY
pF 1.000621 MHz

uH RES. FREQUENCY
pF 1.002505 MHz

ul
pH
nH RES.FREQUENCY
ufF 1.003634 MHz
nkF
nH RES.FREQUENCY
nkF 1.007745 MHz
nkF
fF
mH

Mohm

The current complete circuit is shown below. Half of it now is an embedded lattice. Its element
values are becoming more reasonable, in that they are realizable by piezoelectric crystals:
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lattice filter

1

3

13

14

15

16

17

18

19

21

o

—L—C—

L—c—I

—L—C—

L—c—I

[
Lad

[
Lad

o

1.000000

401.792293

67.480891

311.728922

81.156606
913.275239

422.186448

59.698415

921.341119

26.027543

936.685916

3.644695

6.899666

18.590933

224.013923

111.343264

1.342725

586.173433

43.085448

107.233136

kohm
nH

nk

uH

nk

uH

nk

ulF
pH
nH
ulF
nF
nH
nF
nF
fF
mH

Mohm

RES.

RES.

RES.

RES.

FREQUENCY

.000621 MHz

FREQUENCY

.002505 MHz

FREQUENCY

.003634 MHz

FREQUENCY

.007745 MHz

We may now convert the second half of the circuit into a lattice and leaving out the details, the
final circuit is shown below. We have forced the output termination to be the same as the input.

lattice filter

1

3

R
i

L

—L—C—

1.000000

401.792293

67.480891

311.728922

81.156606
913.275239

422.186448
59.698415
921.341119

936.685916

Crystal filter in cascaded lattice form

kohm
nH

nk

uH
pF

uH
pF

pH

RES.

RES.

FREQUENCY

.000621 MHz

FREQUENCY

.002505 MHz
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| |
13 p——c— 25.795952 uF
I I
—L—C— 215.287280 uH RES. FREQUENCY
— — 117.411252 pF 1.001051 MHz
L—c—] 254.308321 nF
18 X
—L—C— 810.227259 uH RES. FREQUENCY
31.093752 pF 1.002721 MHz
L—c—] 248.654054 nF
I
24 C 18.028452 nF
25 c 46.034418 nF
29 L 401.792293 nH
31 R 1.000000 kohm

An analysis, not shown, confirms that the filter behaves exactly as expected.

These values, scaled up perhaps by a factor of 10° , are reasonable for crystal lattices and the
shunt L's, in particular the center one, can be used to realize these in the so-called half-lattice
form (see reference [51]). Also the shunt L's will allow us to control the lattice impedance levels
completely independently of the terminations. This last step is left to the user, since it depends on
the properties of the available crystal resonators. The INCL command may also be used to shift
capacitors out of lattices by making one of the flanking capacitors to be negative.

3. Additional Comments

In certain cases one might want to convert an internal ladder segment to a lattice, when one or
both of the resonant branches are single inductors, instead of resonant circuits. The LAT com-
mand will not perform this step directly, because it is looking for resonant circuits. One can over-
come this problem by replacing the single inductor with a resonant branch which has a very large
series capacitor or a very small shunt capacitor and the same inductor. This will change the
circuit performance minimally and will permit the LAT command to operate properly.
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Notes:
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