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Microstrip Tapped-Line Filter Design

JOSEPH S. WONG, MEMBER, IEEE

Abstract—The subjeci of this article is a step-by-step design procedure
for microstrip tapped-line filters, accompanied by appropriate design
curves. In addition to microstrip tapped-line interdigital filters, a new
hairpin-line filter using tapping is introduced. The equation to calculate the
singly loaded Q for hairpin resonators produced by tapping is derived.
Experimental data is presented for filters over 20-percent bandwidth.

I. INTRODUCTION

APPED-LINE filters have been described by several
authors [1]-[3]. The schematic diagrams of the two
common types are depicted in Figs. 1(a) and (b).
Tapped-line filters offer space and cost-saving advan-
tages over conventional filter types (in which input/out-
put end sections are parallel coupled to the first and last
resonators) because the first and the last end sections of
the filter are eliminated. A further benefit is derived in
situations where the parallel coupling at the end sections
becomes very tight and physical realization becomes im-
practical; the same filter can still be realized by tapping.
Unfortunately, exact designs of tapped-line filters are not
simple, and the techniques available are not directly appli-
cable to microstrip configurations. Among the presently
available tapped-line designs, although Dishal’s method
[1] is approximate, it is more straightforward to design.
The purpose of this paper is to follow Dishal’s method to
generate design data which can be used directly to design
microstrip tapped-line filters. The microstrip tapped-line
filters presented herein are restricted to the interdigital
filters illustrated in Fig. 1(a) and the hairpin-line filters
shown in Fig. 2. The equation to calculate the singly
loaded Q produced by tapping a hairpin resonator is
derived. Step-by-step filter design procedures, design
curves, and experimental results of the sample filters are
presented.

II. MicrosTRIP TAPPED INTERDIGITAL FILTER
DEsigN

In microstrip tapped interdigital filter designs, the re-
quired parameters are the singly loaded Q(Q,) of the first
and the last resonators produced by tapping and the
coupling coefficient (K) between the adjacent resonators.
Once the singly loaded Q is known, the tap point //L of
Fig. 1(a) can be calculated from
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Fig. 1. Tapped-line filters: (a) interdigital and (b) combline.

1 2 n L=n/2
- = OUTPUT
’ IT)
T K

INPUT

Fig. 2. Tapped-line hairpin-line filter.

QSI —_ W
(R/Zp)  , . 7l
4 sin 3T

where R is the generator impedance and Z, is the filter
internal impedance. The coupling coefficients (K’s) can
be experimentally determined using Dishal’s [4] procedure
to determine the unloaded Q and the coupling coefficient
(K) of a pair of resonators. This method is depicted in
Fig. 3 and can be used for this microstrip filter. As shown
in Fig. 3, the generator at the input is capacitively coupled
(loosely) to the open-circuit end of the same resonator.
When both ends of resonator 2 are short-circuited, resona-
tor 1 alone is a single-tuned circuit. The response curve is
depicted in Fig. 4(a). The unloaded Q(Q,) is related as

Y
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Fig. 4. Circuit responses: (a) single-tuned circuit response and (b)
double-tuned circuit response.

where Af is the 3-dB bandwidth. If one end of resonator 2
is open-circuited as indicated in Fig. 3, the pair of resona-
tors becomes a double-tuned circuit. The response curve is
presented in Fig. 4(b). The coupling coefficient (K) of the
pair of resonators is related as
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The conpling coefficient (K) determined from this experi-
ment is based on the stripwidths (W;; W,) and spacing
(S;,) between the resonators. In Dishal’s method, the
stripwidth of each resonator can be selected to be equal,
and the spacings are varied to obtain various couplings.
As shown in Fig. 5, for each pair of resonators selected, a
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Fig. 5. Pairs of resonators for determining various coupling

coefficients.
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Fig. 6. Experimental design curve for tapped interdigital filters.

point with S/H as a function of K(S/H,K) can be
obtained. Thus, by selecting a number of pairs of resona-
tors with physically realizable gaps between each pair
(ranging from very narrow to very wide), a curve of §/H
as a function of K can be experimentally obtained. The
design curve of Fig. 6 is determined in this manner for
€,=2.22 (#5880 Duroid, Rogers Corp.) and W/H=1.8,
which corresponds to a single-strip impedance of ap-
proximately 70 Q. (The choice of this strip impedance is
based on the fact that a 70-8 filter internal impedance has
been commonly used.) From the design curve, any filter
having this ¢. and W/ H with coupling coefficients within
the range depicted in Fig. 6 can be designed. A typical
example of a step-by-step microstrip interdigital filter
design by tapping is described in the following para-
graphs.

The filter specification is 8 poles, 0.1-dB Chebyshev
ripple, and 25-percent bandwidth passing frequencies
from 950 to 1225 MHz. The filter to be designed is
illustrated schematically in Fig. 7. The first step in design-
ing this filter is to determine its 3-dB bandwidth. Since the
passband bandwidth is 275 MHz, centering at 1087.5
MHz [5, pp. 8-12], the 3-dB bandwidth is determined to
be 288 MHz from curve no. 5 using the relationship BW, 4
= BW /0.955. For maximum-power-transfer terminations,
the normalized singly loaded ¢’s and the normalized cou-
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Fig. 7. Eight-pole microstrip tapped-line interdigital filters.

TABLE I
DIMENSIONS FOR SAMPLE FILTERS

/L

010 018 020 022 024

Filter No. 1 (BW=25%)| Filter No. 2 (BW=32%) | Filter No. 3 (BW=25%)

#5880 Duroid 99.5 percent Alumina 99.5 percent alumina

Interdigital Interdigaital Hairpain

L = 50.597 mm L = 27.330 mm L = 29.210 mm

H = 1.575 mm H=1.270 mm H = 1.270 mm

W = 2.845 mm W = 0.889 mm W= 0.889 mm

WO = 4,572 mr(500) w0 = 1.270 mm{500) Wo = 1.270 mm(508)
K S (mrm) X S (mm) X S (mm)

0.193 1.397 0.244 0.762 0.196 0.127

0.144 2.032 0.183 1.092 0.148 0.305

0.137 2.134 0.173 1.143 0.142 0.381

0.135 2.184 0.171 1.168 0.148 0.305

0.137 2.134 0.173 1.143 0.196 0.127

0.144 2.032 0.183 1.092

0.193 1.397 0.244 0,762
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Fig. 8. Singly loaded Q for tapped interdigital resonator.

pling coefficients (k’s) for this filter are provided in [5,
Table VII, pp. 8-28]. They are

45,3,4,5,6,7= 0
q1=¢qs=125
by =ki=0.727
kyy = kg;=0.545
Ky =ksg=0516
k45 =0.510.

The actual coupling coefficients (K’s) of the filter can be
computed from the expression [1]

The physical dimensions of the filter (filter no. 1) are
summarized in Table I. The final step is to calculate the
input and output tap-point locations (//L). By using (1)
together with the following relationship [1],

0o 5] )

//L can be determined. For a 50-Q (R =50-Q) generator
impedance and 70-Q (Z,="70-Q) filter internal impedance,
/L is calculated to be 0.223 or /=11.278 mm. The //L
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Fig. 9. Experimental design curve (interdigital).

can also be calculated from the graph plotted in Fig. 8,
which is the extension of [1, Fig. 2].

A second filter (filter no. 2) of the same specifications
except that the bandwidth is increased to 32 percent has
been designed on a 1.270-mm thick 99.5-percent alumina
substrate (¢, =9.8) by using the design curve presented in
Fig. 9. The dimensions of this filter can be determined by
following the same procedure and are summarized in
Table I. For R=50 Q and Z,=58 Q selected for the filter,
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the tap-point location (// L) is calculated to be 0.280 from
Fig. 8, or /=7.645 mm. Z, is selected to be 58 & in
alumina instead of the usual 70 @ for the filter design
because the strip width of 70 € in alumina becomes
relatively narrow, which normally increases the loss;
therefore, a lower impedance line is more practical for loss
consideration.

III. MicROSTRIP TAPPED HAIRPIN-LINE FILTER

DESIGN

To this author’s knowledge, tapped hairpin-line filters
have not appeared in any literature. The design of this
type of filter is similar to that previously described for
tapped interdigital filters. The design curve can be gener-
ated in the same manner as described previously; a typical
design curve is depicted in Fig. 10. The advantage of this
design is that when the coupling at the end sections of the
conventional hairpin-line filters described in [6] and [7]
becomes too tight, the tapped transformer realization be-
comes more practical.

Since hairpin resonators are open-circuited at both ends
and are one-half wavelength long, the equation to calcu-
late the singly loaded Q of such a resonator produced by
tapping is different from that of the interdigital resonator.
Consequently, (1) is not valid in this case. The simple
derivation of the singly loaded Q of a tapped hairpin
resonator is described in the following paragraphs.

A tapped hairpin resonator is schematically depicted in
Fig. 11. Assuming the coupling between the two arms of
the resonator is minimum and negligible, its equivalent
circuit is depicted in Fig. 12. In [5, pp. 24-14, 15], it can
be demonstrated that, near resonance, the input admit-
tance of Fig. 12 at the tap point is

Y=G+jB=

e O

_”_0( Ly I=h
2sin2 0\ G * Jo
provided that

<1.0

f_fo
Jo

and

0/ —1fo)
fo

By equating the real parts of (6), the singly loaded Q is
obtained and is defined as

] cot ,<1.0.

R T
- 7
0= Z, 2 9, @
or
Qsh — K
(R/Zy) : 2(171)
2 sin 3L

By comparing (7) and (1) notice that the singly loaded Q
of a tapped interdigital resonator and a tapped hairpin
resonator are different by a factor of 2; for convenience,
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Fig. 11. Tapped hairpin resonator, schematic diagram.
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Fig. 12. Equivalent circuit of a tapped hairpin resonator.

O,/ (R/ Zy) of (7) is plotted as a function of //L in Fig.
13.

The following design example is pertinent for a 6-pole
0.1-dB ripple Chebyshev response tapped hairpin-line
filter (filter no. 3). The passband is the same as the first
sample filter except BW/BW, 45 is 0.922 for 6-pole in-
stead of 0.955. The diagram of this filter is illustrated in
Fig. 14. The following normalized end ¢’s and the normal-
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Fig. 13. Singly loaded Q for tapped hairpin resonator.
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Fig. 14. 6-pole tapped hairpin-line filter.

ized k’s for the 6-pole 0.1-dB ripple filter are found in [5,
pp. 8-27]:
45, 3,4,5=00
41=4¢=127
ki, =ks=0716
ky3=k,s=0.539
k,,=0.518,.

The filter dimensions for a 1.270-mm thick alumina
substrate are obtained from Fig. 10 and summarized in
Table I. For R=50 @ and Z,=58 {, (the single-strip
impedance selected for the hairpin resonator) the tap
point location (//L) is calculated to be 0.364 (Fig. 13) or
/=10.643 mm. The spacing between the two arms of the
hairpin resonator is set at 1.106 mm which is approxi-
mately 16 dB of coupling. This coupling is not included in
the design.

IV. DESIGN ANALYSIS AND EXPERIMENTAL RESULTS

In the present experimental filter design, one advantage
is the ability to set all the filter resonators to equal line
width with spacing §/H ratio as the single variable. On
alumina, the line width is based on a filter impedance of
58 (1, and on Duroid it is based on 70 2. For those
designers who wish to select other impedance levels for
specific requirements, the technique for generation of the
design curves has already been available.

o RS

Fig. 15. Representative microstrip tapped-line filters: (a) filter no. 1,
(b) filter no. 2, and (c) filter no. 3.

Based on the empirical design curves illustrated in Figs.
6, 9, and 10 the author has designed, tested, and evaluated
a variety of filters. The three filters listed in Table I are
the more representative ones among those designed. Their
results are presented and analyzed in the following para-
graphs.

Filter no. 1 is fabricated on a 76.2 mm by 58.42 mm by
1.575 mm no. 5880 Duroid substrate. Both filter no. 2 and
filter no. 3 are fabricated on a 38.10 mm by 2540 mm by
1.27 mm 99.5-percent alumina substrate. Photographs of
the three sample filters are presented in Figs. 15(a), (b),
and (c), respectively.

Since the design of the tapped-line filter is based on the
selection of the physical parameters together with the
empirical data compiled on a limited number of points
over the frequency band of interest, some adjustment is
usually required on these filters during the bench testing.
For the interdigital filter, the adjustment can be per-
formed in two steps.

1) Increase the input/output resonator lengths by ap-
proximately 10 percent of the quarter wavelength calcu-
lated at the center frequency during the design. A 5-per-
cent increase is usually the required length in L band, and
the other five percent is usually trimmed off during the
adjustment. This lengthening of the input/output resona-
tors is performed to compensate for the effect of the
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Fig. 16. Filter no. 1 responses: (a) passband response and (b) VSWR
response.

physical tap-point 50-Q loading and serves two purposes:
to obtain a correct length at the resonant frequency and
to experimentally correct tap-point location. During
bench tests, gradually trim the input/output resonators at
the open end until both input/output VSWR has reached
the optimum achievable equal ripple performance across
the band.

2) Minimize the input/output VSWR by adding a
small tuning stub at the input/output 50-§ transmission
line. In this way, the best overall filter performance can be
achieved.

The previously described step adjustments are de-
termined to be sufficient, and no spacing adjustment is
necessary between the resonators; therefore, no adjust-
ment is made to the internal resonators of the filters.

For the hairpin-line filter, the input/output resonators
did not require lengthening; however, the tap-point loca-
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Fig. 17. Filter no. 2 responses: (a) passband response and (b) VSWR
response.

tion (//L) must be increased by approximately the
amount of the gap distance between the two arms of the
resonator from the calculated value. The first adjustment
on the bench is to shorten the gap in small amounts
lengthwise at the “U” with a piece of indium foil until
equal ripple VSWR is achieved. The next step is to mini-
mize the VSWR according to the procedure described in
step 2 for the interdigital filter.

In production of both interdigital and hairpin-line
filters, the adjustment from the prototype may be incorpo-
rated into the artwork as part of the design. The passband
and VSWR response illustrated in Figs. 16-18 are
achieved after the three sample filters have been adjusted.
By comparison, the results of these three microstrip filters
are much better than those reported by Milligan [8].
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V. CONCLUSIONS

A technique to design microstrip tapped-line filters has
been presented. The effectiveness of this design has been
proven by the experimental results of the sample filters.
The performance of this type of microstrip filter appears
to be more predictable than that of previously reported
filters. The obtainable bandwidth is also wider in the
microstrip geometry. Although the coupling coefficient
data is obtained from the two-line coupling geometry, the
error seems to be negligible when applied to multiconduc-
tor geometry for L-band frequencies because the coupling
coefficients derived from the experimental curves do not
require correction to obtain appropriate resonator spac-
ings. However, this fact may not be true at much higher
frequencies. In reference to the design curve depicted in

Fig. 6, since the coupling coefficient data was obtained for
an open microstrip configuration (top ground plane not
included), some scaling of the coupling coefficients is
required if the filter is to be operated in the enclosed case
for which air-space height is less than ten times the
thickness of the substrate thickness. In the enclosed case,
the coupling coefficients are tighter than the open geome-
try for the same filter bandwidth. The author found that
this scaling is most effectively accomplished by building a
trial filter and then scaling the coupling coefficients pro-
portional to the bandwidth shrinkage. Another approach
is to obtain a new set of data for the exact enclosure of
the filter, especially if the designer is working in the
considerably higher frequency range. The coupling coef-
ficient data presented in Figs. 9 and 10 was obtained in
the enclosed case of air-space height equal to eight times
the substrate thickness.

The advantage of the microstrip tapped-line filter de-
sign over the conventional microstrip filter design is that
for moderate bandwidth (over 20 percent), the tapped-line
microstrip filter can still be easily realized physically,
whereas the conventional microstrip filter has already
reached its physical limit. The disadvantage of this design
is that at very high frequency, the tap-point loading junc-
tion becomes considerable compared to the wavelength,
and this loading may not be practical. For very narrow
band design (5 percent or less), the distance from tap-
point location (//L) to the short becomes very small. In
this case, use of the conventional design is advantageous.
Although the tapped-line microstrip filter has its own
shortcoming, it has certainly filled the gap where other
types of microstrip filters are not achievable.
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