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OMPETITIVE pressures continne to force engineers to seek low-cost
solutions for the design of microwave components such as filters.
One unconventional design approach provides low production cost
by using an interdigital filter structure based on printed-ecir-
cuit stripline fabrication. The filter design provides narrowband to wide-
band operation at frequencies from UHF to C-band. This first part of a two-

- part article describes the calculation of the filter’s physical dimensions

based on a thin-stripline approximation. In addition, measurement results

Interdigital filters are based on an

. array of transverse-electromagnetic
- (TEM)-mode, quarter-wavelength

stripline resonators. A typical inter-
digital filter is realized by suspend-
ing a quarter-wavelength stripline
resonator array in an air-filled metal

- case.! The upper and lower metal
¢ covers act as reference ground planes
- for the stripline, while the inputfout-

put connector openings are machined
out of the case. While this type of fil-
ter construection is very solid and reli-

~ are given for a narrowband interdigital filter designed with this approach.

able, it is expensive due to the re-
quired machining. Algo, if the filter's
center frequency is located in the
lower L-band or UHF range, the
physical dimensiong of the filter will
be excessively large since there is no
dieleetric scaling factor in the struce-

- ture. To overcome this and other re-

laled problems (filter weight, bulk,
ete.), a printed-cireuit version of the
interdigital filter has been designed
and built. The printed-cireuit design
offers several advantages over its
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1. These interdigital structures are used for filter designs with narrow-to-

moderate (W < 3) bandwidths (a) and wide (up to W = 0.7) bandwidths (b},

respectively.
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mechanical counterpart:
¢ It iz economical, since the chemi-

cal etching process for a printed cir- -
cuit (on a Teflon-based support mate-
rial) is cheaper than any machining .

preccdure (mill, lathe, ete.).
¢ The filter does not require cali-

bration. After optimizing the re- -
sponse of the design prototype, cir-
cuit repeatability is provided by the :
s ative dielectric

chemical etehing process.

* The structure’s compact gize al-
- support medium
‘ must also be pro-
- vided in order to
obtain the set of normalized (per unit :
length) self and mutual capacitances
{(given by Ci/e and AC, . /e, respec- :

lows the realization of high order fil
ters {six or more poles) in a relative
ly-small space.

The first step in any filter design is
the assessment of the filter re- :
quirements and specifications, such

as:
¢ Center frequency.
¢ 3-dB bandwidth or equivalent.
* Number of poles or equivalent.

Other filter specifications which
: tance values are the starting point
. for filter dimensioning, since they are

may be required are;
¢ Maximum in-band insertion loss.

* Minimum attenuation at given
widths and spacings.

- Given a fractional bandwidth of W
= BW./, (where BW, is the 3-dB !
bandwidth and f, is the center fre- .
quency), prototype filter coefficients :
of gy (where k = 1,2, ..., n), and a fil-
. ter input/output admittance of Y,,

out-of-band frequencies.

* Ultimate rejection.

® Phase behavior or group delay (if
any is required),

From these requirements, the fol- ¢
lowing parameters must be synthe- ;

sized:

* Filter characteristic (Butter- :
: ter (8} is computed as:

worth, Chebyshev, ete,).

s Relative bandwidth (W),

* Filter complexity (in terms of the
number of poles, given by n).

Two types of filter structures are
considered. The first structure (Fig.
1a) is best suited for narrow- or mod-
erate-bundwidth filters (W < (1L3),
while the second configuration (Fig,
1b) is useful for large-bandwidth fil-

ters (up f:n W = 0.7). The design for- :

mulas must be

Out

solved with the
appropriate W
and n values as
well as the set of
lilter coefficients
(given by g;) cor-
responding to the
given filter char-
acteristic. The rel-

00 O O O 00

constant (e, ) of the

tively} for the resonators.

. A set of formulas has been devel- !
- oped to obtain normalized multiple :
. coupled-stripline elements’ self and

mutual eapacitances.’ These capaci-

needed to determine the resonator

the interdigital-filter phuse parame-

B={(r/2)(1-Ws2) (/)

For the narrow-bandwidth struc-

ture of Fig. 1a, the J, .., and Nk

parameters are defined as:
0.5
ket Yo =180 gawt)

fork =1 .. n» (2}

Ny :[(Jk,k\]/yujz"'

2. The mutual and self capacitances of the coupled-stripline elements must be
determined before the physical dimensions are calculated.

3. This printed-circuit interdigital filter uses a five-pale
design while providing a center frequency of 2870 MHz.

tan’(9/4))%° (3)
The following parameters can then
. be defined:
My =Y (1,0 /Y, +1)  (4)
Mn :}/;z(jn,rw]hg‘s/ya +1) (5)

where h is an arbitrarily-chosen scale
factor whose value can be adjusted in
order to maximize the resonator’s
unloaded quality factor ((3) and seale
the resonator widths and spacings to
achieve manufacturability (e.g., to
prevent infinitesimaliy-small widths
and gaps which can lead to poor fab-
rication precision).

The normalized stripline elements’
self capacitances are computed ag:

Cyle = 120m(2Y, —

M)/ (6)
Ci /e = (120m/e, )Y, — M, +
WY, ftan 072 + (1, /Y, )° +
Ny, =Jd,8% 1 (7)

Cole=(120mBY, (N ~ /Y, ), +
(N =TIV ies)

Jork =2, . n-1 (8)
C,/e=(120m7e," )Y, - M, +
hY, [tan 0/2+(4, /Y, ) +
Nyt =duein Y 017 19)
Coi /8= 120m %
(2v, - M )/, (10)

whevre;
€ = the dielectric constant.
The mutual capacitances of the

- normalized atripline elements are
. given by:
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%‘J : is‘jl.(,k+1

Table 1: Calculated capacitances
for the narrowban filter

0.933
1 . ozer
2 0.607

3 0.607
4 0.797 7
5 0.933

6 0

Cyy e = 1207 x
(M, =Y, )/ (1)

Ciiat /€= (120RNY, )X(1, 1/

¥, ) fork=1 ., n-i (12
Cn,nJr.’/E = 12071
(M, =¥,)/e," (13)

For the wide-bandwidth filter con-
figuration of Fig. 1b, the Jy ., and
Ny k.1 parameters are given hy:

Jk,k+.' _ 82
- 05
2 Bol8i8esy)
Jork =2, . n-3 (14)
[
Jf_r 2,,11—.’ - L:(___\%':?g{) ”15)
}rf S8y 28pa
N =0 /v 7 +
(g ten 872,17 17
Jork = 2 L on-8 (i6)

The element impedances and ad-
mittances are:

(17)

L/, = gpgytunt
Yo/ Y, = (g 2g, anB +
Nyg=d3,7%, (18)
VoY, = (N AV, )+
(N=IIY iy
Jork = 3 .., n-2 (19)

Yoo (2808, 1 — 808,01 tan8 +

yu 22(,‘2;”!
Nu—-Z,H—f_J _’JF--I/YH

{20)

H

L/ Ey = 8ty tan®

(21)

These values can then be used to
obtain the self capacilances of the
normalized stripline elements:

Ci /e =(1207Y, 7€, ) x

=0 ) K2,/Z, ) (22)
Cyre=(1201Y,7e,% jhx
(V-/Y,) - b ¢, /e (23)

Cp /e = (1207 Y, /€,%7 (¥, /Y,
fork = 3, .., n-2 {24)

C,_,/e=(120mY,78 " }h <

(Y, /Y- C e (23)
C, /e =(120mY, /8" )%
HI-W" )47 17,00 (26)

The mutual capacitances of the
normalized stripline elements are |
given hy:

Cpo/e=(1207Y, /e, } <

W K72,07,)] (27)
Cppo /e = (1208, /e, ) x
hidy o 7Y,
Jork =2 . n-2 (28]
Cpo g/~ ({20RY, 7.7 ) %
i'h”'s/(ln ’Z ) {29

THIN STRIPLINE

Figure 2 shows u typieal coupled-
stripline configuration. If the dielec-
tric thickness (B) and metallization
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respectively) can be defined as:**

Zn(} = [3071'—(5._ t)]/

Z,, =[30n(B-1)]/

fe.%%(w+BCA,/20)]  (31) |

with: -
[1+In{l + coth 6}//In 2,
[1+In{l + tanh 0)}In 2, and:

A,
A,

cf(r/B)=2tn{2lf*’J—

B 2AB~t)

where:
6 = ws/2B, and

ments.

ways:

(1) To calculate the Z,, and 7, val-

ues from the physical parameters of
the coupled stripline (w and s); or

(2) To synthesize the practical di- !

mensions of the coupled stripline (w,

8) from Z,, and Z_,.

puted Cy/e and Cy ., /e values.

It can be shown that the normal- :
ized mutual capacitances per unit :
length may be expressed in terms of :
t/B and s/B only. The total even- and |
odd-mode normalized capacitanccs

per unit length of the coupled lines :

are given by:'

C, /€= 1207/ 2,,6,"5  (33)
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thickness (t) satisty the limitation t/B :
< 0.1, then the approximate formulas :
for even- and odd-mode impedances
and eapacitances on thin stripline can :
be applied. This holds true for any :
practieal printed-ecireuit stripline :
realization. If the further limitation
w/B = 035 is satisfied, the approxi- |
mate formulas for the even- and odd- :
mode impedances (Z,, and Z,,,

- tained by subtracting Eq. 36 from
: Eq. 35 and substituting the resulting

[, (w+BCA, 21} (30)  values into Egs. 33 and 34:

~ and 31 into Eq. 87 yields the follow-

. ing formula:
A cf %
£ m(I-t/B}in2

I ,[m] (32)

. longer appears. Normalized inter-
s = the spacing between filter ele-
- from the previous expression as:
These formulas can be used in two

© ized stripline width (w/B), the follow-

In both cases, the t and B values :
must be assessed before starting the :
computation. From a practical point
of view, this means that e, B, and t :
must be chosen. Note that the B |
value ig calculated as the sum of the |
lower and upper printed-cirenit-
board (PCB) dielectrie thicknesses. :
For the interdigital filter design, it is
necessary to deduce physical dimnen- :
gions w and s from previously-com- |

C,o/e=120m/Z,,%°  (34)
Note that: 7
Cole=2C /et
C'f re+Cf/E) (35)
Con/E=2C,/e+
C'f,/e+C'flg) (36)

Consequently, AC/e can be ob-

AC/e=Cf, /e~ Cf,/e=

[e107:1 1 1
- 37
g% [z Z ] (57)

o e

Subsituting the results of Eqs. 30

In(cotgB) (38)

Note that the dependence on w no

40 x 4.5 x 2.7 mm (sealed)
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+ 7 mounting configurations
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strip spacing s/B is readily obtained

i:%{“”] (39)
B 7 \K2-1

where:
K1 = Cf/[w(1 -t/B)n 2], and
K2 = exp[{AC/e)/K1).

In order to determine the normal-

ing expression for Z,. is ecompared
with Eq. 31

Zoe =60 /€ O7(C, /€ +
Cf,re+ Cfle)] {40)
Substitution of the above formulas
for Cf and A, in Eq. 31 yields:
Zpe = 60/H6%° [w/B +
(Cf <A ) Za}{2BAB—1)]}=
60mA8,% [ 2w/ B(1—1/B)]}+
{{Cf X In( !+ tanh8)]/
[r(l—t/B)in2{]+
Cf /(! —1t/B)})}) (41}

A comparison with Eq. 40 provides
the following results:

Cp 2w

__ 2w .(42)7

e B(I—-i/B)
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Cf, /e = [Cf xIn(1+tanh6}]/
{rm(]—1/B}n2j (43)
cf cf

=—d__ 44)
c ol —t/D) (44)

where:

C'fe/e = the normalized even-mode :
interstrip fringing eapacitance, and

C'fle = the external fringing capac-
itance of the stripline.

The normalized stripline width can
be found from Eq. 42 as;

lv_:_](],i)_c_"z
R 2 BJ e

{43)

For the multiple parallel-coupled ;
stripline sections, the previous for- |
mula must be written as follows for
internal lines (i.e., lines which have -
neighboring elements on both sides);

Table 2: Computed physical

ﬂ:l(;VL)X

B2 B

G Clyin Clegus
2e £ £

For the first and the last lines
{which have only one neighboring

ﬁ=i(]_in
B 2 B
2E £

All interdigital-filter dimensions

- are obtained by evaluating Eqs. 39,
© 46, and 47, substituting the previous-
- ly-computed values for C,/e and
- AU k. /e. From these equations, the :
¢ for AC/e < 0.8. For AC/e > 1.5, the

s/B and w,/B parameters are
obtained.

The resonator’s length must be a
quarter wavelength at f,. This length °
is eomputed by taking into account :

the stripline’s effective dielectric
constant:

dimensions

for the narrowband filter

10 bhtain the sacond set of resulis.

value that was too close to unity.

] (46)

I ¢ i
L:—X‘LXT{
LAV AR

APPROXIMATION CHECK

The result given by Eq. 89 for /B
is only applicable for the limit /B —

(48)

© 0 with w/b > 0.35. While the first lim-
element), the normalized stripline
¢ width is obtained us:

itation holds true in any printed-cir-

. cuit realization, the second limitation
- refers to the width of the resonator
- strip and should be checked a poste-
i riort (i.e., after completion of the res
( Cy Cley T J (47) onator dimensioning). However, for

£ © very narrow resonators, the interac-
- tion between the fringing fields is no
- lunger negligible and the result given
. by Eq. 39 could be inaccurate.

Practical computation of Eq. 39 has

: shown that the error introduced is

very small and is, in fact, negligible

equation is no longer useful and the
exact solution fur Lhick-bar stripline
must be considered instead of Eq. 39.

In these situations, s/B can be com-
puted by using the Getsinger curves?

- in conjunction with the AC/e values
 computed from the self/mutual-ea-
- pacitance formulas given previously
- (which also provide the correspond-
¢ ing C'fefe value). The C'fefe result
- should be used in Eqs. 46 and 47 for
- the stripline-width computation.

EXPERIMENTAL RESULTS

The above computational proce-
dure is illustrated uging two inter-

- digital-filter examples, including ex-
: perimental results for fabricated

structures. As a general rule, all in-
terdigital filters exhibit a second

© passband response at 3f,, thus a tow-

pass filter must be caseaded to the in-
terdigital structnre in order to atten-

- uate this unwanted response. The

lowpass filter must provide a good
matching characteristic (in the pass-

¢ band) in order to prevent distortion

or rippling of the interdigital-filtter

response.

The first filter example has the fol-

¢ lowing specifications:

* Chebyshev response with 0.1-dB
maximum ripple.

* Five poles,

s f, = 2870 MHz.

* 3-dB bandwidth = 147 MHz,

* Input/output impedance = 50 {).

The narrowband filter'’s fractional
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T T T T T
Marker 2 = -51.627 dB at 7.864 GHz
Marker 3 =—29.184 dB at 8.656 GHz

then recalculated us-
ing these s/R and
C'fey, values (also

3

shown in Table 2).

] As can be scen, only
minoer changes have

been introduced in the

so/B, wi/B, and w,/B

values, while all other
dimensions remain un-

be Ml A LA

\ ,/ changed. The required

Frequency—GHz

12| lowpass filter was
realized on the strip-

4. The measured S, response was obtained for the

2870-MHz interdigital-filter design.

bandwidth is W = 147/2870 == 0.051.
Due to the narrow W value, the nar-
rowhand-filter model is used for this
example. Thus, the resulting filter is

composed of seven elements—five

resonators and two impedance-trans-
forming clements,

aret =0.035mmand B = (1.57 x 2) +
t =3.22 mm.

In order to piate through the reso-
nator ground reference holes, an ex-
tra copper luyer is added {in the met-
allization process) to the 35-pm basic

copper layer, so that the total copper -

clad thickness to be considered in the

formulas is (.07 mm {or 70 pm). By |
. article will continue the examination
0.1-dB-ripple Chebyshev family in

introducing the g parameters of the

the self/mutual-capacitance equa-
tions, a set of values are obtained for
Clie and ACy /e (Table 1)

An admittance factor of h = 0.04
was chosen as a tentative value. The
validity of this choice will he checked
when the stripline widths and spac-
ings are calculated. By introducing
the computed Cy /e and ACy ., /e val-
ues in Kgs. 39, 46, and 47, the filter’s
physical dimensions () and wy,) were
obtained (Tuble 2).

The ACy) /e value obtained is too ;
close to unity. Consequently, a com-
parison with the Getsinger curve :

must he made in order Lo find more-
reasonable values for s/B and C'fe,,,
The graphically-obtained parame-
ters are /B = 0.195 and C'fe,, =
0.173. The physical dimensions are

line structure by scal-
ing a three-element
elliptic prototype with
a cutoff frequency of f,

= 3.6 GHg, following the procedure
gl'ven by Howe.” This lowpass filter
type proved to be the casicst to
Tabricate on the chosen dielectric sup-
port material.

Figure 3 shows the complete nar-

- rowband-filter strueture. The plated
The filter is realized on a 0.062-in. :
(1.67-mm)-thick 5870 RT Duroid (e, =
2.33) substrate that is cladded on
both sides with 1-oz. copper so that
the stripline structure dimensions

through holes are required as ground
references for the interdipital filter's
resonator elements.

Figure 4 presents a plot of the S,
charuscteristics for the realized filter.

. The in-band insertion loss of 8 dB is

due to dielectric and metal losses.
The maximum in-band return loss is
10 dB, which indicates a fairly-good
impedance mateh. Due to the pres-
ence of the lowpass filter, the second
passband response is atlenuated by
approximately 30 dB.

The: sceond part of this (wo-part

of interdigital filters by presenting a

_ widebund-filter example (W > (1.5).

The calculation of mutual/self indue-
tances and physical parameters will
be described, and measurement re-
sults will be presented. ==
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