AN11.1

APPLICATION NOTE 11
NARROW-BAND BAND-REJECT FILTERS
1. Introduction

Very narrow-band band-reject filters have two realizability problems: One is that the component
Q-values need to be very high, the other is that the spread of component values, in particular
those of the inductors, is very wide, proportional to the squared inverse of the bandwidth.

The first problem can be ameliorated by the use of quartz crystals and we have a design method
for this type of structures (cascaded bridged-T sections) and the corresponding XBSP program.

For very high frequencies (in the high MHz region), this method is not applicable and, in any
case, the attainable Q values are much higher, due to the use of superconducting materials. Here,
our main problem is the very wide spread of the inductance values. We will describe a method
here, that solves this problem, assuming that the passbands on either side of the reject band are
also relatively narrow.

2. Starting ladder design

We shall start with the conventional design technique of a ladder band-reject filter. It may be any
one of the standard Butterworth, Chebyshev or even elliptic design. For illustrative purposes, we
shall start with an elliptic filter as the most efficient.

Consider the following set of specifications:

Reject a band of 0.6% width centered at 10 MHz, while the passband width is 1%. That is to say,
the lower passband ends at 9.95 MHz, while the upper passband begins at 10.05 MHz. Passband
ripple is 0.1 dB, while the stopband loss is required to be about 45 dB. Lastly we will note that
the passbands need not be preserved all the way down to zero, or all the way up to infinity, the
useful signal is, in fact, restricted to a band of about 10% around 10 MHz. What happens to the
filter behavior beyond this band is immaterial.

Converting these requirements to a reference lowpass filter, we can readily see, that a fifth order

elliptic design will meet them. Converting this to a band-reject filter, he resulting 10th order filter
is shown below:

band-reject

1 ——R——] 50.000000 ohm
|
3 —L—C——I 75.415337 uH RES. FREQUENCY
| 3.358856 pF 9.999875 MHz
|
—h
6 L C 4.986502 nH RES.FREQUENCY
- 50.992023 nF 9.980930 MHz
|
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-
8 L C 4.967626 nH RES.FREQUENCY
L 50.798998 nF 10.018856 MHz
11 —L—C— 46.718908 uH RES. FREQUENCY
5.421987 pF 9.999875 MHz
1
14 L C 4.100879 nH RES.FREQUENCY
L 62.127478 nF 9.971025 MHz
1
16 L C 4.077251 nH RES.FREQUENCY
L 61.769510 nF 10.028809 MHz
19 —L—C— 89.578543 uH RES. FREQUENCY
2.827790 pF 9.999875 MHz
23 R 50.000000 ohm

It is clear that the component values are unrealizable, in particular, those in the parallel resonant
circuits are orders of magnitude different from those in the series resonant circuits.

This naturally raises the question whether one set, say, the parallel resonant circuits, could
possibly be replaced by corresponding series resonant circuits. The answer is yes, using the
equivalence:

z iR R%Z iR

o B

Fig. AN11.1 Equivalence

The pi-section of three constant reactances is an impedance-inverter, and can naturally only be
implemented for a narrow frequency band by a pair of inductors and a capacitor, or vice versa.

If we select the value of R to be 50 ohms (our terminating resistor), then the inverted branches

(R?/Z) can be simply picked up from the dual circuit, obtainable by the DUAL command from
the one above:
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1 R 50.000000 ohm
1
4 L C 8.397141 nH RES.FREQUENCY
- 30.166135 nF 9.999875 MHz
7 —L—C— 127.480058 uH RES. FREQUENCY
1.994601 pF 9.980930 MHz
9 —L—C— 126.997494 uH RES. FREQUENCY
1.987050 pF 10.018856 MHz
1
12 L C 13.554967 nH RES.FREQUENCY
- 18.687563 nF 9.999875 MHz
15 —L—C— 155.318694 uH RES. FREQUENCY
1.640352 pF 9.971025 MHz
17 —L—C— 154.423775 uH RES. FREQUENCY
1.630900 pF 10.028809 MHz
1
20 L C 7.069475 nH RES.FREQUENCY
L 35.831417 nF 9.999875 MHz
23 R 50.000000 ohm

Branches 7, 9, 15 and 17 will replace those of 8, 10, 16 and 18 of the original filter. Using R = 50
ohms and the center frequency of 10 MHz, the impedance inverter will be a pi-section of two
shunt capacitors with a series inductor in between, of values:

Lo=R/2mfy, =795.7747 nH
Co = 1/21f,R = 318.3099 pF

Using the DEL<ete> and INS<ert> commands, we can easily replace the series branches by the
parallel branches from the dual circuit as indicated above and insert these impedance inverters as
well. The resulting structure is as follows:

band-reject

1 R 50.000000 ohm

3 pb—1-c—] 75.415337 uH RES. FREQUENCY
3.358857 pF 9.999875 MHz

5 C 318.309886 pF

6 L 795.774716 nH

7 pb—1-c—] 127.480058 uH RES. FREQUENCY
1.994601 pF 9.980930 MHz

9 C 636.619772 pF

11 p—I-c—] 126.997494 uH RES. FREQUENCY
1.987050 pF 10.018856 MHz

12 L 795.774716 nH
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15 —L—C— 46.718908 uH RES. FREQUENCY
5.421987 pF 9.999875 MHz

17 C 636.619772 pF

18 L 795.774716 nH

19 —L—C— 155.318694 uH RES. FREQUENCY
1.640352 pF 9.971025 MHz

21 C 636.619772 pF

23 —L—C— 154.423775 uH RES. FREQUENCY
1.630900 pF 10.028809 MHz

24 L 795.774716 nH

25 —L—C— 89.578543 uH RES. FREQUENCY
2.827790 pF 9.999875 MHz

27 C 318.309886 pF

31 R 50.000000 ohm

The inductor values are now much closer to each other, but those in the shunt branches are still
too large. This can be easily changed if we realize, that all shunt resonant branches are also
shunt- ed by capacitances and hence subject to the three-element branch conversion (XCH)
command. We could, for instance, split off a part of C5 and use that together with branch 3 to
decrease the value of L3 to anything we wish. A special form of the XCH command may be used
to perform this set of steps to make L3 equal to any other inductive branch in the filter. For
instance, to make L3 equal to L6, we simply use the command in the form:

XCH36

We just have to make sure that there is a shunt capacitor next to branch 3 in the circuit. Let us see
one step:

COMMAND:
> xch 3 6
—1— 795.774716 nH
|
3 c— 32.698379 pF
| RES. FREQUENCY
|—c— 285.619469 pF 10.556772 MHz
5 C 288.970364 pF
6 L 795.774716 nH
7 —1—Cc—] 127.480058 uH RES. FREQUENCY
1.994601 pF 9.980930 MHz
9 C 636.619772 pF
11 —1—Cc—] 126.997494 uH RES. FREQUENCY
1.987050 pF 10.018856 MHz
12 L 795.774716 nH
15 —1—Cc—] 46.718908 uH RES. FREQUENCY
5.421987 pF 9.999875 MHz
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FREQUENCY
.971025 MHz

FREQUENCY
.028809 MHz

FREQUENCY
.999875 MHz

Performing this step on all shunt branches will make all inductors equal to L, and yields the
following circuit:

band-reject

1 R
—1—

3 —C—
—C—
5 C

6 L
—1—

7 —C—
—C—
9 C
—1—

11 —C—
—C—

12 L
—1—

15 —C—
l—c—!
17 C

18 L
71—

19 —C—
l—c—!
21 C
71—

23 —C—
l—c—!

24 L
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50.
795.

32.
285.
288.
795.
795.

25.

294.
590.

795.

25.
292.
795.
795.

41.
276.
600.
795.
795.

22.
297.
594.
795.

22.

293.
795.

000000
774716

698379
619469
970364
774716
774716
245387

281997
253860

774716
102176
010706
774716
774716
544134
773712
497624
774716
774716
916788
245776
255225
774716
719010

764743
774716

ohm
nH

RES.
10.

RES.
10.

RES.
10.

RES.
10.

RES.
10.

RES.

10

FREQUENCY
556772 MHz

FREQUENCY
400237 MHz

FREQUENCY
440605 MHz

FREQUENCY
724144 MHz

FREQUENCY
348257 MHz

FREQUENCY
.409389 MHz
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—L—i 795.774716 nH
25 —c— 30.002266 pF
| RES. FREQUENCY
|—c— 288.315576 pF 10.507297 MHz
27 C 291.135410 pF
31 R 50.000000 ohm

Note that if we wish to set these inductors to be equal to some other value, we can do this by in-
serting an inductor of the appropriate value somewhere in the circuit, perform these steps and
then delete the extra inductor.

These component values are now perfectly acceptable, the only remaining question is, what the
overall filter performance is now?

Before doing a detailed frequency-domain analysis, consider what we have done to the circuit.
We have introduced four impedance-inverter sections, which create the following lowpass
structure:

1 ....R.... 50.000000 ohm
5  ....C.... 318.309886 pF

6 . L 795.774716 nH
11 ....C.... 636.619772 pF
14 . L 795.774716 nH
17  ....C.... 636.619772 pF
18 . L 795.774716 nH
21 ....C.... 636.619772 pF
24 . L 795.774716 nH
27 ....C.... 318.309886 pF
29 ....R.... 50.000000 ohm

This lowpass determines how our new band-reject filter will behave (relatively) far away from
the reject band (i.e. everywhere, except near 10 MHz). This lowpass is an “image-parameter”
lowpass with a theoretical cutoff of v/2 f, [114.1 MHz. Hence we can expect a reasonable
behavior up to about 12 or 13 MHz.

Analyzing this circuit and plotting the results, we have the following, very satisfactory, results.
The figure below shows the narrow-band response:
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Fig. AN11.2 Narrow-band results

The only visible effect in this narrow band response is the slight increase in passband ripple in
the lower passband from 0.1 to 0.14 dB, and to 0.11 dB in the upper passband. Looking at the
wide- band response from 0 to 15 MHz, we see (Fig. 3 below), that the passbands are flat within
less than 0.5 dB from zero frequency up to about 13.4 MHz:
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Fig. AN11.3 Wide-band results

When implementing this circuit in integrated circuit form, we may find that it is difficult to
realize inductors that are grounded. While the series inductors in our final circuit above, are all
off the ground (they have capacitive paths to ground at both ends), this is not the case with the
inductors in the shunt branches. This problem can be solved using the equivalence shown in Fig.
ANI11.4 below:

L c, L,
Co — Cc
4|:~\H|— = — 5
— )
c Co

Fig. AN11.4 Circuit equivalence

Since the circuit on the right side has too many capacitors for a canonical realization, this is a
reducible circuit and therefore one of the elements, say C., may be selected arbitrarily. The rest of
the elements can subsequently be calculated as follows:

Cp = V[(C/2)* + CC.] - Co/2
Ce=Co(Cy + C)/(Ca + Cy - Co)
L. = LC(C, + Co)/(CCy)

Substituting C, into the last equation, it can be rewritten as:
L, =L[V(C/C, +0.25) + 0.5

which shows that L, will always be greater than L. This must be taken into account when the
value of L is selected. Note also, that in order to get all positive element values, we must select
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C.>Cl/(C+Cy)
which is easy to satisfy. If, in addition, we need the relationship L, = a’L, where a > 1, then we
select
C.=C/(a* - q)

Please note: Patent applied for the material in this application note.

Notes:
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Notes:
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