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An Innovative CAD Technique
for Microstrip Filter Design

Shen Ye,Member, IEEE,and Raafat R. MansouBenior Member, |IEEE

Abstract—An innovative computer-aided design (CAD) tech- The proposed technique is intended to bridge the gap be-
nique for efficient and accurate microstrip filter design is pre- tween the computational efficiency of the cascading approach
sented in this paper. The technique utilizes full-wave electro- and simulation accuracy of the full EM simulations. It is
magnetic (EM) simulation for the individual circuit elements, - . . .
while interactions between nonadjacent elements are emulated an analogy to j[he calibration concept typically empl_oyed n
by introducing circuit components to form extra signal paths. Microwave testing procedures. In order to test a device, mea-
Designs can be accomplished with the accuracy of completesurement instruments need to be calibrated to compensate any
circuit EM simulation while keeping the computational efforts  |oss, distortion, etc., inherited in the measurement instruments
at a cascading simulation level which is crucial for design opti- and setup. In general, a microstrip circuit simulated by the

mization. The technique has clear physical interpretations and di h be “calibrated” locally to qive th
is easy to implement. The authors have successfully applied ©2S¢ading approach can be “calibraled locally 1o give the

this technique to design several microstrip filters. Very good Same simulation results as by complete EM simulation.
filter performance was achieved with good correlation between  This technique utilizes EM simulations for individual sec-

predicted and measured results. tions, while circuit components are employed to account
Index Terms—CAD, EM simulation, filter, microstrip filters, ~ for the interactions between the nonadjacent sections. The
optimization, superconductive filter. component parameter values are determined and subsequently

modified by very few complete EM simulations of the whole

circuit. Design optimization is performed only over the modi-

fied cascaded circuit. In this paper, the authors present results
T HAS BEEN recognized that the most effective approadt two high-temperature superconductive (HTS) microstrip
for microstrip filter design is to use a computer-aideliters designed using this technique. The authors also provide

desgin (CAD) procedure consisting of an optimization packagedetailed description of the steps followed in designing one

and an accurate circuit simulator [1]-[3]. While a numbegsf these filters.

of accurate electromagnetic (EM) simulators have become

recently available for microstrip circuits, in most cases, their ||, DescrIPTION OF THENEW DESIGN TECHNIQUE

use has been only limited to design verifications. In view of Consider the simple symbolic example shown in Fig. 1(a)
the computation speed of today’s computer workstations, tg’:e pie sy P 9- '

central processing unit (CPU) time required to include su emé?r?gnpaﬁ:cgtgigsgg OI:(;TJrei?n Caesf(f::gt(se‘jths:((:jtilsgrz a;cr)]r;g
EM simulators in the optimization loop is prohibitively Iargebetwe%n cgscaain simulatic);n shgwn%n Fig. 1(b) and corg IetZz
More recently, this problem has been tackled in [4] using 9 9. P

space-mapping approach. In this paper, the authors propos EM simulation from Fig. 1(a) could be considerably large.

an . : . 4
alternative technique which has clear physical interpretaticjfrqstead of resorting to complete EM simulation for the design

which is more efficient and easier to implement. process, one may modify the original cascaded circuit Fig. 1(b)

It is computationally superior to use the cascading approa%!ﬁCh that it provides the same results as the complete EM

for microstrip circuit simulation, where the circuit sections ar?mulatmn. The modification must have physical interpreta-

simulated individually by the EM simulator and then cascade't??'oi(l)r gfm%irtgc?éarsz)ézg]nplﬁ’ %rlf er;(z)wiatsai;ti?;ctzlt?onnls
together. However, because of the nature of the microstrip—tyB% y '

circuit, stray couplings generate interactions between differe"nsﬁth Section Ill. Fig. 2 illustrates one implementation of

parts of the circuit outside the desired signal path. MoreovérUCh a modification: a signal path (Section IV) has been

performance deviations could exist between an isolated SeCtﬁid”dg(ijr;Si ¢ eg:)l;!?)tgngrﬁs Ir:,\t/irigﬁtl?:rsm bteﬁ\éveﬁgwsggﬁs platind

and the section embedded in the full circuit. The inaccurac . . . .
. . . . %e characterized by taking a complete EM simulation as
inherited in the cascading approach are usually too large

neglect when it is applied to microstrip circuit design. re(}erenc.:e, orcallbratlpn standard . L
Consider the design parameters of the microstrip circuit

as z. Let the cascade simulation response be defined as
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where
. S(}(:li(m‘ scection ; scclion !‘ AR/(.’L'C, yc) = Rf:as(:l" + 2z, yc) - Rem(.’l,'). (4)
o 2 3|
- It should be emphasized that andy, are only accurate for a
) (;1)’ o o givengz, i.e., R, (z+=x., y.) is a local model. lfr is changed
to z + Az, differentz, andy, must be calculated to maintain
) [ I |
R N e Lttt R (¢+Ac+ 2., y)~ Ren(z + Az).  (5)
' section _‘_¢ sm:tion} : ‘ scction
L U N To utilize R.,.(z + z., y.) for design purposes > 0 is
S ‘ L specified such that ifAz|| < ¢, there existsy > 0 and
© IR s(z + Az + 22, 9.) = RBew(@ + Az)|| <o (6)
Fig. 1. A _symbolic three_-section rr_]icrostrip circuit. (a) Circuit schematic.
(b) lllustration for cascading analysis. where ¢ is the acceptable tolerance. In other words, one
acceptsR., (¢ + Az +x., y.) as the accurate circuit response
: as long as||Az|| < e. The model validity regiore can be
scclion determined according to available computational resources and
4, the design accuracy requirement.

The whole design procedure could be described as follows.
Step 1—Initial Design:The initial designz can be obtained

Wmn \P(,“(m \ b((tmn \ using optimization and conventional cascade simulation ap-
\ j proach.
— 1

Step 2—Calibration:Perform an EM simulationR.,, (x)
for the complete circuit; determine, andy, from (3), such
Fig. 2. Modified cascaded circuit from Fig. 1 to include interactions betwegfat the modified cascaded circuit S|mulat|Bf;5 (x+xe, ¥.)
Sections | and Il ¢ Je

gives the same response as that from EM simulaiog (x).
Step 3—OptimizationOptimization is performed to meet

circuit into individual sections and treating them as reguldpe design specifications using(x + z., y,) with = as
circuit components, e.g., [5]. Nonadjacent interactions amoﬁ?@t'm'zat'on variables; new desigr is obtained from op-
those individual sections are neglected. The complete ENnization, wherez; denotes the updated design parameters
simulation is done by simulating the microstrip circuit agfter optimization.

a complete unit, and, therefore, all possible interactions areStep 4—Verification:=Compare the parameter values of the
included. In general, new designe; (Step 3) with the parameter valugs(Step 2)

where the calibration was done, i.e., calcule = x; — .
Reas (%) # Bom () 1) ||Az|| > e, assignz; to x, and go to Step 2, otherwise the

where the difference betweeR...(z) and R..,(z) can be design is complete.
attributed to the nonadjacent interactions between the cascad® the case that uniform grid size is required by the
sections and possible performance deviations of individuaM simulator, e.g., [6].R.y; can only be performed o,
sections when they are simulated alone and when they #f@ere z,;, i = 1, .-+, n, must be in the multiples of the
embedded in a circuit. corresponding grid size, even though in cascade simulation
To compensate the inaccuracy of the cascade simulati@R€ can use interpolation for each section calculation. Similar
the original cascade circuit is modified to accommodate tf@ (3)—(6), the design procedure can be modified as follows.
nonadjacent interactions, such as the one in Fig. 2, and thétep 1—Initial Design:Obtain initial designz using opti-
inaccuracy of individual section simulations. The modifiefhization and conventional cascade simulation approach.

\;,

cascade circuit response is defined as Step 2—Calibration:Roundz to Zz,, such that

Rf:as("l" + Le, yc) A.’L’r =Tr—x (7)
wherez, is the geometry parameter modification to comper@nd
sate the characteristic deviation of individual sections, gnd max {|Azq;|, i =1, -, n}
is the parameter vector characterizing the addition signal paths (corresponding grid size)
introduced to model the extra interactions. The objective is to < 2 (8)
achieve )

wheren is the total number of geometry parameters. Perform
R (% + e, y.) ~ Rem(x). (2)  an EM simulationR...,,(z,.) for the complete circuit; determine
In other wordsz. andy, should be obtained by x. andy, from

. /
Juig AR e )| © i [ AR (.. y,)| ©

C’c
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Fig. 3. (a) A three-pole 1% Chebyshev microstrip filter. (b) Corresponding sections for cascading analysis.

where TABLE |
AR (xc, ¥.) = R/cas (Tr + Zc, Yo) — Rem(@r). (10) gl:slfgln feraton | Itirf?n:;r;l
cascade calibrate re-optimize | calibrate re-optimize
Step 3—OptimizationOptimization is performed to meet after using aftor using
the design specifications using the new cascaded circyit Tounding o\ modified | rounding 1o | modified
R, (x + z.,y.); 1 is obtained from optimization, where grid size | circuit grid size | circuit
x; denotes the updated design parameters after optimizatiop. L | 104634 10.5 10.5156 105 10.5122
Step 4—\Verification:Compare the parameter values of the L, | 50.7438 510 510 510 510
new designz; (Step 3) with the rounded parameter valugs | L 3.14007 3.0 3.24963 30 3.2336
from Step 2, i.e., calculatAz = z; —x,. If |Az|| > ¢, assign L, |s60262 | S55 552983 | 555 553088
x; to z, and go to Step 2, otherwise the design is complete L, | 539612 54.0 53.7643 540 53.772
The design procedures discussed above assume that the |S. |21.1987 210 223968 225 224172
designer is knowledgeable in choosing an appropiate(z-+ al, | NA 00 00 00 00
z., ¥y.), i.e., to configure additional signal pathg,.) which al, |N/A 00 00 00 00
correspond to important stray couplings not modeled by the, =% | VA 00 00 0.0 00
Origina| cascade circuit. al, | N/A 1.49986 1.49986 1.47298 1.47298
It should be pointed out that the concept of the technique oL, | NiA 0.258669 | 0.258669 | 0.25465 0.25465
presented here applies not only to microstrip filters but als oS, | NA 0938043 | 0938043 | 101134 | 101134
to other types of structures where differences between cascgder? | ¢ | NA 0097049 | -0097049 | 0094469 | -0.094469
simulation and complete simulation exist and are important C (NA 0004863 | 0.004863 | 0.004863 | 0004363

issues to the design. The new technique presented here is
highly efficient for design optimization of microstrip-type
circuits where demanding accuracy is required and employifgction are represented by circuit nodes and the step dis-
complete EM simulation in the optimization loop is computacontinuities of each double-patch capacitor were properly
tionally not feasible. considered and deembedded in actual EM simulation. The
filter was designed on 20-mil thick LaAlDsubstrate with
estimated dielectric constant 23.5.-EM simulation for indi-
vidual sections and for a complete filter was done using
Two HTS filters are designed and tested using this newmmn [6] which requires uniform grid sizes. Interpolation was
design technique. The resonator size of the filters are relativalyplemented to overcome the uniform grid size limitation.
large in order to achieve high€} and higher power handling 0sa90 [7] was utilized for cascaded circuit simulation and
capability. However, the use of a larger resonator size sigptimization.
nificantly increases the cross couplings between nonadjacenthe design parameters of the filter are indicated in Fig. 3(b),
resonators. where the filter is symmetrical and;, W,, W3, andL; are
Fig. 3(a) shows the layout of a three-pole Chebyshev filtéked at 7, 180, 100, and 150 mil, respectively. A grid size of 2
with 1% bandwidth. Individual cascaded sections are illusnil x 2 mil was used in individual section EM simulation and
trated in Fig. 3(b) where reference planes of each individualgrid size of 1.5 milk 2 mil was used for the complete circuit

I1l. DESIGN EXAMPLES
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Fig. 4. Comparison between cascading analysis and complete full EM simulation for the circuit show in Fig. 3, where all the dimensions are rounded to a
uniform grid size. Solid lines are from cascading circuit simulation and crossed lines are from complete circuit EM simulation.
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Fig. 5. (a) Modified cascaded circuit with an added signal path between resonator one and resonator three. (b) Comparison between modified cascading
analysis and full EM simulation. Solid lines are from cascading circuit simulation and crossed lines are from complete circuit EM simulation.
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Fig. 6. Comparison between measured and predicted performance of the three-pole Chebyshev microstrip filter. Solid lines are from predi@edeperform
and crossed lines are from measured performance.

A==

Fig. 7. A four-pole Chebyshev microstrip filter designed using the proposed technique.

EM simulation. Table | providex, z., andy, at different R, (z, + z., y.) versus full EM simulationR..,(x,). The
stages of the design, where fixed parameters are omitteddé&sign was then re-optimized according to the new calibrated
simplify the table. cascade circuit. The design was finished after two iterations

After completing the initial design using a cascade cikwhere each iteration involves one full EM simulation to
cuit shown in Fig. 3(b)x was obtained as listed under thesalibrate the cascaded circuit and an optimization using the
“cascade” column of “Initial Design” in Table I. This was modified cascade circuit. Note that the second iteration is
then rounded to the values listed under the “calibrate aftl%fquired since the difference of, between rounded and
rounding” column of “lteration 1.” The comparison betweehe.optimized values under “Iteration 1" is greater than half
cascade circuit simulatiol..(«,) and full EM simulation g4 size 0.75 mil which was the model validity region
R (x,) is shown in Fig. 4. Large deviation can be observegpeciﬁed_

To apply the new technique discussed in Section Il, thérpe fiter was built and tested using TBCCO HTS thin
original cascade model shown in Fig. 3(b) is modified bﬁlm on LaAlO; substrate. Fig. 6 gives the designed and

adding one new signal path representing §tray couplings t?ﬁéasured performances. Excellent results have been obtained.
tween resonators one and three as shown in Fig. 5(a). For tF S

. . . . {% deviations are attributed to the following major factors:
particular example, the signal path consists of capacitors . . i .
C1, Oy and a 509 microstrip transmission line with 600- 1) frequency shift dye to the dielectric constant difference
mil fixed length, whereC; is a series capacitor and, is a between the designed and actual;
shunt capacitor. Following the design procedure presented ir?) Slightly wider bandwidth due to the limited accuracy of
Section Il,z. andy, were determined from (9), as listed under ~ the full EM simulation for this particular example.
“calibrate after rounding” column of “lteration 1" in Table A similar structure four-pole 1% Chebyshev filter was
I. Fig. 5(b) shows the modified cascade circuit simulatiodesigned as shown in Fig. 7. The filter was first designed using
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Fig. 8. Comparison between cascading analysis and complete full EM simulation for the circuit shown in Fig. 7 after initial design, where allglmmslimen
are rounded to a uniform grid size. Solid lines are from cascading circuit simulation and crossed lines are from complete circuit EM simulation.
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Fig. 9. Comparison between measured and predicted performance of the four-pole Chebyshev microstrip filter. The solid line is from predictet@erform
using modified cascaded circuit and the crossed line is from measured performance.

regular cascading circuit simulation. A comparison betwedhe measured performance and the theoretical performance
the regular cascading circuit simulation and full EM simulatioof the filter designed by applying the design technique pre-
is given in Fig. 8. Besides significant differences for theented in this paper. The theoretical results given in this
filter center frequency and bandwidth, a transmission zerofigure were calculated using the modified cascaded circuit.
shown from full EM simulation which is not possible fromTwo full EM simulations were required to complete the
the regular cascading circuit simulation. The modified cascadesign.

circuit for this four-pole filter includes three additional signal To illustrate the efficiency of the authors’ proposed tech-
paths using similar configuration to that shown in Fig. 5(ahique, cascading simulation of this four-pole filter needs
In this case, signal paths between resonators one and thedmut 1.5 min CPU time for one frequency point while the
between resonators two and four, and between resonatoosplete circuit EM simulation needs about 8.25 min CPU
one and four, are included in the analysis. Fig. 9 showisne on a HP700 workstation. For the purpose of optimization,
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the difference in the overall CPU time will be much more Shen Ye(S'88—-M'92) was born in Shanghai, China.
significant. He received the B.Eng. and M.Eng. degrees from
Shanghai University of Technology, Shanghai,
China, and the Ph.D. degree from McMaster
University, Hamilton, Ont., Canada, all in electrical
engineering, in 1982, 1984, and 1991, respectively.
From 1984 to 1986, he was an Assistant Lecturer
in the Department of Electrical Engineering,
Shanghai University of Technology. In 1991, he
was awarded an Industrial Research Fellowship
from the Natural Sciences and Engineering Research

IV. CONCLUSION

The authors have presented an innovative CAD techniq
for microstrip filter design. The technique allows design oy
timization to be achieved with full-wave EM simulation ac:

curacy while keeping the computational effort almost at the e atural _
uncil of Canada and joined Optimization Systems Associates Inc., Dundas,

cascade _de5|gn_approach level. _The a_Uth_ors believe that gﬁ? Canada. His major contributions include implementation of microstrip
concept is not limited only to microstrip filters and can beomponents for the CAD packagesa90/hopeand development oEmpipe

applied to other design areas. Theoretical and experimeh’(a'!ch connects an electromagnetic field solver asa90/hope In 1993,

Its for t HTS mi trio filt h b t Ef joined Com Dev Ltd., Cambridge, Ont., Canada, where he is a Senior
results for two mICrostrip filters have been pPresentefemper of Technical Staff. His current work includes in-house CAD program

Excellent results have been obtained which demonstrates dla@é:lopment and microwave circuit design, in particular, high-temperature
validity of the proposed technique. superconductive thin film circuit design.
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