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Practical Design APProach to MicrostriP Combline-TYPe Filters

ARPAD D. VINCZE, MlEMBER, IEEE

Abstracf—A general circuit model resembling a combline-tgpe

structure is developed using the concept of self and mutual node

admittances rather than self and mutual capacitances per unit

length. The merit of thk approach lies in the relative simplicity of

design formulas readily applicable to filters utilizing microstrip or

stripline construction. It also offers easy adaptability to computer

sided design. Equations are derived relating even-odd mode imped-

ances and transmission line lengths to prototype elements and other

design parameters.
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NOMENCLATURE

Order of low pass prototype filter.

Elements of the low pass prototype

filter.

Fractional bandwidth = ( ~Z – ~1)/.fo,

where jz and jl are 3 dB or equiripple

points and fo is the center frequency.

Admittance inverter between nodes j

andj + 1.

Resonant slope parameter at node .j.

Total resonant susceptance at node j.

Coupled and self susceptances from

nodes O and 1, respectively.

Coupled susceptance from node n + 1.

Tapped capacitances of type I filters.

Average mode impedance of resonator

stubs.

Tuning stub line characteristic imped-

ance (types IIa and Ia).

Resonator tuning capacitance (types

Ib and IIb).

Resonator stub line length.

Tuning stub line length.

Terminating impedances at nodes O and

n+l.

Uptransformed impedance across reso-

nant nodes 1 and n.

Coupling factor between nodes j and

j+l.

Constants associated with coupled sus-

ceptances at nodes 1 and n of type II
filter (21).

Constants associated with coupled sus-

ceptance at nodes 1 and n of type I

filter (S1),
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xs/&;A Impedance ratio for type I filter, less

than one, usually chosen 0.5 or less.

T Ideal transformer impedance transfor-

mation ratio (s 1) for type I filters.

N Ideal transformer impedance transfor-

mation ratio ( ~ 1) for type II filters.

I. INTRODUCTION

THE advancement of microminiaturization and thick–

thin-film technology resulted in increased utilization of

rnicrostrip construction. A good wealth of design informa-

tion k available for high dielectric substrate characteriza-

tion 1[5], [6] along with the fundamentals of filter theory

laid down earlier [1]–[3], [7], [S], [10]. All thk is ap-

plied to develop new and practical filter designs on micro-

strip.

One example is the parallel-coupled half-wave filter

devel~oped earlier [2]. The filter discussed here is quite

different from that in appearance and performance; it

may be considered, however, as one followup to the half-

wave parallel-coupled filter because of similarities in design

approach and application. There are, of course, differences

and IIimitations as well.

One basic limitation is that the low pass prototype ele-

ments should be symmetrical or antimetric. This, however,

is not considered a serious shortcoming since most designs

call :for this condition. The source and load impedances

(RA,RB) are not required to be equal, although they are

in most practical cases. All intermediate coupled resonator

stubs ( j = 2 to n — 1) have the same width; the spacing

between coupled stub pairs is a variable parameter di-

rectl y related to the coupling factor ‘(a.” Fig. 1 shows the

four basic filter types to be discussed. Type I uses capaci-

tive-tapped while type II parallel-coupled end sections.

Two special cases are considered: 1) when only the series

capacitors CA1 and CA. are used; and 2) when the ‘end

coupler line pairs have equal strip widths. Both cases

intrc~duce one degree of simplicity into the design.

The resonator stubs are tuned by high impedance tuning

lines that are assumed to have zero mutual coupling. They

introduce an attenuation pole frequency in the upper stop-

band in addition to the one introduced by the coupled

resonator stubs. This improves the ultimate attenuation

to some extent and results in steeper skirt on the upper
side. The stray coupling between tuning lines causes wider

bandwidth than designed for; five solutions are suggested

to minimize this discrepancy.

Tine principles and conditions upon which the design
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Fig. 1. Four bz.sic types of combline filter configurations realizable with microstrip or stripline construction.

equations are based are discussed; the advantages and

disadvantages of the two types are examined emphasizing

the objectives in choosing the proper one to fit require-

ments. One special case associated with each filter type is

discussed. Resonance conditions and slope parameters

are derived for the external and internal nodes.

Practical examples are presented to compare theoretical

and test data for a three-pole filter. Computed response is

plotted and a, computer flow chart is shown to illustrate

the sequence of the iterative design computation process.

All fundamental concepts and equations pertinent to

this design are treated in the Appendix; it is shown there

how the intermediate resonant nodes and inverters are
formed to give the semilumped element ladder structures

of Fig. 2.

11. DEVELOPMENT OF DESIGN RELATIONSHIPS

The foundation of development for the design equations

is based largely on the theory of direct coupled resonator

filters developed earlier by Cohn [3]. The basic formulas

in Table I are applicable directly to the admittance-in-

verter configuration presented herein and they are utilized

to derive the design equations in Tables II and III.

Consider the schematic representation of the four filter

types shown on Fig. 1 along with the component designa-

tions. The resonator stubs are characterized by ~ [defined

by (A3) ] and tuned to resonance by high impedance open

line stubs of characteristic impedances ZI. . .*Z. at each

node. While coupling is specified between the parallel

resonator stubs, it is assumed zero between the tuning

lines. This assumption is indicated by the “ground shield”

between line pairs as shown on the figure, In practice,
there is some coupling there whose effect may be mini-

mized by: 1) designing for narrower bandwidth initially;

2) choosing the tuning line impedances 2–3 times as high

as i?; 3) bending the tuning lines away from each other;

4) eliminating ZI and Z. in the type I structure by reso-

nating the end stubs solely with CA1, CB1 and CA., CB~;

and 5) providing a ground shield between tuning lines to

terminate stray coupling. This may be effective but the

costliest of all. As the number of poles exceeds four, it

becomes more difficult to minimize stray coupling without

a ground shield.
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TABLE I
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The coupling between resonator stubs j and ~ + 1 is

expressed by aj,j+l, the coupling factor defined by (A4). TO

obtain the desired response, the spacing between resonators

is adjusted while the resonator widths are held the same.

This results in simpler equations and easier less costly

product design.
The basic difference between types I and II is the end

section used. There are certain advantages and disadvan-

tages associated with each type. For example, the parallel-

coupled end section of type II can transform a constant

impedance over a broad bandwidth using the special con-

straint YLIO”+ Y08” = 2GA, The price paid for using this

type is increased complexity and gap tolerance problems

due to high coupling factors. (It is often difficult to realize

coupling factors greater than 0.25 and in many cases, re-

adjustment of the end couplers is necessary to improve

performance.) However, discreet components are not used
to adbantage, but line elements only; thus extension of

the design up to X band is quite possible.
The special case of the parallel-coupled end section is

when both lines have equal widths. Thk occurs for one

particular end node impedance level R“. To change R“
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TABLE II

COMBLINE FILTER DESIGN wITH PARALLEL-COUPLED END SECTIONS
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TABLE III

COMBLINE FILTER DESIGN WITH CAPACITIVE-TAPPED END SECTIONS
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Fig. 3. Design relationships for (a) the parallel-ooupled and (b) capacitive-tapped end inverters.

requires a change< of resonator stub lengths; thus with this

condition, one degree of design flexibility is lost. But with

all linewidths eqtial, the product design becomes simpler.

With the uie of the capacitive-tapped end section, gap

tolerance problems are reduced. On the other hand, the

capacitive transformation is more frequency dependent,

thus narrowing the useful ~andwidth to some extent. This

frequency dependence sometimes causes excessive ripple

at the lower band edge. (The ideal transformer representa-

tion of this end seetion is based on afi earlier study by Page

[9] and has been widely used evi&vhere.) The turns

ratio T is frequency independent, while X. is frequency

dependent. Equation (4) of Fig. 3(b) indicates that

the lowe~ the value of X, [defined by (1)] the more con-

stant R becomes. (In this respect, X. is analogous to a

leakage reactance.)

Using the special case of T = 1, the useful band is
narrower than in the four capacitor case. But the resulting

filter structure is a very simple one and quite useful for

narrow-b&id applications. This design was already pro-

posed by Crystal for a general cornbline structure ~8].

It is helpful to distinguish between intermediate and

end or external resonant nodes. End nodes are those with

j = 1, and n, while intermediate fibdes are with j = 2.. .
n— 1 inclusive. All elements enclosed by the, etid nodes

are called intermediate elements. Fig, 2 illustrates these
ideas for type I and II filters,

Intermediate elements are discussed and defined in detail

in the Appendix. While all intermediate elements are the

same for all filter types, the end sections and nodes are

different.

To interface with the intermediate nodes, both types’

of end nodes are characterized separately. Consider first

the parallel-coupled end section of Fig. 3(a). Stub “a;’ is

at node O while stub “b,” characterized as ~, is at resonant

node 1. The sum of self and coupled susceptances from

node O is given by (11) of the figure. Noting that the

coupled susceptance from the internal resonator is given

as —alZ2/2 ( 1 — a~z) tan+, we obtain UIT. The resonant

node suseeptance is then

()tan 0 1
Bl=—

1

z, –

(1)
~ 2 tan +[1 – (a~lz + alz2) ] “

bl is obtained similar to (A12) :

()bl= ‘.
F(O, @)

T1 M? tan 4[1 – (a012+ au2) ],

where

F(o, @=&+&@. (2)

For tlie equal width condition, aol = alo = (R*/RO) 112.

Substituting this into (10) of Fig. 3(a) and neglecting
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al~’, ~ = RORA~ (RO – RA) is obtained. Then T“ =

1/(1 – (~A/~O) ) from (12) of Fig. 3(a). From the results

we conclude -y”. ( 1 — aolz) = 1. Thus

Bo,lc,’ = – 1/ (Z tan ~)

which is the self susceptance. For this case, therefore, the

coupled susceptances from nodes O and n + 1 are zero and

only the coupled susceptances from the intermediate nodes

are.present. The resulting resonant node parameters are

tan 0 1
Bl=—– -

ZI Z“ tan O(1 – allz)
(3)

1
bl =

22 tan O(1 – a21,)
F(o, +) . (4)

For the capacitive-tapped section of Fig. 3(b), Bo” and

Bn+f are interpreted as the coupled susceptances from end

nodes O and n + 1. Thus a resonant node is formed by

adding BO’ to B1,2‘,’ = 1/ (~ tan 0(1 – a,z2) ) and resonat-

ing it with an open line for [‘a” type filters:

tan e
Bl=—

1

ZI – ~.tan o. (1 – al,z)
+ Boc. (5)

At resonance, (5) can be rearranged to give

z 1

Z1 =
*C

tan(?.tan @*(l – a122)

where c = 1/(1 + k cot 0) and k = BOC.Z1.

The slope parameter is

bl =
1

.F(o,@,c)
2.Z.tan @.(1 – a122)

where

20
F(6,#w) = Y&d+-— -cd

sin 20

(6)

(7)

(8)

In deriving (7), the term (OJo/2) .CZBoC/dWwas dropped

since its contribution to bl is considered negligible in most

cases.

For the general case of unequal terminations BOC# Bn+l’,

therefore, c takes on two values. This results in double

values for ~ which is also contradictory to the fundamental

postulate 1 stated in the Appendix. To overcome this

dilemma the average value of c1 and Cz: F is used rather

than either one of them. The same approach is taken to

compute ~ and @from (8) and (9) of Table II. This ap-

proach may not be feasible in some situations; fortunately,

~ is a relatively weak function of termination differences

since these constants have a limited effect on it. For equal
terminations, of course, C = c1 = cm,q = w = -fn, etc.

Substitution of the lumped element components, slope

parameters, and admittance inverters into these relation-

ships and solving for the unknown parameters give the

desired equations of Tables II and III.

In the derivation of coupling factors, (12) of Table II

and (13) of Table III, the approximation

1 – aj,j+?

{[1 - (9,,? + ai,i+,2)l”[l - (ai,i+~’ + ai+l,i+22)l)1’2

S 1 + * (aj_l,i2 + aj+1,j+22)

is usedl. Further comments on the tabulated equations are

the following.

Some of the unknowns appear both as dependent and

independent variables. These unknowns at the right sides

of the equations are taken to be zero at the first computa-

tion of ~, sol, etc. Then the computation process is re-

iterated to obtain more precise values. In general, six

iterations give ”precise solutions to the sixth decimal point.

Utilizing the equations in Table II, for type II filters,

for example, these design steps are as follows.

1) Choose 0, ~, and R. Take -y = 1 and compute all

parameters 1–15.

2) lJse the results of step 1 to recompute parameters

to be iterated for the required precision.

3) Solve for all tuning line impedances (Z;) or capac-

itances (Cj) from (16) of Table II.

4) Solve for all even-odd m’ode impedances using (17)

of Tat?le II.

5) IFor dimensions of the coupled resonator stubs use

the data of Bryant and Weiss [5]; for the tuning lines,

refer to [6].

To compute gap spacing for the unequal width case,

a method described by Crystal in [10] can be used. If the

equal width condition is chosen then the choice of 0 and +

defines the values of R“ and Z“. If unlike terminating im-

pedances are used in the type I design, then both T1 and

T. should be computed,

At higher frequencies, capacitive tapping can be realized

by transmission lines as shown in Fig. 4(a). CA1 and CA.

are realized by a gap coupling at the first. and last resona-

tors: The gap discontinuity is effectively a capacitive

Pi network; the values of such a network have been com-

puted as a function of geometry for w}h = 0.5, 1.0, and

2.0 [11 ]. For higher capacitances the gap can be inter-

-1
z

CA,

$: 7
‘.%

/, —

7777).>///.

(b)

Fig. 4. Realization of end inverters at higher frequencies. (a)
Capacitive tapping usihg open end shunt line for CB and gap
discontinuity for CA. Interdigitation shown at the right increases
the effective capacitance of GA. (b) Quarter-wave line end imped-
ance transformer with fine tuning tabs along the lin,e.
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d@ated;thi sincreases the effective coupling length and

the effective capacitance.

Cpl and CBn are realized by two open circuited l~w im-

pedance lines paralleled in essence ~th the terminating

impedances. Some adjustment can be provided here by

trimming the length of these lines for the proper response.

Another form of end coupling is the use of the A/4 line

for uptransformation as on Fig. 4(b). Here, fine adjust-

ment is realized by using tabs at both ends and alongside

the line. For this case the line’ parameters are such that

201 = (h! * RA) 1/2and 2.. = (R * l?~) 112.This transforma-

tion is quite effective for bandwidths over 20 percent.

III. DESIGN EXAMPLES AND TEST RESULTS

Based on the equations of Tables II and III, two filters,

one three pole and one four pole, were designed.

Of these two, the three-pole filter was built and tested.

Mechanical data of the filter with photo and substrate

metallization are shown in Fig. 5; performance data with

computed and measured characteristics are given on Fig. 6.

The terminating impedances are transformed ‘up with two

PHOTO :
/ RESONATOR STUB

/ HI’’Z’’TUNING” LINE..8;,,,*W, ,,, *,,e_%..

SUBSTRATE METALLIZATION:

rALUMINA TUNING SEGMENTS

Fig. 5. Experimental three-pole filter mechanical data.
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series capacitors making it a type I filter with the special

case of T = 1. In this respect, the filter is a microstrip

version of the type discussed in [8]. All three tuning lines

are parallel, introducing some stray coupling and causing

some increase in bandwidth. To obtain the specified band-

width of between 12 and 16 percent, the original design

started out with 9 pereent, resulting in 13.5-percent band-

width. The performance was good enough that no itera-

tions were needed; the tuning lines had to be shortened

by about 7 percent to obtain the correct center frequency.
The computed response shows two notices at the upper

stopband due to the transmission zeros introduced by

the coupled resonators and uncoupled line stubs. Fine

tuning is accomplished with high dielectric alumina seg-

ments. These segments are positioned on the resonator

stubs for the best response during alignment. After com-

pletion of the alignment, they are bonded on the substrate

surface with Q~ ax or other low loss cement. With this

method, tuning becomes a simple and quick process,

The filter substrate was tested in a launcher. Test re-

sults showed satisfactory performance. The 0.3-dB mid-

band loss and 70-dB ultimate attenuation were encourag-

ing, better than expected. The 0.3-dB midband loss cor-

responds to a circuit Q of about 420.

The four-pole filter was not built but designed only to

test the theory. The bandwidth’ came out exactly 9.0

percent as design called for. The VSWR is slightly in

excess of the specified 1.98 near one band edge; this is

due to narrow-band effects. The bandpass response is

s-hewn on Fig. 7 along with design data and tabulation of

Z values as a function of number of iterations. It is seen

that’ ~ converges rapidly to its final value where it is pre-

cise to the seventh digit ~

A computer flow chart is shown on Fig. 8 outlining the

iterative computation process. % is use~ as the pilot vari-

able. One can get as close to the solution as wished by as-

signing a circle of convergence with rad@s 6. Computation

is completed when the magnitude increment of ~ is such

that it falls within the circle thus converging to a solution.

A “safety exit” is provided from the loop in case the

wrong data are fed in and convergence cannot be obtained.

This is shown in statement block & where the iteration

limit is set at 10.

i 1. I

Fig. 6. Experimental three-pole filter performance data. Fig. 7. Computed response of the four-pole 0.5-dB ripple filter.
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DATA IN

90, 91... 9“+,

w} R, fc
RA , e, @

I---EZ3

ECOMPUTE
z (z) 1
COMPUTE
Z’(if) 1

i
if -7

CHANGE VARIARLE‘1
F+F+’+E!EIZ

Fig. 8. Computer flow chart for type II filter design.

The first printout contains the type II special case

parameter R“. Then the number of iterations equal to n

is printed with all other design parameters.

The program is easily adaptable both to Basic and

Fortran language.

IV. SUMMARY

The semilumped element equivalent model of a com-

bline-type filter for microstrip applications was developed

with two configurations corresponding to the type I

(capacitive end sections) and type II (parallel-coupled

end sections) structures. It was seen that with this model

simple formulas were developed in terms of even–odd

mode impedances easily adaptable to microstrip design.

The fundamental relationships were developed in the

Appendix for the intermediate nodes. The end nodes were

characterized at resonance for each special case associated

with both type I and II filters. All equations are tabulated

for convenience.

Test data of a three-pole filter show good results. The

filter, besides being small in size, has good stopband at-

tentua,tion of 70 dB which is attributed to the combline-

type filter characteristics. The low midband loss of 0.30 dB

could be the combined result of good substrate material

and well chosen impedance levels.

The computed bandpass response of a four-pole 0.5-dB

ripple filter is also shown with a computer flow chart to

indicate some of the more significant statement blocks.

The results show good agreement between theory and

design.
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APPENDIX

FUNDAMENTAL RELATIONSHIPS

Combline structures consist of parallel line pairs coupled

to each other. Consider apairof suchlines representedby

the4X4impedance matrix (Fig. 9):

II
v,

V.2

o

0

Assume a symmetrical line pair. Is and 11 are eliminated

and the matrix is reduced to give the 2 X 2 form valid

for two-port networks:

Kl”=tdxcl
where

211= Zzz= .& tan 4

212 = .221 = .ja~ tan 0. (A2)

The coefficients of (Al) represent even–odd mode im-

pedance according to [1]. Equation (A2) was obtained

by noting that

Z13 224 223z14____=E=

Zll .G? Z’n
see q5

and
1 – secz I#J= – tan2 @.

Let the following parameters be defined:

~ = Zoe + zoo

2
= average mode impedance (A3)

Zo. – zoo
a12=

Z(je + zoo
= coupling factor. (A4)

Relating to the parameters defined by (A3) and (A4), the

following fundamental postulates are stated.

1) The width of every resonator is kept the same. As

a consequence, ~ becomes unique single valued for one

particular design. The constancy of ~ is verified by the

plot of Fig. 10 which is based on the information of [5].
For the curve, lV/H’= 0.6 is held as a constant parameter,

resulting in the constancy of ~ that appears as a hori-

zontal line. This constancy is shown for the range 1.5 <

S/H <4.0.
2) The spacing between resonators is varied making

the coupling factor “a” different for the resonator pairs

if design conditions dictate so. These postulates are

summed up in the equation

ZO.12– Zocln = Zz

zoe12 + Zool!z = UE ., (A5)

Fig. 9. Parallel-coupled symmetrical line pair.

Fig. 10. Plot showing the constancy of ~ versus S/H for W/H =
0.6 for a pair of coupled microstrip lines (based on [5]).

For convenience, zI1 and .zUare converted to y parameters

giving the susceptances

1

’11 = .Ztan@(l – au2) = ‘2’
(A6)

alz

‘u = .Ztan @(l – a~2) = ’21”
(A7)

Fig. 11 is the Pi-network representation of a two-port

network characterized by y parameters. The resulting

network may be interpreted as a pair of resonators char-

acterized by yll and coupled by a quarter-wave inverter

with characteristic admittance yn. (A detailed treatment

on inverters is presented in [3, pp. 193–194].)

The ideas expressed in (Al) – (A7) are extended now

to ‘(n” pole filter structures. First the self admittance (yll’)

is recognized and then the admittance components coupled

from left (yj–J and right (yj+J are computed; the sum

of these admittances form a resonant node.

The following assumptions are used. Assumption 1) is

an extension of the fundamental postulates.
1) Ml resonator &ubs for j = 1.. . n have equal widths

(2 = constant) resulting in symmetry of coupling co-
efficients, 1.e., Uj ,j+l = aj+l ,j. This may be interpreted in
practical terms to mean that the coupling coefficient

measured at either side of a coupled line pair has the same

value.

2) Stray coupling between a resonator stub and the

one beyond its nearest neighbor is neglected.

3) Coupling between the high impedance tuning lines

is neglected.

Consider node j. If the resonators from left (node j – 1)
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Fig. 11. PI network equivalent of the symmetrical line pair of
Fig. 9.

and right ( j + 1) are far removed, aj_l .sind aj+l both

become zero giving the self admittance ylls = – j/~ tan@

by (A6). vII of (A6) may be considered then as the sum

of the self and one coupled node admittance. Applying

this to node j we may write

yj = y) i- Yj–1’, (Yj = !/11) (A8)

from which the coupled admittance from node j – 1 is

aj ,+–12
~j–1’ = Yj – ‘lJj8 = ‘j .

2(1 – aj,j-~z) tan@ “
(A9)

Likewise, the coupled admittance from node j + 1 is

aj, j+12
yj+f = –j -

2(1 – Uj,j+~2) tan@ “
(A1O)

The total node admittance yjT is the sum of yjc, yj_lC, and

yj+l”. In general, for narrow-band design, all fourth order

‘{a” products are disregarded. Then one obtains for yjT

1

‘jT = – 2 tan @[l – (aj-l,j’ + a~)~+l’) 1. (All)

A resonant node is formed by tuning out yjT with a suscep-

tance of equal magnitude and opposite sign. Physically,

this is an open stub line of characteristic impedance Zi and

electrical length 0.

Thus the susceptance at node j is

tan 0 ,
Bi=—

1

Zj – 2 tan @[l – (CZ-l,j2 +“Uj,j+l) ] “
(A12)

Slope parameter at node j is defined as [7]

(A13)

Using the definition of (A13) and noting that B = O at

co = ao, one obtains l)j from (A12) :

bj= -
1

-F(o,o) (A14)
22 tan 4[1 – (aj-l,j’ + aj,j+l’) 1

1181

where

26
~(e,+) = &@+ —

sin 20-
(A15)

The admittance inverter that couples the resonators at

nodes j and j + 1 becomes from (A7)

Jj,j+l = -
aj, j+l

Z tan@ ( 1 – CZj,j+12)“
(A16)

The resulting equivalent semilumped element representa-

tion of the filter structure is shown in Fig. 2:

Equations (Al 1)–(A16) are valid for nodes j = 2...

n — 1,, (The corresponding nodes are defined as inter-

mediate nodes. ) These equations will differ” for the end

nodes at j = 1 and n. The reason being that the end im-

pedance transforming sections introduce additional sus-

ceptance components to the end sections.
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