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An Efficient Systematic Approach to Model
Extraction for Passive Microwave Circuits
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Abstract—This paper introduces a new systematic approach to poles and their locations for an RF circuit in a given frequency
equiyalent circuit model extraction for linear micrpwavg passive pand simply by physical intuition. This limitation restricts
circuits directly from full-wave frequency domain simulation. The many accepted models usage in high-speed applications where
devices being modeled may be either lossless or lossy. Adaptive fre- . . . . -
quency sampling is used to minimize the computational effort of wide spectra (?f, information is nee.ded. Thereforg, in_order
EM simulation while critically assisting in determining the pole lo-  t0 perform efficient system-level simulation of high-speed
cations of an RF circuit. A simple circuit model for lossy RF circuits ~ digital/RF mixed signal circuits, it is crucial to develop a more
along with a determined starting point of optimization of lumped general, accurate, and systematic approach for model extraction
element component values is also presented in detail. The overall 5 arbitrary passive RF circuits.
result is an efficient and accurate means to produce a complete Recently, a general approach to extract lumped element
equivalent lumped element model for RF circuits that is suitable ) R - g i
for use in conventional SPICE-like simulation software. equivalent circuits of RF linear circuits for an arbitrary but

finite frequency band has been proposed [4]. The significance
of the work is that it constructs the topology of the model by
matching the properties of the poles instead of by physical
intuition. Although this approach has demonstrated its potential
in relevant applications, several serious drawbacks have to be
|. INTRODUCTION amended to enable the approach more efficient, practical, and
ITH the increasing advent of high-speed mixed sign&asy to use: 1) the approach requires the use of time domain
circuits, maintaining signal integrity has become one &M simulation techniques such as FD-TD or TLM. Therefore,
the major issues facing modern circuit design. In order to a@emmonly used EM simulators developed with frequency
commodate this trend and perform overall system simulation &gmain techniques are not easily used; 2) the model for lossy
curately requires one mixed signal analysis of conventional digF circuits is complicated and cumbersome such that the
ital circuits with RF/microwave distributed circuits. This maypositive real (PR) [5] condition for a realizable network is
be accomplished through one of two approaches. The firstdificult to be reinforced; and 3) the approach does not provide
to integrate the digital circuit segment into a full-wave electrcd systematic means to determine the initial starting point of the
magnetic (EM) analysis. Preliminary attempts have been maglecuit parameters so that extensive optimization is required to
[1]. The second approach to overall system analysis is to extrgeepe the solution.
an equivalent circuit model from a full-wave EM simulation of In this work it will be shown that a systematic approach can
the distributed circuit section and embed the model in a convdre implemented upon results obtained directly from frequency
tional circuit simulation [2], such as SPICE. In order to presenid®@main EM simulations to extract an equivalent lumped ele-
computational effort, the most efficient means of system simulasent circuit model for lossless and lossy linear passive struc-
tion is to minimize the amount of full-wave EM simulation. Typ{ures. This approach is based on the Cauer network synthesis
ical conventional circuit simulation time is insignificant in comechnique [6] using full-wave EM frequency domain analysis
parison to full-wave EM methods. The obvious avenue is to esesults and an adaptive frequency sampling (AFS) algorithm de-
tract an accurate equivalent model from the full-wave resporgigned for wide band applications to minimize computation. To
and implement the resulting equivalent circuit via SPICE-likénprove the efficiency, a simple circuit model for lossy RF cir-
simulation techniques. cuits is developed. The model is applicable across a sufficient

Although many equivalent circuit models exist for comwide frequency bandwidth so that it dictates the major charac-
monly used RF circuits, most are either derived from empirictgrization of an RF circuit in the time domain. The model is ob-
formulas or constructed based on physical intuition [2], [3jained quickly and accurately without requiring extensive com-
The common deficiency in many microwave circuit models igutations from either EM simulation or optimization techniques.
that they are only valid within a limited bandwidth. The major The extraction approach uses a general circuit topology that

reason is that it is often difficult to determine the number d¢ fundamentally fixed in form but capable of representing struc-
tures with an arbitrary number of poles. The resultant equivalent
circuit can be used in any circuit simulator for digital system
Manuscript received June 16, 1999. applications. The overview of this paper begins with the Cauer
|. Timmins is with Superior Modular Products, Swannanoa, NC 28778 US/éxpansion for lossless circuits and an outline of the equivalent
K.-L. Wu is with the Department of Electronic Engineering, The Chinese. . .
University of Hong Kong, Shatin, Hong Kong. Circuit topology, which are both extended to the lossy case. The
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effective means of obtaining the starting point of optimization
for the lumped element parameter values is illustrated. The val-
idation of the proposed approach is then demonstrated through
three numerical examples.

II. CAUER EXPANSION FORLOSSLESSCIRCUITS

The proposed approach uses Cauer’s network synthesis tech-
nique [7]. To describe the concept, only two port passive cir-
cuits will be illustrated. The concept can easily be extended to
a multiple-port network [4]. Synthesis begins wifhparame-
ters of the device being modeled. These can be obtained from
either measurements or directly from full-wave frequency do-
main EM simulation. To represent the acquired information in a
physically meaningful format, th§-parameters need to be con-
verted to the impedance parameters.

Itis postulated that for a passive linear circuit, the impedance R
paramete;; can be characterized by the following partial frac-
tion expansion [6]:

Port 2

Fig. 1. The fixed network topology of Cauer expansion for lossless circuits.
B Mgl
Zij(s) ==L 45 5 44k (1)

m=1
Port 2
where
s complex frequency; N
kfjo) andkgf) residues of poles at zero and in- 0
finity, respectively;
the mth term in the contribution from the interme- Fig. 2. The general T-network with transformer turns ratio 1: a.
summation diate pole of the complex fre-
quencyw,,. R
Since the approximation of a lossless circuit is made upon fitting L
these partial fraction forms to the obtained EM simulation re- c

sults, all the residuek;; are real and poles are approximated to

lie along the imaginary axis. For a realizable network, functions _ _

of Z11 andZ,5 must be positive real (PR). Thus the residues fi"%sss'y Smi tltfrzposed Cauer T-network component for an intermediate pole of
these expansions are anticipated to be positfie, however, '
need not be a PR function and therefore its’ residues can be
ther positive or negative. Regardless, for a realizable netwo

the residue condition must be satisfied

%Fresponds to each intermediate pole in the band of interest. Ef-

f&cts of each branch of the sub T-networkdn , Z;> andZss

can be represented using the T-network illustrated in Fig. 2.
Using the general two-port arrangement, we can illustrate

how each branch contributes to the input and transmission pa-

rameters. This form may be expanded to an arbitrary number of

ports [6]. However, the two-port form may be expressed in ref-

erence to the notation illustrated in Fig. 2

Once the Cauer expansions have been obtained for each

kDRSS — (k)2 > 0. @

Ill. THE LOSSLESSEQUIVALENT NETWORK

impedance parameter, we may use the residues and poles to Zn =Za+ Ze (3a)
determine the equivalent circuit component values. For each Zis =aZ, (3b)
term in the Cauer expansion, there will be a corresponding sub Ty = a2y + a2 2, (3c)

T-network. Thus for a one-pole linear circuit, the equivalent

circuit may contain three sub T-networks, one for the residwehere Z,,, 7,, and Z. represent either an inductor, capacitor,

at zero frequency, one for the residue at infinite frequency, andan LC tank. By using this form, it is possible for equivalent

one for the intermediate pole occurring at the frequeacy modelsto be produced which represent symmetrical or nonsym-

Such an equivalent network would take the form as shown imetrical devices. For the process of model extraction, we are

Fig. 1. interested in determining a set of branch components that pro-
In Fig. 1, the T-network composed of capacitors correspondsce the same response obtained from full-wave EM analysis.

to the pole at zero frequency, the inductor T to the pole at iDnce the Cauer expansion has been obtained, we may use the

finite frequency, and the LC tanks of T-network represent thresidue values of eacth ;, Z12, andZ,5 function for each pole

contribution of an intermediate poles. Each LC tank T-netwothk calculate the equivalent lumped element circuit parameters. In



TIMMINS AND WU: EFFICIENT SYSTEMATIC APPROACH TO MODEL EXTRACTION 1567

order for the equivalent network to be realizable, we start witt
the fact that the transformer turns ratid””, for an arbitrary
polem must be contained within a certain range [7]

|15

(m)
o < k2

- 4)
k) LINF2 - - €

‘k(m)
LINF3

wherek;; are the residues of pole. Furthermore, for realiz-

ability the residue condition also dictates that the turns rati RLC1L RLCI2 Port 2
must comply with the following equation [7]: Port 1
kY ) RLCI3
a(rn) -
RLCN1 RLCN2

Once an acceptable turns rati6’) that meets the require-
ments imposed by (4) and (5) for each psaléhas been chosen,
the impedance contribution of each branch in the equivalent
network corresponding to pole may be obtained from the fol-
lowing relations:

%%ﬁsc

s for a pole at infinity;
2s/(s* +w?) for an intermediate pole, as outlined in the
Cauer expansion.
Once the T-network branch impedance coefficients have been , o _ ,
determined, it is possible to directly calculate the values of t § 5. Alow pass microstrip filter. The dielectric constapt= 10 and the
€ p y fﬂ ght of the dielectric platt = 0.2000 mm.
lumped elements. For a pole at zero, the capacitance of branch

x is given by

r (m)
zm = kﬁn) - kéQ )] fal(s) = AL™ f(s) (6a) Fig. 4. The proposed fixed network topology of Cauer expansion for lossy
al™ circuits.
O S m
Zi" = |2 = 2| fo(s) = A [(s)  (6b)
(a™)” @ I
-/{;(m) 09272
26 = |20 () = a0 ) (60) |
a m
B 1 01435 T0030
where ‘ (
f(s) of the form1/s for a pole at zero; ok .JT

+—0.4498—0.4000—————0.9000 ———+—0, 5000—+———0,9000—————+0 4000—+—0.4498—

IV. THE LOSSY EQUIVALENT NETWORK
1

Céo) — (7) Since the technique outlined above is for lossless networks,

21 A

Similarly for a pole at infinity, the inductance of branehis
given by

AL

For the intermediate pole at frequengy;, the values of th&.C'
tank in branche are given by

om -1 (9a)
* 47rA§;m)
A;m)

it becomes critical for the general case to accommodate circuits
that exhibit lossy characteristics. It is desirable to prescribe the
lossy case in the same fashion as the lossless, using sub T-net-
works and transformers of fixed turns ratio between ports. This
allows effects such as radiation loss of a microstrip circuit at in-
termediate poles,, to be modeled effectively. We assume that
the Cauer expansion of an impedance matrix ele@gnhear
alossy polev,,, can be characterized primarily by the following
expression:

Zii(5) Zki(;n)s (10)
Z‘" 8 % [ —
! 52+ (why)?
wherew!,, is a complex pole. A complex pole location is charac-
teristic of a lossy device. A simple modification to the lossless

Via the above procedure, it is demonstrated that the genefal’ tank for a resistive property could take the form of Fig. 3.
T-network can be used to produce a lossless lumped elem€ohsequently, the complete equivalent network can be repre-
equivalent model for a passive linear circuit. sented by the structure shown in Fig. 4.
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Fig. 6. (a)and (b)Z,, andZ,, parameters for the low pass filter of Fig. 4 obtained from full-wave EM simulation and their respective Cauer expansions.
Returning to first principles, the above structure can be charature of the device between ports exists in approximately the
acterized near an arbitrary pole location for &y by same proportion as the lossless case. Thus the lossy case is
s simply an extension of the lossless. Once a lossless approxima-
o tion is made through fitting the Cauer expansion to the imagi-
Zij(s) = 45— (11) nary part of impedance, simply adding a linear term to the de-
.C T RC nominator will account for a lossy structure. For each branch of
_ o _ the equivalent sub T-network the resistor value is easily calcu-
which modifies the lossless Cauer expansion term of (1) to bgy;aq by
2]6‘5;”)8
Js C(m)
B(rn) &

(13)
52+ w2, +

To obtain the tank resistor values for a lossy circuit, it is aga which <™ for each T-network branch is already determined
sumed the transformer turns ratio is the same for the real anoim the lossless Cauer expansid@i”™ is determined directly
imaginary Z;;(s). In other words, the turns ratio for the lossyfrom the real part of impedance obtained from EM simulation.
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TABLE | loss occurs near the intermediate pole locatigncan be eval-

ELEMENT VALUES OF THE EQUIVALENT CIRCUITS IN NUMERICAL . m) .
EXAMPLES, WHERE CAPACITANCE IS IN pF, RESISTANCE IS INOHMS AND uated after the reSIduéj has been determined.

INDUCTANCE IN NANOHENRYS
V. ADAPTIVE FREQUENCY SAMPLING (AFS)

To implement the Cauer synthesis technique, it is essential

EXAMPLE1 | EXAMPLE2 | EXAMPLE 3 that the pole location along the imaginary frequency axis be ac-
Cop | 443936 131.7109 87.41037 curately determined. Thus, a large number of frequency sam-
Cpp | 4436.83 143.9383 90.88498 ples are required across the frequency band of interest. To en-
Cos 2.53298 12.22744 3.474608

hance the efficiency, a multisectional adaptive frequency sam-

1.0000 1.004065 9888998 . ) ot
TFo pling (AFS) [8] is developed so that a minimal amount of EM
L | 29112 0.86368 5105067 simulation is required to characterize an RF circuit. The con-
NE ) } i ; .

L, | 302435E7 | 003553157 | 08372643 cept of AFS is that through sampling a system in the frequency
L., | 302425E7 | 0.037056 1001520 domain adaptively one models the frequency response with a ra-
TE. | 2194097 | 3.519946 1412827 tional function. Once this function is determined, it can be used

to generate an arbitrary number of frequency domain responses,
L;; | 0004574 0.0090648 1002112553 to locate the poles of the system described byfhgarameters.
Ry |[8913788 | 75.28294 3.978740 The rational function used takes the following form:
Cy | 1591113 205.6096 1786.067 n
Ly, | 0.004529 0.0089954 002115179 ch 1
Ry, | 582662 747065 3.983686 o

Sii(fy=-—"—r—0. (14)

Ci, | 1606825 207.196 1783.850 ij ™
L;; | 463201 1.174845 1.701795 14 Zdl i
Ry; | 902.6826 9757.029 3205.127 Py
Cp | 1571188 | 1586435 2217166 The frequency is denoted hf; andc;, andd; are the coef-
TF; | 0999953 | 9353968 -1.122033 ficients of the polynomials of the numerator and denominator,

L (000103837 | 0.00423524 T0G328008 respectively. Modeling is accomplished by designating a prelim-
s | O ! ;

Ry | 3486293 38,6098 2533494 inary numbgr of samples, perhaps at equal intervals, across the
Cy | 2406048 366.2818 134.7907 full band of interest. Two models are generated whereby the nu-
L., | 00010209 | 000421866 | .006201302 merator and denominator of one differ in degree by one in com-
Ry, | 342804 3847676 24.82765 parison to the other. Th&-parameters of the models are then
Cp | 2446933 367.5482 137.5448 compared piecewise. The point of greatest difference between
Ly | 0061101 1224336 3097070 the two rational functions constitutes the next sampling point
Ry Z‘g;ﬁg il;:;:? ;273594'3‘7‘2 for EM simulation. By definition, this point will be contained
%2:3 5989993 055935 503513 in the next pair of functions fo§;; ( /), of which both would be

2 of one degree higher than the previous set. The numerator and
Lay 001645911 denominator are increased in degree in an alternating fashion.
Rs, 8.892608 Ideally, the two models will converge to a common result.
Ca 288.4778 This technique was originally proposed for narrow band mod-
Ly 001660050 eling. When used for wide band characterization, over sampling
Ry 8969002 may produce an ill-conditioned matrix. To prevent this, the orig-
Cy 286.020 . S .
Lo 935577 inal modgl is divided |rjto _a_number of separc_';\te mode_ls, each
Ry 1042033 of which is developed individually :_icross.thew respective fre-
Cas 2457123 quency band. EM samples of previous wider band models are
TF, 1412638 recycled into the next generation of models, thus no computa-

tional effort is wasted.

Ly 0009977455 The most important advantage of using the rational function
Ry 7.082305 for EM full-wave frequency domain response is that poles of the
Cay Zg(fdz;gfzss Z-parameters are easily located accurately and with a minimal
II;Z '7.021120 amount of full-wave simulation. This is most apparent when the
Car 5793843 modeledS-parameters are conV(_erted to impedance parameters.
Las 1144938 A large number of sampling points near a pole location finds
Ry 8127126 extreme values of impedance as the magnitude of the function
Cus 2.413633 near a pole approaches infinity.
TF, 8747841

VI. INITIAL APPROXIMATION OF THECAUER EXPANSION AND
OPTIMIZATION

The lossless approximation of the Cauer expansion is not af-Since AFS allows generation of a large number of samples,
fected by this linear term in the denominator. The case for whighe may use this ability to assist in the location of intermediate
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Fig. 7. (a) and (b): Equivalent circuft-parameters from HP ADS RF circuit
for the low pass filter of Fig. 5.

b)

simulator compared to the full-wave EM simufafearameters fof,, andS.-

poles along the imaginary frequency axis. This is a very goddl-wave EM analysis, we may create a set of linear equa-
approximation for the lossy case, since the real component of tlens and solve for initial residue values directly. Afterward,
complex polev,,, for most applications is quite small. Once th@ minimal amount of optimization is anticipated to adjust

approximate pole locations along the imaginary axis are fou

ritie residues of the expansion to best match the original EM

a set of linear equations can be established for the lossless Cairaulation results.
expansion to give initial residue values. Re-examining the CauefThe scheme for optimization is simple and straightforward.

expansion

k(o) M Zk(m)

7J (o0)
Z;(s Z D, kis.

(15)

Oncew,, for all m are located accurately the denominat

The starting point for the partial fraction expansion provided
resembles strongly the impedance function obtained from
the full-wave analysisS-parameter results. A gradient-based
scheme is implemented such that the residues of all impedance
functions and the corresponding linear terms in each dominator
are adjusted such that the Cauer expansion resembles the
ooriginal EM simulation results as closely as possible. The error

D,,(s) at a point near the pole can be effectively made fanction is evaluated by converting the impedance parameters
constant. Using the originaf;;(s) parameters obtained fromof the Cauer expansion to scattering parameters for each
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VII. NUMERICAL RESULTS -180 L
1 2 3 4 B 5
The following three two-port examples are given to illus- Frequency (GHz)
trate the extraction process outlined above. The full wave anal- S STIEM —o_S12EM ---- -511ADS — — ~S12ADS

ysis results were obtained from the moment method simulation

package IE3D from Zeland Software. AFS was used to sample

the S-parameters across the frequency band of interest, and the (b)

model extraction process implemented directly upon these £y 9. (a) and (b)S.: and S:» comparisons of extracted model HP ADS
sults. No user intervention was required. To obtain the equivaparameter simulation compared to the original full-wave EM simulation for
lent circuit, it is essential that the impedance parameters of g radial stub filter depicted in Fig. 8.

full-wave analysis be de-embedded.

The first example is a microstrip low pass filter as illustrated
in Fig. 5. Using AFS for this example, an arbitrary number of
S-parameter results can be obtained from 1 to 15 GHz with onl
ten full-wave EM simulation samples in the frequency domain.
The S-parameters are sufficient for not only determining the
locations of poles but also the extraction of the residues. Th
AFS process in this case began with seven initial points sprea
equally from 1 to 15 GHz. Converting the to Z-parameters
with 50 2 line impedance, one can easily obtain the Cauer ex
pansion. Fig. 6 compares the synthesized Cauer expansion
the results obtained directly from EM simulation. The pole lo-
cations are easily identified once tHegparameters are convertedrig. 10. A spiral inductor. All dimensions are in millimetees. = 9.8 and
to Z-parameter form. Two intermediate poles within the band f= 0-6350 mm.
interest are observed at 5.9011 and 10.0021 GHz. The effects of
the pole at zero can be seen at lower frequencies i qa-
rameters, as well as the effects of the pole at infinity, observan be observed for th&-parameter comparison of the equiva-
able at high frequencies. Synthesized element values are lided circuit model to the original full-wave EM simulation.
in Table I. The second example presented is a microstrip radial stub

Using HP ADS the extracted circuit is simulated for the puffilter. It is illustrated in Fig. 8. Performing the model extraction
pose of comparison to the original full-wave EM analy$ipa- in the same manner as that of the low pass filter, two interme-
rameters. The results are presented in Fig. 7. Good agreentate poles are observed in the 1 to 7 GHz frequency band. The

0325
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VIIl. CONCLUSION AND DISCUSSIONS

The Cauer network synthesis technique proves to be effec-
tive in providing an efficient approach for equivalent model

#is

extraction from frequency domain simulation results. The
adaptive frequency sampling and the linear equation method

S-Parameter
o

AN

V)
/

for the initial residue values are essential in producing
an effective and accurate model directly from full-wave

EM frequency domain simulation results. This has been
demonstrated by several typical two port microstrip circuit
structures. Since this technique is applicable to the lossless

&

1 2 EE - 5 GBH 7 8 9 1w and lossy cases, the approach can easily be implemented
requency (SH2) on any commercial EM simulation software, efficiently and
|——°—E\4 S11Real —2—EMS11imag -~~~ ExtractS11Real"—"EmactSMlmagl

systematically producing accurate equivalent circuit models
for passive linear RF circuits.

It is worth mentioning that for a very high-frequency applica-
tion, in which cross couplings occur, the Cauer’s network may
not be able to represent the characteristics of the RF circuit perti-

nently. In this case, some appropriate lumped coupling elements
need to be added to accommodate the effect.
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