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Abstract—Efficient utilization of commercial electromagnetic EM Based Scalable
(EM) simulators for design and optimization of microwave (MW) EM Models for ~ EM Optimization  Models for Circuit
and millimeter-wave (MMW) circuits is achieved by classifying Cireuit Elements  of Cirouit Elements - Flements
design problems into three categories—characterization of circuit
elements, optimization of circuit elements, and creation of circuit
element libraries such as scalable libraries. Practical aspects of
the methods are illustrated by several examples. An equivalent Known"
circuit extraction technique suitable for n-port coupled struc- Cirouit &
tures is provided. The derived equivalent circuit is useful for Elements
extrapolating data, optimization, and deriving scalable models.

= Design
Circuit Simulator

L Lo . . Fig. 1. Techniques commonly employed to utilize EM simulators for MW
Index Terms—Circuit optimization, electromagnetic analysis, and MMW circuit design.

microwave circuits, passive circuits.

|. INTRODUCTION EM simulators for MW and millimeter-wave (MMW) circuit
N THE LAST few years, there has been a significar nalysis and synthesis will be considered. It will be assumed
I ’ at the reader is familiar with the details of the software

improvement in both computer resources (in terms of ceh- d their feat h as line/ol f t d
tral processing unit (CPU) speed and reduced random-accgagde and their features (such as fine/plane of symmetry) an

memory (RAM) prices) and electromagnetic (EM) simulatioﬁoncentrat'on will .be. on prob!em -formulat|0n and solution.
software [1] so that use of commercial EM simulators ha%ome of the material included in this paper has been presented

now become economically viable. As a result, there alé past workshops [12], [21]. )
now many commercially available EM simulation software Broadly speaking, there are three methods of using the

packages. From the user's point of view, these packagg¥nmercially available EM simulators for MW and MMW
are of two types. The first type is the two-and-one-haffrcuit design. Thege are pred!ctl\{e charqctgrlzgtlon of .CII’CE.IIt
dimensional (2.5-D) solver using planar surface meshing Helements for use in larger circuits, ~optimization of circuit
including vertical currents between layers, useful for plan&l€ments for circuit performance requirements, and creation of
structures such as microstrips (vendors include soNNEdimensionally scalable library elements for use in integrated
Zeland, Hewlett-Packard, Ansoft, and Compact Software). TRECUit design and modeling. Fig. 1 illustrates the three meth-
second type is the full three-dimensional (3-D) solver usin(?jjs together with the relationship of the various EM simulation
volume meshing, appropriate for truly 3-D problems (vendofg0ls to the circuit simulators. While all three methods generate
include Hewlett-Packard, Ansoft, and MacNeaI—SchwendIeé@ta that is used in a circuit simulator, EM-based optimization
The 2.5-D software is based on the method of momer#®y also do more EM simulations depending on the results
while the 3-D software is based on finite-element analysp$ the circuit simulators.
or finite-difference in the spectral domain. Only recently Of the three categories, predictive characterization of circuit
has finite-difference time-domain (FDTD) software becom@lements is usually the most accurate, easiest to accomplish,
available [2]. At M/A-COM, the authors have extensivelyand requires the smallest amount of computer resources. This
used Sonnet'®m [3], Ansoft's Maxwell SI Eminence [20], is achieved by careful isolation of the unknown structure from
and HP’s HFSS [4] to design and optimize microwave (MWe known structures to reduce the problem size. For any EM
circuits. In this paper, the efficient use of these commercigimulation, it is very important to look ahead in terms of
software requirements. The problem may have to be slightly

%?nuscrf]ipt feceiveﬂ m&egbbg?& fe(\:/ised Novggge(lel 1987- ! MAmodified, usually dimensionally, so that it is optimized for the

t t -COM, Inc., t ter, , , N

1853 UsA e ne., L-orporate enter, Lowell, MAsoftware to be used; this can further reduce computation time.
Publisher Item Identifier S 0018-9480(97)03103-7. This issue will be discussed in some detail in Section Il where
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Fig. 2. Schematic of an integrated switch limiter.
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Fig. 3. Switch-limiter layout in HMIC. The dotted regions represent geometries that were simulated in the Semn&t® S-parameter data as simulated
and de-embedded in Sonne&m was imported into MDS and the other known elements optimized to give the optimum overall circuit performance.

two examples of predictive characterization of discontinuitigsy, such as addition of new metal and dielectric patterns,
are demonstrated. while dimensional optimization refers to the modification of
If the computed EM characteristics of the circuit elemenghysical dimensions, such as length of a given metal and
do not satisfy the overall circuit performance requirementdielectric patterns. In Section Ill, structural optimization is
the geometry of the element needs to be modified. In sufitst considered by utilizing various parameters such as field
situations, numerous EM simulations are conducted to ogistribution, cross-coupling capacitors, afeparameters and

timize the circuit element. In Section Ill, optimization ofnew structures for optimum performance are developed. Next,
circuit elements using commercially available software @imensional optimization is considered, where dimensions of a
considered. given structure are optimized. While parametrized and scalable

Circuit element optimization can be performed by eithexquivalent circuits have been extensively used for dimensional
structural optimization or by dimensional optimization. Strumptimization, recently, direct optimization using EM simu-
tural optimization refers to fundamental change in geomkations has been demonstrated with improved optimization
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Fig. 6. MeasuredS-parameter for a switch-limiter. First iteration with no
tweaking.

Fig. 4. The Sonnet layout for the three-port open-stub capacitance utilizaiocessed, measured, and modeled. However, as circuits are
to provide low loss. stressed to their performance limits, there is a continual need
for process changes and novel circuit-element designs that
e o improve circuit performance with improved yields. In a typical
S s N commercial environment, timely need for new library elements
is most critical and often there is insufficient time for wafer
runs to characterize new ideas. In such situations, a number
\ﬁ of batch EM simulations are conducted—sometimes over a
/ week or two—and dimensionally scalable library models are
/ / 2,%‘;’1"1)“55 ~/ extracted. In Section IV, two examples of scalable circuit
libraries are presented.
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™~ Isolation / Il. CHARACTERIZATION OF CIRCUIT ELEMENTS
(dBS21)

\‘\_\ﬁ /u In this section, a glass-based integrated circuit is first
— considered which shows how various elements in the circuit
H are characterized using EM simulations. The second exam-
U ple considers a surge protector for commercial frequencies

v illustrating predictive design to provide the required bandpass
4.0 GHz freq 14.0 GHz

-10.0
-50.0
-50.0

response. For reference, the glass microwave integrated circuit
Fig. 5. Simulated response with-parameter from Sonnet's EM used in(GMIC) cross section is shown in Appendix | [8], [9].
conjunction with MDS models. Example 1—HMIC Switch Limiter: Fig. 2 shows the
schematic for a matched 7-11 GHz single-pole double-throw

. . ,(SPDT) switch in series with two stages of limiters. The bias
algorithms [5], [6]. A commercial software package, OSA f the diode labeledD, is tied to Ds while that of Ds

Empipe [7], has UNIX-based links to Sonne€mto optimize g ey 1o Dy. Thus, whenD; and D3 are reverse biased
a given structure using EM simulations. These new methoggsy D, and D, forward biased, the signal from terminal
are efficient and examples of automatic circuit optimizatiop goes to terminal 3 while the signal from 2 is terminated
using OSA’s Empipe will be given. in a high-power AIN resistor. The through path as well
Even though the methods outlined above are capable £f the terminating path are simultaneously implemented as
solving many MW problems, there are situations where circéisymmetric commensurate line filters modified by capacitive
element building blocks are required for MW circuit desigrioading [10], [11]. For the through path there is a shunt stub
Often these are accommodated in library wafer runs which dodlowed by two series quarter-wave sections and then a shunt
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Fig. 7. A coaxial surge protector designed with the help of HFSS simulations.

[:lgtin‘ndrcv_lb Ogg?xArcv_lb
Resonant Frequency (GHz)
s[1,1] s[2.1] .
e a Measured Simulated
0.0 T N \ 0.0 1.541 1516
-10.0 > -0.4 1.807 1790
. / 1.872 1.870
-20.0 g -0.8
\\ / 1.902 1.900
-30.0 Stub Length — —-1.2 1.917 1.911
37.2 mm
Measured Fo = 1.872 GHz 2.035 2.047
-40.0 Simulated Fo=1.870GHz — -1.6
\f 2107 2.136
-50.0 =2.0
Fig. 9. Table illustrates other designs and compares measured with simulated
» F,.
-60.0 7 > 2.4

Frequency 0.2 GHz/DIV
Fig. 8. Simulated response of a coaxial filter. The measuieds within 2 were |mplem§ntgd by open—_cwcun stubs. The limiter diodes
MHz of the filter response resonance at 1870 MHz. and the terminating AIN resistors are mounted on pedestals.
The switch diodes are implemented in HMIC and have a
well-controlled capacitance of 0.08 pF.

stub followed by another series section and a bias return shunfvhen the circuit was laid out in the allocated space, it
stub. Thus, the through path represents an order 4 filter whileis soon discovered that there were many circuit elements
the terminating path is an order 2 filter; this is dictated by thghich were unknown and required characterization as they
circuit topology. were critical for the circuit performance. In particular, the

This circuit was implemented in heterolithic microwavesize forced the authors to bend lines outlined by the dashed
integrated circuit (HMIC) technology [8], [15]. The p-i-nboxes in Fig. 3 labeled, D, andC, while loss forced us to
diodes marked); -D, are integrated in HMIC while the limiter use wide stubs as in boR instead of the inherently more
p-i-n diodes marked.; and L, are chips bonded on the HMIC.lossy metal-insulator-metal (MIM) capacitors. Characteristics
The limiter diodes were not implemented in HMIC as thef these structures were inadequately represented in the linear
optimum I-region thickness required by the two limiter diodesircuit simulator and required EM simulations.
are different from each other and from that of the integrated After the initial design using Hewlett-Packard’s circuit
switch diodesD;—D,. The diodes have nonzero capacitancajmulator MDS, a layout similar to, but dimensionally different
which is incorporated in the filter using standard techniqué®m that in Fig. 3, was obtained by using the auto-layout
[10], [11]. functionality in MDS. Since Sonnet requires geometries to be

Fig. 3 shows the layout of the matched switch limiter adefined on grid points, the authors’ initial designs were all
implemented in HMIC. The capacitors at terminals 1 and @&djusted for inclusion in Sonnet. Thus, the greatest common
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Fig. 10. A simple crossover. The lines need to be 3-mil wide to allow for high-power handling.

factor for each dimension in substructurésD was made to AGROUND
be as high as possible. For example, for the element outlined s
in box B the factor of choice was 1 mil, which means all
dimensions were integer multiples of 1 mil. The large grid 1 cover
size reduces the number of subsections, thus speeding up EM
calculations. The grid requirements for fast EM simulations Lover T Lover
imposed minimal restriction on the design itself or on the
design method.
The structuresA-D were then simulated in Sonnet and T Coap
the data was imported into the circuit simulator (MDS). For Lunder Lunder
example, Fig. 4 shows the Xgeom (Sonnet's layout package) 3% hhh » b %4
drawing of the circuit element represented in structBref
Fig. 3. Since metal in Sonnet is represented by zero thickness AT~ Cunder
of nonzero sheet resistance, the effect of metal thickness is
simulated by including two layers of thin metals separated
by air dielectric equal to the metal thickness and connecting AG%%ND

the two metal layers together by edge vias, represented in _ o

Fig. 4 by the downward pointing tiangles. This. techniqu% Lk The sdutelent ohult o e derembedded crosscuer. The cient

produces a rectangular cavity with the correct metal boundamy. 12.

for inclusion in Sonnet. The extra length of line on either side

of the geometry is utilized to keep the distance of the structure

of interest two to three substrate thicknesses away from ft§eoptimize the circuit to obtain the performance shown in

box wall in Sonnet. This avoids interference of the simulationig. 5. The length of the stub is fixed, thus fixing the loading

box with the structure. The structure in Fig. 4 took 39 Mbytegapacitance; however, the dimensions of the series lines and

of memory requiring 2200 subsections and took 11 h for Zhe diode capacitances provide enough free parameters to

frequency points on an HP 735 workstation. Simulation timebtain the required performance. Fig. 6 shows the measured

on the other structures were shorter, and all of the structuggformance of the switch limiter. The simulated performance

used in this circuit could be simulated over a single weekerdiffers from the measurements because the attached limiter
The S-parameters obtained from Sonnet simulations wedtodes had 0.15-pF capacitance instead of the 0.10 pF required

combined with the other element models available in MDf®r the filter structure. The measured isolation is lower in Fig.
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6 (>30 dB instead of 40 dB) because the line coupling between ODD MODE ANALYSIS
terminals 1 and 2 was not modeled. However, the isolation met
the specifications and was not a serious issue. Since the HMIC AR

diodes are well modeled the deviation in the loss calculations
was less than 0.2 dB in the 7-11-GHz bandwidth. These results

represent first iteration measurements with no tweaking and  +1v R cover 1v
demonstrate the success and the value of EM simulators. . Lover Lover
Example 2—Coaxial Surge ProtectoBurge or lightning o~ ‘

,‘
~

protectors are often used in front of sensitive equipment. They
typically have narrow passband response and are usually ‘

implemented with a shorted stub to ground. This example 3z “NA gy
shows how a coaxial surge protector can be designed for any

T Cgap

+1v) -1V)

frequency by doing a single EM simulation. A= cunder
Fig. 7 shows the principle behind the EM-based design of w=2*pitfreq
the coaxial surge protector. The circuit functionality is very <
simple; the coaxial short presents an open circuit to the signal AGROUND
line at the operating frequency. The prediction of the resonant
frequency is very difficult because the coaxial T-junction
is quite complicated and its frequency behavior unavailable. So11=511-812
To solve the problem efficiently, the coaxial surge protector Zunder =50 * (So11+1)/(1-So11)

. L. . K i Lunder=imag(Zunder/w)
is divided into two parts—the unknown T-junction and the

known lines connected to it.

The 7T-junction is drawn in HFSS. The ports are defined t;\:{;r ‘Sssgagcn‘ﬂaégisim”aﬂy
sufficiently far from the junction so that evanescent modes
have minimal effect on the characterization. Symmetry can EVEN MODE ANALYSIS
be used to reduce simulation time; however, in this case, ACROUND
the drawing was asymmetric and, therefore, a full structure pas
simulation was required.
Since the frequency range of interest was 900—2500 MHz 1) L cover
the authors adaptively meshed the structure at 2500 MHz in - J;v;;v B T\”L;v;ﬂ
HFSS. The structure went through six adaptive passes with 13—~ 2
20.5 K tetrahedra occupying 264 Mbytes of RAM and taking Cb Cc:l;: s}}orts
5 h 40 min of CPU time on an HP 735 UNIX workstation. R
The overall computer time is usually more than the CPU Linder O L / Lunder
time as there are significant read/write processes during the 3T - ] el
overall adaptive calculation. Each subsequent frequency cal- R R :
culation took 1 h 35 min. The accuracy of the simulation <3> 7 Coner
was very important and, therefore, the T-junction was finely
meshed. e

Since HFSS usually takes much longer with loss calcu-

lations at these frequencies, the simulations assumed ideal
; : i S-parameter --> Z - parameters
Ioss[ess matenals.. Thg frequency sweep function is u;ed Do(1-Sel1)*(1-5e22)-Se12*Se21, w=2*pitreq
to simulate the T-junction response for 100 MHz steps in  z11=((1+Se11)*(1-Se22)+Se12*Se21)/(D/50)
900-2500-MHz band. Since the T-junctiSaparameters were éfgzgjsi?;;()[;g,g)s32221):23:331922*18/?5/15)(/;)[)/50)
very well behaved (since the discontinuity is well approxi- '
; ; Tee-equivalent of Cgap, Cover and Cunder

mateq as lumped element) the au_thors d!d not have to simulate >7 mag(1/(w(wLander (Z41.212)))) Ob = imag(-1/Z12"w)
any finer frequency steps; the linear circuit simulator (HP- Gc = imag(1/(w*({*w*Lover-(Z22-Z12))))
EEsof) interpolated the data accurately.

Fig. 8 shows the simulated bandpass response of a typical _ _ o
coaxial surge protector. This simulation is obtained through':é?- 12. The extraction of the equivalent circuit of the crossover. Odd-
. . . . \ . .. nd even-mode calculations are conducted for each frequency point and
linear simulation (in HP-EEsof's Libra IV) by combining theye equivalent circuit is obtained in closed form in MDS's presentation
HFSS simulateds-parameters of the T-junction with that ofpage.
the standard coaxial transmission line model available in HP-
EEsof’s linear circuit simulator. For comparison, the simulatedlithin 2% of the predicted values between 1.5-2.1 GHz. Once
and measured resonant frequency for seven such surge pratee-T-junction is characterized, the optimization of the surge

tors are tabulated in Fig. 9. The measured resonant frequencgristector for any frequency is very efficient and completed

Se11=811+812, Se22=833+534, Se12=S13+523, Se21=831+541

Tee-to-Pi transf. is used to calculate Cgap, Cover and Cunder
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Fig. 13. The optimized crossover. The Xgeom layout shows only one layer. The dotted lines indicate the metallization above this layer while the up
pointing arrow represent the airbridge posts. Air-bridge

entirely in the linear circuit simulator. Also, note that the@ure for automated optimization. The structure was slightly
simulated data for the coaxial T-junction is generic and usabieodified and automatic optimization was accomplished with
for other designs. Empipe.

Example 3—Crossover in HMICHigh-isolation ¢-40 dB)
and high-power £10-W CW) microstrip RF crossovers at
greater than 10 GHz are difficult to fabricate. In this example,
In the previous examples, the circuit elements provided thegesign method is illustrated to obtain such a crossover in

required response for optimization of the overall circuit. Thergyic (see Appendix I). The crossover has been utilized in the

are many situations where the unknown circuit elements CABsign of a high-power switch with about 40 dB of isolation

degrade the performance of the overall circuit and optimizati(a)qler 6-18 GHz [10], [14]
of only the known circuit elements is inadequate. In such ' '

I1l. OPTIMIZATION OF CIRCUIT ELEMENTS

Fig. 10 shows a layout of a & 3 mil crossover drawn

S|tua_t|ons, optimization of the_ C'.rCl.J't element to _meet t_hl?l Sonnet's Xgeom which was simulated and de-embedded
requirements of the overall circuit is required. This section

. . . . Sonnet'sem. The S-parameters generated by Sonnet were
considers five examples that illustrate the use of EM S|mulat0r¥ . P 9 y .

- o analyzed to derive the four-port lumped equivalent circuit
for circuit element optimization.

Examples 3 and 4 in this section illustrate optimization O§hown in Fig. 11. There are no mutual inductances between the

circuit element structures. Example 3 is a high-power higl?_rthogonal lines. The key parameter in the equivalent circuit

isolation RF crossover where tl$eparameters are analyzed tdS the capacitancey.;, as that determines the isolation. The

help add critical metal patterns to increase isolation. Exampf@fious elements of the equivalent circuits are obtained by
4 shows the optimization of a surface mount connector erormlng even- and odd-mode analysis, converting the even-
utilizing EM field plots. and od.d?modeS‘—parameters taZ-parameters and, thereby,
Examples 5-7 illustrate optimization of the dimensions getermining the reactance and susceptance of the elements.
circuit elements. Example 5 is an interdigital filter wherd his extraction process of the equivalent circuit is shown in
2-D EM simulation of the cross section is used to optimiz&ig- 12. Since the coupling between the lines is determined by
a linear phase filter. This example illustrates the importante capacitance(’z.p, for increased isolation it is important
of 2-D simulations for accurate calculation of coupling antp minimize Cgap.
impedance. Example 6 illustrates coplanar structures wherelhough the crossover in Fig. 10 could handle 10-W CW
automation in the optimization is achieved via the use @ower, Sonnet simulations indicated that the coupling capaci-
Empipe. Finally, Example 7 illustrates the design of a 3-d&nce with 5xm airbridge is 24.3 fF (parallel plate capacitance
backward coupler which required extraction of the equivs 10.3 fF while the fringing near the crossover is estimated to
alent circuit to determine the suitability of a given strucbe about 4.2 fF and the capacitance between the approaching
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Ground Via directly underneath
(Not shown in this view)

Microstrip
Substrate

Signal Path

Fig. 14. A plastic surface mount connector. Outer plastic housing is removed to show the inner layout. Ground via is hidden in this perspective.

lines not due to the crossover is 9.7 fF). This value of the 7.0
coupling capacitance is too large to provide the required

isolation. 6.0

Inserting shield metallization which is RF grounded between First iteration /
the lines, 0.5 mil away from the lines, decreased the coupling 5.0
capacitance by about 6.5 fF by reducing the line-to-line capac- /
itance. Reducing the 0.5-mil separation to 0.25 mil decrease\éis"\’Fn.0

Cqap marginally; however, the smaller gap is more demanding
of the fabrication process. Therefore, it was decided to keep 5, Second ftoration
the ground shields 0.5 mil away from the lines.

To further reduce the coupling capacitance, the width of (
the lines at the crossover was reduced from 3 to 1 mil. The

power handling is somewhat compromised but since the 1- e e— T |
mil section is very short, thermal heating due to resistive e Frequency 1.0 GHz/DIV e

losses r_e,mamed low even at ,10'W mCIden,t power. Thl'—"?g. 15. HFSS simulations. The first simulation represents the nonoptimum
was verified by thermal analysis and experimentation. BEynnector, while the second is the optimized connector using field plots in
reducing the line widths to 1 mil at the crossover point thEgg. 16.
parallel plate capacitance is reduced to 1.1 fF from the initial
value of 10.3 fF. The smaller linewidth also decreased the
fringing capacitance at the crossover. Finally, grounding strapsExample 4—Surface-Mount Connectdttigh-volume MW
were introduced in order to pass ground in parallel at tfd MMW commercial applications are demanding more
underpass to further reduce the overall fringing capacitang@mpact, cheaper, and better performing connectors. This has
of the crossover. greatly affected the method of manufacturing connectors. The
The Xgeom layout of the final crossover is shown in Fidirst step of prototyping can now be done using 3-D EM
13. During the process of optimization, some fifteen differegtmulation packages. Besides reducing cost and manufacturing
crossovers were simulated; the dimensions were variedti®e, EM simulations increase everyone’s understanding of
find the optimum geometry. The optimized crossover hasc@nnectors.
predictedCy,,, capacitance of 3.5 fF which compared very Fig. 14 shows a conceptual surface mount connector that
well with the measured value of 4.0 fF. The differencegcts as a coaxial-to-microstrip transition. To reveal the details
between the two values are due to: 1) omission of metell the connector, the plastic surrounding the connector is not
thickness in the simulation and 2) the variance in the crossowftown. The ground via in the microstrip substrate connects
height from the nominal value of pm. the coaxial ground to the microstrip ground. This via is some
In summary, this example showed a factor of almost sevdistance from the plastic housing and is not visible when
reduction in the coupling capacitance. This translates to moking down at the connector. The coaxial feed and the
increase of 17 dB in the isolation. microstrip line are both designed to have an impedance of
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15,

Fig. 16. Time average of the magnitude of electric field plottedRY" plane illustrating anomalous electric field close to ground electrode. This
showed that the ground path of the connector was too long.

«~ @l H H B B

-l 0 B 0 B

Fig. 17. Interdigital filter cross section. Nonadjacent coupling is provided by the four leftmost slits.

50 2, with the connector required to have low VSWR for o oSl OB(std]
frequencies as high as 5 GHz. The connector was drawn angl,,, 200 FILT . :

simulated in HP’s HFSS. \& ) i _ /f
i

The initial design did not meet the performance require-

ments. Since connector specifications are usually given in
fields in theX-Y plane at the interface between the microstrip v M \ B
and the coaxial connector at 6 GHz. Clearly the electric field ! V 7 E\

| |

proceeded to examine the connector itself in more detail. —

stubs to improve the match proved futile; therefore, the authors g, \\ [f\ ’\ /

Fig. 16 shows the time-averaged magnitude of the electric

VSWR, Fig. 15 shows the simulated VSWR going up to 6:1

at 6 GHz. Addition of known circuit elements such as open

patterns near the ground path on the substrate are anomalo_lélos0 o U \ v N

and are believed to be due to substrate modes being excited by~ o7 0. 880" FREG-GHZ 0.980

the long Qround path. Moving the ground via closer t(_) the Ilr.'l—qg. 18. Return loss for prototype and filter derived from initial 2-D
substantially reduced the spurious surface modes, improviggulation.

the VSWR as shown by the trace marked “second iteration”

in Fig. 15. Standard circuit matching techniques were used for

final realization. ground shields were introduced to increase the crossover

The optimization examples considered so far in this sectiggolation. Such changes are at the macro level where the
required fundamental changes in the structure; for exampdtructure itself is being modified. Very often, as in filters, there
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} Fig. 20. Ground equalization straps in CPW.

Fig. 19. Group delay for prototype and filter derived from initial 2-D
simulation. While 3-D EM simulation was useful for investigating end
effects and other discontinuities, getting accurate results for

. . . ... the whole filter in a reasonable time appeared unlikely. 2-D
are well-defined structures whose dimensions are modified to . . .
. : . . .~ --cross-section analysis, on the other hand, allowed a design
obtain an optimum performance. Dimensional optimization

. . L r?finement in just over an hour. The first filter constructed
is as important as structural optimization; often structur

fined to better than 20-dB return loss and 0.1-ns dela
optimization can be accomplished by a good understandiLr}lghformit Y
of the problem. There are a number of ways of accomplishing y: -
dimensional optimization; one known to the authors is due o Example 6—Coplanar Circuit Elementsn coplanar wave-
' . . ide (CPW), ground equalization straps are often used for
OSA, Inc., through the use of their software called Empipe [ uide ( ) grou quarizat P u

X . ) . uppressing undesired modes. Fig. 20 shows a ground strap
Empipe uses UNIX-based PIPES o ?St?b“.ShEd a l"?k betwel‘ranrﬁlemented in GMIC and drawn using Xgeom. The crossover
Slon?ifrtl; Emnsmdt aEpI\r/lo_Enetadry 2ptl|;1r|§a:]|ton ts:gomhhné'mTTgsed to join the ground surfaces introduces mismatch in the
algo conaucts ased expenments throug PIR&nsmission line, which can be improved by narrowing the

angxl;srﬁsl;hse r?izaltrZitci)tSIplgirlT';elzzr?Ttr?: ds:;m:cofd l:rgﬁnfelgqisﬁe underpass at the crossover. This structure can be optimized for
filters h P | b frct] qf t.h desi 9 P ¢ natch by either deriving an equivalent circuit or optimizing
"ers nas long benehited from the design curves presente a'thomaticaIIy through the use of OSA’s Empipe.

[18]. The cross section .Of a linear phase mterdlgltal fllter_ 'S Fig. 21 shows an equivalent circuit of the crossover disconti-
shown in Fig. 17. Its design is complicated by the introduction . derived f S s d h
f slit coupling between nonadjacent resonators along wirﬁIlty erived from onnet generat eparameter ata at three
0 . . . > {requenmes and for three different widths of the underpass, 20,

the usual adjacent bar coupling. This example provides

. - . ) 46, and 60pm. The solid line is a straight line fit passing
gr(:f:rﬁ d lcjar?h(\alv?ll(t::r tjcf”tlrzlzsrez-pr;st Sgg?g;%nnss o manua")(hrough the origin and the data points represent values of
pTlh 'Zd et b qui 'thp s It ' tub I.the T-equivalent circuit derived from th&-parameters of the
. € design process began with a quarter-wave SIUD-IRR .ot simulations at three discrete frequency points. Clearly
implementation using the low-pass prototype element valugs

presented in [19]. The match was optimized using a netli\%te discontinuity behaves like a lumpé&dequivalent circuit

L - . ith shunt capacitance and series inductances for all of the
circuit simulator. The initial equal-stub version was then tranﬁ%ree widths. Since the structure is symmetric, the left and right

formed to an |d_ent|cal-bar implementation using an 'terat_'vr%actances are equal in magnitude. The excess susceptance
Ioop ofsuccesswe_Kuroda transforms constrqmed by functu_)g\?er that required for match is given by
derived from Getsinger's curves. The resulting cross section
was simulated with Maxwell 2-D [20] to obtain a better _ X ]
approximation for the capacitance matrix. 1+ X2

Return losses for the optimized prototype and a filter whoseThis expression is plotted in Fig. 22 at 76.5 GHz as a
elements are derived from the Maxwell simulation are plottédnction of the underpass width implying an optimum width
in Fig. 18 and the corresponding group delays in Fig. 19. Theoé about 44 ;m.
are significant differences resulting from the effects of multiple Optimization of the underpass width can also be achieved
bars as well as the approximations associated with the couplthgough Empipe. After the initial setup time in Empipe (of
slits. The desired coupling coefficients were obtained afterabout 1-2 h), the automatic computer optimization of the
couple of manual iterations since each simulation provideshderpass width occurs in about 35 min. Since the optimization
sufficient information for the capacitance values as a functigtores all the simulations in a database, it is relatively easy to
of bar gaps and slit widths to adjust the dimensions for ttanalyze the effect of process variations such as 20% variation

next iteration. in crossover height. Both the optimized underpass width and
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Fig. 22. Excess susceptance of grounding strap. Abscissa at zero crossing

gives the optimum underpass width. FREQ (in GHz2)

Fig. 23. Simulated return loss with Empipe optimized underpass width
versus frequency. The crossover height is varied from 2.0-3.0 mm to study

the response with various crossover heights are very useful for effect of process variance.

circuit design centering. Fig. 23 shows return loss using the

optimized value of the underpass (42.2 mm) using Empipe.

Additionally, the crossover height was varied B20% as  Example 7—A 26-GHz 3-dB Backward CoupldéJse of a

typically expected in a manufacturing process. Despite thange coupler as a 3-dB backward coupler for high-frequency

process variation, the simulations show that the return loddF) (greater than 25 GHz) applications in GMIC is deemed to

remains acceptable. be risky. This is because of parasitic crossover couplings and
The above example shows that in some situations derivati@gnificant asymmetry in the crossover paths due to the short

of an equivalent circuit may be sufficient for circuit optimizawavelength. Since a magnetic coupling coefficient of more

tion. Fig. 24 shows a CPW bandpass filter required to haveten 0.7 with two coupled lines requires fine photolithography,

passband at 77 GHz and greater than 15-dB rejection belowplementation of a 3-dB backward coupler is difficult. This

20 GHz. Derivation of an equivalent circuit for this filterexample provides a design of a 3-dB backward coupler at

was likely to be time consuming and, therefore, automat®6.5 GHz.

optimization directly in Sonnet using Empipe was preferred. The maximum reasonable magnetic coupling attainable in

Fig. 25 shows the optimized filter response along with ttgdass using two coupled lines is about 0.65. To increase the

corresponding parameters. effective magnetic coupling of two microstrip lines, capac-
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-

Fig. 24. Layout of a CPWG filter for 77-GHz applications.

Optimized Value parameters from the equivalent circuit and those from the
o WF=12um  SF=20um  LF-560km Sonnet simulations. The analysis indicated the need to increase
T~ Ts21 the capacitance to ground at the ports and, since the diagonal
10 ™ capacitive coupling was low, the gap length was increased
.__/ \ by a meander. Finally, the length of the coupled section was
20/ . . made variable to tune the circuit to the specified frequency.
o /: Em Simulated Data \‘\/\/ This structure was set up for Empipe and run to optimize
T-30 ./ the dimensions shown in Fig. 29. Fig. 30 shows the final
- / st performance of the optimized coupler including losses. The
-40 optimized response shows wider bandwidth compared to the
idealized response in Fig. 26 because the additional parasitics
'5010 20 30 40 50 60 70 80 90 of the physical structure helped equalize the odd and even
FREQ mode delays. The optimization time was about a week once

Fig. 25. Simulated performance of Sonnet/Empipe optimized filter shownthe goals were properly defined—amply justified by the six-
Fig. 24. The circles represent Sonnet data while the solid curves represgfly reduction in circuit area from the branchline configuration
interpolatedS-parameters. . .

originally implemented.

itive coupling is introduced between isolated ports of the
coupler. Fig. 26 shows this schematically together with the IV. CREATION OF LIBRARY ELEMENTS
frequency response of the 3-dB backward coupler. This circuit;, many MW and MMW circuits, scalable models for indi-
is converted to the Xgeom layout shown in Fig. 27. The lingq, 4 circuit elements are required because at these frequen-
widening at each port provides the extra shunt capacitance fQfs parasitics are very important and the final adjustment of
the narrow coupled lines required for the maximum possibjge circuit is invariably accomplished by a gradient optimiza-
magnetic coupling for the allowable spacing. The crossovghn, As circuits continually push performance boundaries,
in the center switches the isolated port to the same side &g requires new libraries of unique elements as dictated by
the input port, allowing easy incorporation of the coupling cahe specifications. Since such libraries are often circuit specific
pacitor to increase the effective magnetic coupling. Capacitiy@d the circuits have short turnaround time, model extraction
coupling between the lines is increased by a lumped MIklom measurements on library wafer runs is usually impractical
capacitance between the input and coupled ports. Becauseu@f expensive. In such situations, library models based on
the HF, parasitics in the circuit dominate and EM modelingM simulation may provide the only realistic solution. In this
is required. section, two examples of library element derivation and use
The Xgeom layout shown in Fig. 27 was simulated and thge shown.
S-parameters for five frequency points were used to extractThe first example in this section considers a matched SPDT
the lumped equivalent circuit shown in Fig. 28; the extractioswitch with 10 W of power handling. The key goal here was to
process of the equivalent circuit is explained in more detail achieve reduction in circuit size without performance sacrifice.
Appendix II. The fit was good as demonstrated by magnitud&ince the turnaround time was short, a new scalable tapped
of less than 0.02 in the vector difference between fhe inductor model was developed and successfully used in the



736 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 5, MAY 1997

L =0.283 nH
—— M=kL=0500L ——
T

~ Cc = 0.0849 pF

Y

Cm = 0.0352 pF
i L

— =" Csh=0.0498 pF
Ocplr25pri_tb  Oeplr2bpri_tb Veplr25pri_tb Acplr2bpri_tb Ocplr25pri_tb
s21 522 s11 s31 s41
cpr25pri cpr25pri| cpr25pril cpr25pri} cpr25pr|
s[2,1] s[2,2] s[1,1] s[3.1] s[(4,1]
d8 dB dB ¢B dB
0.0 0.0
-10.0 -1.¢
b
-20.0 -2.0
-30.0 —A “"\—\ -3.0
-40.0 -4.0
—80.0 575 352.0 >0

Frequency 2.0 GHz/DIV

Fig. 26. Schematic of a simple circuit illustrating that the capacitive coupling between the noncoupled port and input port can increase the effectiv
inductive coupling.

circuit. The second example considers a scalable composiazided to make a library element which had length dimension
shunt capacitor model. “len” varied between 46—76 mil with a third data point at 61
Example 8—Tapped Inductors DC-18 GH&: simple me- mil. The circuit element had 1110 subsections requiring 11
ander of a transmission line in an attempt to reduce the sizdytes of RAM and took 37 min of CPU time per frequency
of a circuit is not always successful. Adjacent sections of tlmint on an HP 735 workstation.
transmission line give negative mutual coupling, reducing the S-parameters generated by Sonnet's were imported into
overall effective self-inductance of the meandered line whidMDS and all the post processing was carried out in that
in turn means longer and thinner total line length. linear circuit simulator. The equivalent circuit for the tapped
Fig. 31 illustrates a structure which accomplishes positivieductor is shown in Fig. 32. The lines are represented by two
coupling between two adjacent line segments [17]. Givénductances capacitively loaded at the ends. To approximate
the approximate symmetry around port 1, this structure wilistributed effects in the lumped element equivalent, inductors
be referred to as a (center-)tapped inductor. After an initialere incorporated in series with the shunt capacitors along
estimate of the line length using MDS'’s built-in models, it wawith a negative capacitor in parallel with the line inductors.
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Fig. 27. Layout of 3-dB coupler at 27 GHz.
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Fig. 28. Equivalent circuit derived from Sonnet simulation for the structure shown in Fig. 27.
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Fig. 29. Modified structure of the 3-dB backward coupler.
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Fig. 30. Simulated optimized 3-dB coupler.

These nonphysical elements improve the fit of the model ovey fitting the simulated equivalent circuit immittances to those
a broad frequency range. extracted from the analysis of the Sonseparameters. Since
The S-parameters for symmetric excitation are obtainetthe equivalent circuit is representative of the physical effects
by joining ports 2 and 3 together and can be representedderlying the structure, the interpolated data fits very well
by the reduced equivalent circuit shown in Fig. 33. Tsie with the Sonnet simulations over the frequency of interest.
parameters are transformedieparameters and the three leg©nce the equivalent circuit elements for each length len were
of the equivalent circuit are separated. Similarly, by usingptained, the values were fitted to a function of length by using
antisymmetric excitation, port 1 becomes a virtual ground atide simple equations displayed in Fig. 32. Finally, Fig. 34
the S-parameters represent half of the circuit. Since the linebows a close comparison between the MDS model simulated
are only lightly coupled, the loss is well represented by a singteparameters and measurfeparameters between port 1 and
resistance in series with the inductance. 2 for len of 67 which represents an interpolated length.
Sonnet simulations were conducted from 1 to 21 GHz for the The tapped-inductor model was utilized in the matched
three sizes in steps of 2 GHz. The circuit elements are obtairgdgle pole double throw switch shown in Fig. 35. In the state
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Fig. 31. Two adjacent lines configured to provide useful coupling. The structure is called the tapped inductor in this paper.
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Fig. 33. Even- and odd-mode equivalent circuits for the tapped inductor. &

The even-mode equivalent circuit is obtained by combining ports 2 and 3, « v /
while the odd mode is obtained by exciting ports 2 and 3 out of phase and ' b,

terminating port 1 in 502.

—
.0 Hz freq 20.0 G
.0 Hz

0
0 ~A0202. .FREQ 20.0 GH:

) ) ) Fig. 34. Measured versus simulated magnitudeSof and .S;2. Phase for
shown in the figure, antennd; is connected to theé?, port. these parameters also showed very good agreement. Op@rameters were

The diode abovei, is forward biased and transformed to arfimilar with respect to the measurements.
open circuit at the antennd;. Similarly, the diode below?,

is on and again transformed to an open circuit at the Brt  strycture. The two series capacitors are connected to a ground
By similar reasoning, antennd, is connected to a 5Q-10ad i to create a shunt capacitance that is in the of range 0.2-0.5
by the states of the diodes. Fig. 36 shows the measured @pd The via, which is a conical structure, is implemented by
simulated response of the switch without any tuning. two vertical vias of different area by splitting the substrate into
Example 9—Composite Shunt Capacitdrhe pedestals in two identical layers to represent the total substrate thickness.
the M/A-COM glass process are relatively big and provide lowhe validity of such approximations [12] has been previously
inductance to ground. The pedestals, however, also incregsénonstrated.
parasitic capacitances to ground. This final example showsagain, to cover the range of required capacitance, EM
how Sonnet'ssm can be used to model 3-D effects. simulations were conducted withi, the length of the second
Microwave monolithic integrated circuit (MMIC) designscapacitor, having values of 12.5, 25, and;&0. The structure
frequently use capacitance in the range of 0.2-0.5 pF. Theg&s de-embedded in Sonnet and fhparameters for the three
capacitors are difficult for layout as they require huge interdigizes were imported into MDS where they were transformed
ital capacitors or very small MIM's. Both of the approaches at® Z-parameters. The equivalent circuit that was used to
difficult as they increase cost and reduce yields respectivetgpresent the MIM capacitors is shown in Fig. 38. The series
One well-known way to implement small capacitance is bipductances are negative because the de-embedding is carried
putting two MIM capacitors in series. Fig. 37 shows such aut to the center of the structure as shown in Fig. 37. Since
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N— judicious circuit element optimization using either manual

or automated methods depending on whether the problem
requires structural or dimensional changes. It is important
T to realize that any optimization assumes the existence of
a solution, which may not always be the case. Finally,
Fig. 35. The single pole two-throw switch utilizing tapped inductors. ~ When similar structures are being used in many different
instances or circuits, (or being used as library circuit element),

o ] o then deriving scalable models which have physical scaling
the X variations are only a slight perturbation in the overall a5 have proved to be very useful. Optimization and

structure, the shunt capacitance (which changes Wikt the oyt action of scalable equivalent circuits have benefited

only variable parameter as verified by the equivalent circyjty, the equivalent circuit extraction technique outlined in
extrgcuon. _ . Appendix II.

Fig. 39_ compares _the_ Sonnet simulated |mpedanc_es ol all EM simulations, it is very important to reduce the
the T-equivalent circuit with those generated from the fittedjjation time required for any analysis. Besides the standard
equivalent circuit. The imaginary components match wellathods such as planes of symmetry, lossless metal, and
while the real components show random deviations. This |igger sybsections in unimportant regions, it has been found
also representative of other values Bt _ that removing sources of zeros and poles from a transfer

Fig. 40 shows the variation of reciprocal capacitance Versi,qtion can tremendously speed up calculations as this lowers
the reciprocal length. This is the expected relation becaus$@ number of frequency points required. In the example of
the capacitors are in series and one of the capacitances Vatrrjl%stapped inductor, the device was analyzed as a three-port
proportionally to.X. This library element has since been usegiement even though in the real application one of the ports is
very successfully in many circuits [16]. shorted to ground, introducing a pole in the transfer function.
This technigue can be exploited for filters with sharp responses
where multiport analysis may be preferred (as this may remove

Contemporary MW and MMW circuits have benefitedhe poles and zeros in the transfer function) instead of the
tremendously from EM simulations. However, with increasegictual two ports.

EM problem sizes, computer resources are becoming morélhe success of EM simulations has encouraged individuals
stressed. By proper choice of the method for using El$ attempt rather ambitious multilevel circuit designs. Repre-
simulators, considerable time and resources can be sawhtative structures that are currently being proposed for use
The first choice of EM analysis should be a single-shetith MW and MMW applications are illustrated in Fig. 41.
nonoptimizing analysis. This requires careful isolation ofhe figure shows at least three steps of benzocyclobutene
the unknown circuit element from the known circuit element¢éBCB) over the present glass process and planar processing
When the performance of a circuit element is critical foat all of these layers. Additionally, flip-chip technique is
the overall performance of the circuit, one has to resort tdgilized to reduce parasitics and bonding problems. The EM

V. CONCLUSIONS
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Fig. 37. Low-capacitance shunt capacitor implemented using two series MIM capacitors.
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AN %, anddirect links to circuit simulators. HP’s HFSS does allow
0000 [S] to [Y], or [Z] transformation but has no even- and odd-
Re=0.033 mode analysis or port re-configuration algorithms once the

solutions are calculated. Recent advances in the FDTD method
are very exciting and, with the advent of multiprocessor com-
puters, the authors believe that EM simulations will become
a matter of course for all commercially viable circuit designs
and optimizations.

EQUATION Ct=1/(1.373+56.45/X}

FQUATICON X=50 APPENDIX |
GMIC CROSS SECTION
/ Fig. 42 illustrates the GMIC cross sections [8], [9].
Circuit Element APPENDIX Il
Parameter
(Variable) EQUIVALENT CIRCUIT EXTRACTION

Fig. 38. Equivalent circuit for the shunt capacitor that is illustrated in Fig. 22. 1he technique proposed here avoids most of the well-known

shortcomings of optimizing techniques used for equivalent
circuit extraction while providing the added benefit of not

problem size will grow tremendously as individuals continurequiring a priori guesses about the variation of resistive
ally push for more compact and multilevel circuits requiringpsses with frequency. After an overview of the theoretical
new features in the EM simulators. These features shoudddckground of the admittance matrix for a floating inductor
include better model extraction programs attached to the Edray, the technique is presented and applied to Sonnet sim-
simulators, greater use of parallel computing to utilize manyated.S-parameters for the 3-dB directional coupler example
computers as typically available over intra-office networkspentioned in Section lIl.
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Fig. 39. Extracted impedances of tiieequivalent circuit from Sonnet’s-parameters are fitted over the frequency using the equivalent circuit in Fig. 37.
The imaginary impedances from the equivalent circuit and Sonnet simulations are right on top of each other while the real impedance shows soeie differe

A. Admittance Matrix for Floating Inductor Array

Begin with a simple array oV mutually coupled inductors
arranged as shown in Fig. 43, with mutual inductanées
betweenl; and L; while L;; is the self-inductance af;. If
port ¢ is now driven with voltagé/; while all other terminals
are grounded, one has in terms of the port currents

N
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Vien =s Z Li;I;yn  bottom right corner.
o

N
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N
—s Y LiI;  bottom left corner
=1

It then follows from solving for the currents that & is
an orderN square matrix with elements,;, the indefinite S-parameters to the details of an equivalent circuit can now
admittance matrix for the inductor array is given by an ordée sketched out in the following steps.
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Fig. 40. The capacitance as function of the variakleCircles are Sonnet
extracted data while line is least square fit for the given function.

2N matrix Step 1, For each frequency, convert data frégivparameters
1/ -1 _p-1 to Y-parameters.
Y = g(_L_l L—1>' Step 2,Compute row sums and extract capacitances to
ground. Subtract capacitive susceptance from diag-
The analysis is essentially the same if a resistor is placed in onal elements. For inductors having overall con-

series with the inductor. For any number of inductors greater
than two, the resulting expressions can be quite complex.
Fortunately, one does not really have to deal with them in

this form; it is, however, useful to keep the format in mind

since ultimately the target is to extract the inductance matrix

in accessible form.

B. Equivalent Circuit Extraction

Using the above along with the properties of indefinite

admittance matrices, an algorithm for working from the usual

ductor lengths which are significant fractions of a

wavelength, accuracy is improved by using a series
LC fit. If there is an actual inductance from a node

to ground, remove just the capacitance by doing a
parallel LC fit to the susceptance.

Step 3, Extract node-to-node capacitances by doing parallel
LC fit to each off-diagonal susceptance. Add the
capacitive susceptance to each term. Given no in-
formation to the contrary, the losses are left with
the inductors; if there are real capacitors whose
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Fig. 42. GMIC cross section.

Q-factors are known, the corresponding parallel L1
conductance can be accounted for as well. JAYaVaval
Step 4, Isolate the proper submatrix and calculate its in- .
verse. This yields an impedance matrix for the L2
inductor array from which the resistance is obtained IV
directly while the inductance is given by a fit 2 L
over the desired frequency range to a straight line \
through the origin. \
Step 4 may be clarified by recalling that the information \
is effectively replicated four times for the original array of LN
inductors between pairs of ports. Connecting ports together N I AVAVAVAN . ON
or grounding them removes or combines some rows and *
columns while leaving undisturbed one of the original squaFén. 43. N mutually couple inductors.

N+1
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Fig. 44. Scattering parameter errors for coupler equivalent circuit.
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