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or

y—B2=8YB%~1 cos(w/n).

Substituting for y, we obtain
©

V2p—1

o=

where

y=B[ B+VB*—1 cos (w/n)].

Once the value of « is known, we can compute x2;, from
(3). The modified transfer function is then given by

1

o= ———-—J
2 14 €F(x) [x*=(1—xZ )+ x2.

We now make the substitution

2002
2 BR
7 1+ 92
where
T
Q—tan(—2—~w—o)

and synthesize the network in a straightforward manner
[6]. (As a matter of fact, the synthesis is somewhat easier
in the even-order case because we can derive explicit
formulas for the poles and zeros of the reflection factor

511(A).)
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In [2] Gupta and Wenzel have shown that in the wide-
band odd-order case, the optimum design method yields a
network with a substantially improved performance in the
stopband when compared with the redundant design
method of [1]. The same conclusion holds in the case of
wide-band even-order filters also. As an example, consider
the case of a 4-element 100-percent bandwidth filter de-
signed by the present method (maximum VSWR in the
passband is 1.1). The stopband attenuation response of
the filter is shown in Fig. 2. For comparison the attenua-
tion responses of a 3-element optimum filter and a 4-ele-
ment redundant unit-element filter are also shown.
Clearly, the 4-element optimum filter gives an improved
performance in the stopband.

SOoME ADDITIONAL COMMENTS
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Interdigital Microstrip Circuit Parameters

Using Empirical Formulas
and Simplified Model

ARNE BREJNING DALBY

Abstract—Empirical formulas are given for single- and multiple-coupled
microstrips, directly giving propagation mode admittances and phase veloc-
ities to be used in simplified expressions for the admittance parameters for
the 2N-port network in the form of N-coupled strips, thus forming the
basis for both amalysis and synthesis of interdigital microstrip circuits.
Calculated and measured results ave presented for two interdigital band-
pass filters synthesized as Chebyshev filters.

Manuscript received May 23, 1978; revised October 10, 1978.
The author is with the Engineering Academy of Denmark, Depart-
ment of Electrical Engineering, 2800 Lyngby, Denmark.

I. INTRODUCTION

N THE ANALYSIS and synthesis of coupled micro-

strip circuits, a major problem is how to obtain the
primary parameters, that is, propagation mode admit-
tances and phase velocities. For a single strip and for two
identical coupled strips, formulas exist which give the
propagation mode parameters as functions of the relative
dielectric constant ¢, and the physical dimensions [2]-[4].
For multiple-coupled strips various numerical methods,

0018-9480 /79 /0800-0744300.75 ©1979 IEEE
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e.g., [6] can be used to calculate the capacitance matrices
for the system with and without dielectric. From these the
desired parameters can be found [7], [8]. However, in an
iterative synthesis procedure, this method is much too
time consuming,

The aim of this work was to develop formulas for
multiple coupled strips, which could be used in an itera-
tive synthesis procedure. If such a procedure is to be
convergent, the formulas must give results that vary in a
way predictable by physical reasoning, when some dimen-
sion is changed.

In the following, empirical formulas are presented for a
single strip, two identical coupled strips, and multiple-cou-
pled strips, directly giving propagation mode parameters
to be used in simplified expressions for the admittance
parameters for the 2N-port network N-coupled strips
form. Lossfree and approximately TEM-mode propaga-
tion is assumed.

The empirical formulas are valid for open microstrip
circuits, but it should be possible to develop similar for-
mulas for covered circuits also.

II. SINGLE MICROSTRIP

The electrical field around the strip is divided into
seven parts, each corresponding to a capacitor as shown
in Fig. 1. The strip capacitance C, the characteristic
admittance Y, and the phase velocity v are then found as

C=Cy+2-Ci+2-Co+2-C,, F/m 0))]
C,+2-C 2. 2:C

Y= vo-( 9 L G 2 ), mho (2)
\/g V€9 \/a

v=Y/C, m/s (3)

€ cre= (0g/ 0)2 4)

where ¢, =rel.diel.const. and v,=3Xx10® m/s.

C, represents the homogeneous electrical-field capaci-
tance, C, and C, are fringing capacitances with relative
dielectric constants ¢, and e,,, respectively, and C, is the
extra fringing capacitance caused by the nonzero strip
thickness.

The strip capacitance C (1) is found as the parallel
connection of the seven capacitors, and the characteristic
admittance Y (2) is found as the sum (parallel connection)
of the admittances corresponding to the capacitors.

The capacitances C,, C,, C,, and C, should vary in a
way, which as closely as possible corresponds to the way
the corresponding parts of the electrical field vary with
physical parameters (dimensions and dielectric constant).

Because the model mirrors the physical reality to a high
degree, it is possible to use the single-strip formulas as the
basis for coupled-strip formulas.

The development of the empirical formulas given below
started with the homogeneous thin strip case (¢,=1, =
T/H=0). Here only one function fi(w=W/H) (9) is
needed to calculate the characteristic admittance Y. Here
Jfi(w) will represent the sum of the fringing capacitances. It

745
Cz.Erz\/\ w /:\//cz,arz

Sl AN

C3.613C1 Co O Czeg

Fig. 1. The electrical field around a single microstrip.

was found (like the other empirical functions) by plotting
desired function points found from the results obtained
by others such as Wheeler [1], and then fitting some
function to these points.

To divide the sum of the fringing capacitances into C,
and C, was a problem which was solved by mapping
(approximately) the electrical field around the strip for a
few values of w= W /H. In the homogeneous case it was
found that C;~C,/2 over a wide range of values for the
stripwidth.

The function f,(w) can also be viewed as the additional
relative stripwidth necessary to give the correct character-
istic admittance, assuming homogeneous electrical field
and ¢, =1. For .71 this additional relative stripwidth is
different from f(w) by a factor f,(w,¢,) (10). After finding
this function in the same way as fj(w) was found, the
problem was again to find C, and C, separately. Here it
was found that the expression given in (6) for C, gave
monotonic functions in €, and w= W/ H for C,, and its
apparent relative dielectric constant ¢,,. This indicates that
the choice in (6) cannot be far wrong. The results ob-
tained for coupled strips also indicate that this choice is a
good one.

The two functions f; and f, are all that is needed to
calculate the single strip parameters when t=T/H=:0.
However, the accuracy of the calculated phase velocity
was improved by introducing a third function fy(w,€,) to
give the apparent relative dielectric constant €, of C,,
(1 <€r2 <€r)' . i

The accuracy of the single-strip formulas given below is
on the same order as the accuracy of the formulas devel-
oped by Wheeler [1]. For values of w outside the interval
0.1<w< 10 and for €.>16 the accuracy decreases. The
formlms, however, give results consistent with physical
reasoning also outside these limits for ¢ and w. This is
important because the single-strip formulas form the basis
for coupled-strip formulas used in iterative synthesis com-
puter programs for interdigital bandpass filters and for
directional couplers. These synthesis procedures will not
be convergent if the formulas do not give results con-

“sistent with physical reasoning also outside the intervals of

practical values for the physical dimensions.

Thin Strip

In this case C;=0. C,, C,, C,, and ¢,, which must be
known in order to find C, ¥, and v (1)—(3), can be found
as

Co=Co(w,6)=¢€ €W, €=107°/(367) ®)
C,=C\(w,e)=¢ ¢y fi(w)/6 ©)
€2= (W, €,) = fa(w,¢,) €
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ol .2 .5 1.0 2.0 5.0 10.0 10 T 5 € 15 20 50 10,0
) (@
Fig. 2. (a) Relative phase velocity= V¢, /¢ for a single microstrip.
(b) Characteristic impedance for a single microstrip.
Cr= Ca(w,€) = ey (f(w,6) —1/3) Cufra Conan masn well_
Y] l S» /7
£i0 Vele, /2 ® 77 ok ém T
where 1.924 Fig. 3. Even mode. Y=Y, C=Cg, v=1v.
filw)=1.68+0.23:1In (1+(w/0.51) : )
92
—0.115-In (1+(0.51/w)"***) 9) ot Conygnstectrwal
P
- ~0.69 .
fw,e)=1—(1—¢ %¥)-(0.3+1n (10-w)/50) (10) 4/ ?\\( T /I ///( ;
filw,e)=¢*, x=(0.35+032 G Co CIR 5
W o S e W o

-exp (—4.2/¢,))/(1+w). (1

Thick Strip

For a single strip with nonzero thickness (r =T/ H#0),
C, and ¢, are modified, and the capacitor C; is in-
troduced. This capacitance represents the electrical-field
lines starting on the side of the strip and must, therefore,
have an apparent relative dielectric constant ¢, greater
than 1 but smaller than ¢.. The two formulas (14) and (15)
giving C; and ¢, are quite simple, but together with the
modifications of C, and ¢, (12), (13), they give results
which are on the same order of accuracy as the results
presented by Wheeler on thick microstrip [1}:

=Cy(w+2-t,¢€) (12)
€2=€x(W+2:L¢) (13)
Cy=Cy(t,6,)=075-1/(t/ex+1/€,/ ¢,) (14)
€,=(t+1)/(t+1/¢,). (15)

In Fig. 2 the characteristic impedance (1/Y) and the
relative phase velocity v/(vy/ Ve, )= V¢, /€, are pre-
sented as functions of w=W/H and t=T/H, for ¢, =
2.37. From Fig. 2(a) it can be seen that the phase velocity
becomes higher with the thickness of the strip, just as it
should.

III. Two IpENTICAL COUPLED STRIPS

In this case two propagation modes exist, the even
mode and odd mode [2]-[5]. The two modes are shown in
Figs. 3 and 4, where the electrical field around each strip

Fig. 4. Odd mode. Y=Y, C=Cyp, v=1,.

is divided into five parts, each corresponding to a capaci-
tor.

The strip thickness is assumed small here. It should be
possible to take the strip thickness into account for cou-
pled strips also, but so far it has only been done with
passable accuracy in the odd-mode case, which by the
way is the most important. The results for coupled thick
strips, however, will not be given here.

The strip capacitance C, the characteristic admittance
Y, and the phase velocity v are found as

C=C0+ C1L+C2L+ C1R+C2R’ F/m (16)
e ( Co+Cu+Cin, Cu . Cix )'Uo’ ho
\/f—r VE€zys VErr
(17)
v=Y/C, m/s. (18)

Cizs Copy Cir> Cops €51, and ¢, are naturally different
for the two modes. They are found by modifying the
formulas for a single strip as shown below.

Even Mode
= Co(w; €,) (19)
Ci.=C(w'se) (20)
€21 = €3(W's€) 21
Cor=Cy(W',¢) (22)
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Cir=Ci(W,€) fo(w,s) (23)
Car = Cy(W,€) f5(w,s) (24)
€2k =€2(W,€,) (25)
where

we=w(1+1/(14+s/w)) (26)
s=S/H (27)

Jo(w,s)=(1+0.56/(0.244-exp (2.5-5) + w=25)*>).f
(28)

fs(w,s)=(f +(1—f,)-exp (—w'*/1.8/(1 = f))-f, (29)

and

f,=f(w,s)=1—exp ( - (s/(1.26-w°'24))x)

x=(L13+0.1783-In (w)+0.73-5) /(1+s)  (30)
fo=£(s)=(1+0.5715/5"38) 77 (31)

Odd Mode
Co= Co(w,¢,) (32)
CiL=Ci(w:¢) (33)
Cor=Cy(w,¢) (349
Cir=Ci(W,6) fs(w,s) (35)
%34 =fr2(wa €,) (36)
Cor = Cy(W, &) fo(W,5) @37
€21 = €2(W,€,) fi(s,€,) (3%

where

fo(w,5)=1+087-In (1+(£,/s)"*) (39)
fo(w,5)=1+0.87-In (1+(f,/5)"") (40)
fe(s,e)=1—(e2%"*—1)-exp (~2.5-5) (41)

and

fo==0.043-1n (1+(£,/w)**)+0.706+0.043 1 (s)

(42)
f,=exp (—0.388+0.261-In (s)) (43)
fy=—0.043-1n (1+(£;/w)**) +1.01+0.043-1n (5)

(44)
fr=exp (—0.727+0.261-1n (s)). (45)

In the development of the functions f,—f;, it was an
important consideration that they should become correct
for s going towards either 0 or oo and at the same time
give the correct values for impedances and phase veloci-
ties in the normal range of values for w and s. That this
goal was achieved to a high degree can be seen from Figs.
5(a), (b), and (6) in which even- and odd-mode impe-
dances, phase velocities, and inductances are shown as
functions of w and s. In Fig. 5(a) and (b) ¢,= 10, while in
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Fig. 5. (a) Even- and odd-mode impedances for two identical coupled
strips. (b) Even- and odd-mode phase velocities for two. identical
coupled strips.
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Fig. 6. Even- and odd-mode inductances for two identical coupled
strips. 5 sets of curves for ¢,=1, 2, 5, 10, and 20 have been superim-
posed on each other.
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Fig. 6 the five sets of curves for ¢,.=1, 2, 5, 10, and 20
have been superimposed on each other.

The way the results are presented readily shows that the
parameters vary in a way predictable by physical reason-
g, and that the impedances and inductances attain the
correct values for s going towards either 0 or oco. This is
also true for the even-mode phase velocity, while the
odd-mode phase velocity may become too high for s going
towards 0; the largest value for the phase velocities being

vo/Vz(1+e) .

Fig. 6 shows a very important property of the empirical
formulas, namely that the inductances are nearly (+1.2
percent) independant of ¢,, as they should be. It is interest-
ing that this is obtained with the functions f,~f; being
independent of e,.

The results presented in Fig. 5(a) and (b) may be
compared with the results obtained, e.g., by Bryant and
Weiss [5]. The errors are nowhere greater than about 2
percent and in most cases smaller.

To explain how the empirical formulas were developed
is rather difficult because the process was in fact iterative.
However, an explanation is attempted below.

The results obtained by among others Bryant and Weiss
[5] formed the basis for the development of the empirical
formulas. The development started with the expression for
w’, (26), which ensures that the even-mode parameters
become correct for s=S/H-—>0 or . Then a function
J,(w,s) was found so that the even-mode impedance was
approximately correct when this function was substituted
for fy(w,s) (28) and fy(w,s) (29) in (23) and (24). It was
found that this function need not be dependant on ¢,. The
even-mode phase velocity variation, however, was not as
shown in Fig. 5 (b) which, as mentioned above, approxi-
mately shows the way the phase velocity should vary. To
remedy this, corrective factors were found, changing
f(w,s) into f,(w,s) and fi(w,s), respectively. In the odd-
mode case a similar development led to a function of the
form giving fy(w,s) (39) (or f5(w,s) (40)) which approxi-
mately gave the odd-mode impedance. Then the functions
f. and f; were introduced to correct the calculated phase
velocity. The function fy(s,e,) was introduced to make
€,,z—1 (approximately) for s—0.

IV. N-CouPLED STRIPS

To find the two capacitance matrices C and Cj [7], [8]
for N-coupled strips with and without dielectric, respec-
tively, the N strip capacitances C, (defined as the ratio
between charge and voltage on strip p) and their effective
dielectric constants ¢, (defined as the ratio between the
capacitance C; with, and the capacitance C,;, without
dielectric) may be found in N different modes (voltage
combinations on the strips). From the resulting 2-N?2
equations the two matrices C and C, can be found.

Let the N voltage combinations (modes) be represented
by N column matrices (vectors) Q,,Q,,-,Q,; that is,
each element in a vector represents the voltage on the
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corresponding strip in the corresponding mode. The vec-
tors @,,---,0y can be combined in a square matrix
0={Q,, +,0y)}. If the N? capacitances found are repre-
sented by a matrix C’ in which element C,, is the capaci-
tance for strip p in mode g, then the capacitance matrices
C and C; can be found as

C= {qu }Q_l

- —2{
Co=109 pq pq

(46)

Gt @ =g ML (47)

where v, pq—vo/ € cttpg =00 VCopo/ G,y and L is the in-

ductance matrix for the N-coupled stnps [71, 18]

The relationship between voltages on, and currents into
the 2N ports of the network that the N-coupled strips
form can be expressed as

I={Ia}={Yaa Yab}{Ua}=YU'
1, Y, Yy U,

Here U,, U,, and L, 1,, are vectors representing the volt-
ages on and the currents into the ports. The subindexes a
and b refer to the two ends of the strips [9]. The square
matrices Y, Y, Y,,, and Y, are admittance parameter

aa’

matrices which can be expressed as

(48)

Y —Ybb—{ ]qu pq pq COt(wl/ q)}Q_l (49)

Yab Yba {J 'pg’ pq pq "Csc (wl/ q)} Q ! (50)

where w=angular frequency and /= striplength.

These expressions which are found from (46) and (47)
using the results known from transmission line theory are
correct for w—0, but not for ws0. The errors, however,
are small for frequencies up to about 20 percent above the
quarter-wave frequency for the strips. This limit and the
size of the errors are difficult to assess. For ¢, =1, there
are no limitations in the expressions (49) and (50), but for
e,71 the errors become larger or the useful frequency
range becomes smaller as €, increases. To give some idea
of the accuracy of the method, a comparison was made
between the correct y-parameters and the y-parameters of
(49) and (50) for a few 3-strip circuits (the strips of equal
length) and for ¢ < 10. The capacitance matrices C and
C, were found using the empirical formulas given below,
This comparison showed that the errors become more and
more pronounced as the frequency gets nearer to the
half-wave frequency for the strips. As a rule of thumb, the
errors should be smaller than 2 percent for wl//v,, <
1.2% /2, if the final y-parameter matrix Y (48) is taken as
the mean between the calculated matrix (using (49), (50))
and its transpose. This also ensures reciprocity.

The matrix @ can be chosen almost arbitrarily, but the
choice in (51) is especially attractive because each admit-
tance parameter will consist of only two terms instead of
possibly N terms, and the empirical formulas for two
identical coupled strips can be modified to be used for the
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modes given by Q.

1 -1 -1 - =1
1 1 -1 ~1
0=:1 1 1 .
1 1 1
] ;
i 00 3
IR 0
0 =4 o -1 1 0 (51)
0 0 0 -1

L J

If coupling between nonadjacent strips is ignored,
which in most cases is allowable, only three different
modes need be considered for each strip, see Figs. 7-9.

Introducing the parameters given in Figs. 7-9, the
admittance parameters (49), (50) can now be expressed as

Yopaa=Yppor ™= —J3( Ypo, cot (wl/ Oy0r)
+ Y, cot (w/,0,)) (52)
Vopab =Y ppba==2] %( Y,or csC ("-’l / UpOr)
+ Y, csc (@l /0,01)) (53)
Vor—1aa=Ypp—106==—J3( Y,z cot (wl/v,.)
= Y,0, 0t 0!/ 0,0)) (54
Yo,p—1ab=Vp,p— lbazj%( Y, csc ("-’I/UPE)
= Y01 csc (0l/0,01)) (55)
Yp.p+1aa=Vp,p+166"= -j3(Y, e <ot (wl/v,g)
Y, 0, cot (wi/y Or)) (56)
Yp.p+1ab =ypp+lbazj%(y csc (wl/va)
Y,0, csC (w!/7 pOr)) (57)
Vop=2"Vppas= =0 (58)

The mode-parameters Ces Ypp, 0,5, etc., are found
using (16)—(18) and the expressions given below for C,,,
Cir,» Cy;, etc. The empirical formulas for two identical
coupled strips are used, but some modified strip dimen-
sions (80)-(87) go into the formulas in order to make each
gap between two strips look like the gap between two
identical coupled strips.

The modified strip dimensions also ensures (approxi-
mately) that the three sets of mode parameters are calcu-
lated taking nonadjacent strips into account. However,
this does not mean that coupling between nonadjacent
strips have been taken fully into account because then
more than three modes would be needed in the expres-
sions (52)—(58).

CiLCoCiR
Fig. 7. Even mode. Y,=Y,5 C,=C,, 0, =V,
+Ca_ Comi
L?I 7 p:1 o pj’l 7
H // I#%k’ ,/////’,
CiLCoCRr’
Fig. 8. 0Odd right mode. Y, = Y,,, C,=Cyo,, 0,=0,q,-
Gy C
) 2L ZR |
_ Pt _”\ P Py .
iy *(illl 700,77
L " i 4
Oy CoCrr

+ +Wp_]+sp_1+wp + sp »ant +

Fig. 9. 0dd left mode. Y,

p pOl’ C COl»

Even Mode
Co= Co(Wp,fr)
CiL= Cl(wLp’ €r).f4(wlp’sElp)
Cor= CZ(WLp’ €)f, S(WLp’ SELp)
€20 = €2 Wppr€,)
Cir= Cl(WRp’Er)'f4(WRp>SERp)
Cor= Cz(WRp,er)‘fs(WRp»SERp)
€21 = €2(Wpps €,)-
Odd Right Mode
Co= Co(Wp’ €)
CiL= Cl(wp’ fr)'f4(Wp,SOer)
L= Cz(W fr)‘fs(Wp,SOrzp)
€21 = €:2(W,€,)
Cip= Cl(WRp’fr)'fs(WRp’SOer)
Cor= Cz(WRp’fr)'f7(WRps50er)
€r= rz(pr’ fr)’fs(SOer,fr)~
0dd Left Mode
Co= Co(Wp,fr)
Cy= C1(WLp’€r)'f6(sz’501Lp)
2w = C2(wlp’€r)'f7(wlp’sOle)

€21 = r2(wLp’ €)f; 8(5011,,;’ €)

Cir=C1(W,, &) fa(WpsSo1rp)
CZR = CZ(wp7 €r)‘f5(wp’ 5‘OIRP)
€a2R™= €r2(wp’€r)
where
Wep=Wp+w,_1/(1+5, 1/w,)

Wi =w,+w,, 1 /(1+s,/w,)

= Gpo1-
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(59)
(60)
(61)
(62)
(63)
(64)
(65)

(66)
(67)
(68)
(69)
(70)
(")
(72)

(73)
(74)
(75)
(76)
(77)
(78)
(79)

(80)
(81)
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SELp =f9(wlp’pr—l’sp— 1)
=5, (1+2/7arctan (In(w,,/ws,_))) (82)
SERp =f9(pr’wLp+ l’sp) (83)
SOer =f9(wp,pr—1’sp—l) (84)
Sorrp =f10(pr’wLp+I’sp)
=5, (1+2marctan (In(wg,/w,,.1)/4)) (85)
Soirp =S1o(Wrps Wrp - 18 -1) (86)
Soirp =f9(Wp’Wz;+ l’sp) (87)
and
w,=W,/H =S,/H etc.

Because empirical formulas are used, and because the
expressions (52)—(58) are approximate expressions, the
admittance-parameter matrix (48) will not be symmetric,
as it should be, although the errors are small.

If the resulting y-parameter matrix is taken as the mean
between the calculated matrix and its transpose, the errors
will be even smaller, but the size of the errors is difficult
to assess, because first of all it is difficult to find data on
coupled microstrip circuits with more than two strips, and
secondly it depends on the circuit what errors are of
importance. However, as the following examples of analy-
sis and synthesis of interdigital microstrip circuits show,
the errors are so small that the method presented here of
calculating the admittance-parameter matrix can be said
to be a very practical and powerful tool.

A. Analysis of Microstrip Circuits

An analysis program (in ALGOL) has been developed
utilizing the simplified y-parameter expressions and the
empirical formulas.

In this program an equivalent circuit based on the
y-parameters is made (like the #-circuit for a two-port).
Into this circuit various lumped elements can be in-
troduced (e.g., inductances to simulate nonideal short-
circuits, capacitances to simulate nonideal open ends, and
equivalent circuits, e.g., transistors). A standard network
analysis procedure is then used on the final network.

Because lumped elements can be taken into account,
the analysis program can be used on a large number of
microstrip circuits: directional couplers, interdigital filters,
amplifiers, etc.

In Fig. 10 a “Lange” directional coupler is shown. This
coupler, the data of which are given in Table I, was
analyzed using the above mentioned program. Calculated
and measured responses are shown in Fig. 11. Small
inductors (0.2 nH) were introduced to account for the
effect of the bonding wires. There is very good agreement
between measured and calculated responses. It should be
mentioned that because of etching errors, the coupler did
not meet the specifications.
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Fig. 10. Lange directional coupler.
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Fig. 11. Measured and calculated response for Lange directional

coupler.

TABLE 1
DATA FOR LANGE DIRECTIONAL COUPLER

Substrate: 0,714 mm Rogers RT /Duroid 5870, €, =2.37

Dimensions: (a.ctual not intended)
W =Wy=Ws= W8 =0.265-H
w,= W3 We=W,=0308-H

Sp= S34=S56=S78=0.161 H
Sy3=Ss;=0.165-H

V. INTERDIGITAL BANDPASS FILTERS

The equivalent diagram for an interdigital bandpass
filter (shown schematically in Fig. 12 for a 7-strip 5th-
order filter) based on the admittance parameters, is shown
in Fig. 13. It is assumed here that there is no coupling
between nonadjacent strips (, , 2.V, 23" * - =0).

If the striplengths are adjusted individually so that
VllaarY220p:" * * sYwnaa ar€ all O at the center frequency f, for
the filter, then from (52)-—(58) and after making sure of
reciprocity (letting Y=(Y+ ¥7)/2):

at frequencies near f;:

7TBW
yppaa (YOI+ r) 4w § —KS (88)
Wo
yp,p‘f-labz(YpE Yort Y16~ p+101)/4=j‘,p,p+1
(89)
where
§'=j2w—wy)/BW (90)

BW =bandwidth in rad/s.

The equivalent diagram in Fig. 13 now represents N
resonators (y,, ) with admittance converters in between.
Normally, y,,,, and yyy_ will be much smaller than 1/Z,,
which means that an N-strip interdigital filter of the type
shown in Fig. 12 is an N —2 order filter.
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Fig. 12. N-strip N—2 order interdigital bandpass filter, shown here
schematically for N=7.
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Fig. 13. Equivalent diagram for interdigital bandpass filter of the type
shown in Fig. 12, N=7. Coupling between nonadjacent strips is
ignored.

Synthesizing the resonator constants K, and the admit-
tance converter constants J, ,, to give the desired filter
response (e.g., a Chebyshev response) is classical and
described, e.g., in [10]. The combination of stripwidths
and spacings, however, that give these K’s and J’s, must
be found by iteration. Fortunately this is no serious prob-
lem because the K’s depend mainly on the corresponding
stripwidths, and the J’s depend mainly on the correspond-
ing strip-spacings.

A synthesis program (in ALGOL) has been developed,
which can synthesize interdigital bandpass filters of diffe-
rent types, one of which is shown schematically in Fig. 12.
The input data are: equivalent lowpass filter constants,
bandwidth, an initial set of strip-dimensions, and of
course, the substrate thickness and dielectric constant.
The output is a combination of dimensions that will give
the desired filter response. This combination, however,
need not be practical (there are an infinite number of
possible solutions). It may, therefore, be necessary to do a
few runs before a practical combination is found.

The computing time is on the order of 2 s for a
4th-order filter (on an IBM 370-165).

A. 5th-Order Chebyshev Filter

For the filter shown in Fig. 14, the desired specifica-
tions were: center frequency =670 MHz, 20-percent band-
width, and 5th-order Chebyshev response with 1-dB rip-
ple. This filter was made to test the synthesis procedure
and the empirical formulas. Measured and calculated
response is shown in Fig. 15 and show good agreement.
Open-end effects and nonideal shortcircuits were
accounted for by making the striplengths 3.7-mm shorter
than the caiculated lengths. The physical data for the filter
are given in Table II. The calculated response was ob-
tained from these data, using the above-mentioned analy-
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Fig. 14. Seven strip 5th-order Chebyshev bandpass filter.
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Fig. 15. Response for 5th-order Chebyshev filter.
TABLE II
DATA FOR 5STH-ORDER CHEBYSHEV FILTER
Substrate: 1/8” REXOLENE §, ¢, =2.32.
Dimensions:
P 1 2 3 4 5 6 7
W, 3.00 3.10 2.65 2.83 2.65 3.10 3.00
5, 022 1.08 1.44 1.44 1.08 022 0
L 76.6 76.6 76.0 75.7 76.0 76.6 76.6 mm.

sis program. Capacitors (0.14 pF) were introduced to
simulate open-end effects and inductors (0.5 nH) to simu-
late nonideal short circuits. Losses have been taken into
account by assuming the same attenuation constant (o=
0.025 N /m) for all propagation modes.

B. 4th-Order Chebyshev Filter

The filter shown in Fig. 16 is used in a QPSK micro-
wave-communication system made at the Electromagnetic
Institute at the Technical University of Denmark,
Copenhagen. The desired specifications for this filter
were: center frequency=1.5 GHz, 100-MHz bandwidth,
and 4th-order Chebyshev response with 0.1-dB ripple. The
resulting physical data for the filter are given in Table
III. The striplengths were made 0.4-mm shorter than the
calculated lengths to account for open-end capacitances.
It was assumed that the short-circuit inductances were
small, but as it can be seen from Fig. 17 in which the filter
response is shown, the center frequency lies 1 percent
below 1.5 GHz. In the analysis of the filter, it was
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Fig. 16. Six strip 4th-order Chebyshev bandpass filter.
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Fig. 17. Response for 4th-order Chebyshev bandpass filter.

TABLE II1
DATA FOR 4TH-ORDER CHEBYSHEV FILTER

Substrate: 0.714 mm. ROGERS RT/DUROID 5870, ¢, =2.37.
Dimensions:

p |1 2 3 4 5 6
w, | 280 | 227 | 227 | 227 | 227 | 280

s, | 0455 | 300 | 330 | 3.00 | 0455 | w

, | 362 | 359 | 354 | 354 | 359 | 362mm.

assumed that the short-circuit inductances were 0.086 nH.
It was also assumed that the attenuation constant for all
propagation modes was 0.15 N/m. The agreement be-
tween measured and calculated response is quite good.
This is noteworthy, because the small relative bandwidth
of 6.7 percent leads to large strip spacings, about 3 times

the substrate thickness, and data on coupling between
strips that far from each other are not very reliable.

V1. CoNcLUSION

The empirical formulas presented give quite accurate
propagation-mode parameters for single microstrips, two
identical coupled strips, and for multiple-coupled strips.
The formulas form the basis for approximate admittance
parameter expressions for the 2N-port network that the
N-coupled strips form. These expressions again form the
basis for accurate analysis and synthesis programs for
microstrip circuits.
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