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A New lterative Diakoptics-Based Multilevel
Moments Method for Planar Circuits

Steven OomsStudent Member, IEEEand Dangl De Zutter,Senior Member, IEEE

Abstract—This paper combines a multilevel moments method interpreted as an iterative diakoptic method. In [18], a two-
(MMM) scheme with a modified diakoptics (MD) technique and |evel spectral technique was proposed in the spectral domain.
a block Gauss—Seidel (BGS) iterative technique to reduce the However, in this paper we will combine the MMM, a

solution time of large planar microwave structures. The proposed . - . . . .

MMM scheme has two levels. On the lower level, the planar diakoptic techrjlque, and an |ter§1t|ve approach in 'orderFo solve

circuit is divided into several subcircuits using two types of the MoM matrix equation resulting from an EM simulation of

artificial ports. At the higher level, general basis functions defined planar microstrip circuits. We will do this faster and by using

over the complete circuit are generated in an iterative way. The |ess memory than the direct solution, given only the system

;chlrtgl aer)‘(igeleesff'%iru%’m‘)f r‘fapeg"’lé‘aﬁh';g:‘alf‘erre validated by - 7 matrix and a subcircuit division. We start from the MMM
Pies, g g P ' technique outlined in Section Il. The addition of an iterative

refinement is described in Section Ill. Our technique is then

|. INTRODUCTION validated by some examples in Section IV, followed by some

N ORDER TO reduce the development cost and short§RNcluding remarks in Section V.

the development cycle of electromagnetic high frequency
(HF) circuits, developers use computer-aided design (CAD) II. MULTILEVEL MOMENTS METHOD
techniques to predict the performances of the circuit even
before it is ever built. Today, circuit simulators are quiti
popular and have become a standard tool for a developet.
For dense and complex structures with strong or importantAn MMM simulation [10], [15], [16] of an electromagnetic
parasitic couplings, the accuracy of these circuit simulatorsgicuit consists of two phases. During the first top—down phase,
often limited. In those cases, electromagnetic simulators dhe circuit is divided into several subcircuits by artificial ports
of growing importance. (as opposed to the original exterior ports). Each subcircuit is

Electromagnetic field (EM) simulations based on the meth@@ain divided into sub-subcircuits, and so on until the lowest
of moments (MoM) [1] are highly accurate and applicable t¢vel is reached. On the lowest level, the current density is
HF planar circuit design [2]-[5]. However, the MoM needs giscretized using a set of basis functions such as pulse basis
lot of memory and solution time for large circuits, severelfunctions or rooftop functions, just as in an ordinary MoM
limiting its application. simulation [1].

Several techniques have been used to overcome these limPuring the second bottom-up phase, a MoM simulation
tations. For large scatterers, a spatial decomposition technidggiepplied to the lowest level by exciting the (lower level)
[6], [7], multilevel methods in combination with the fastports—both exterior and artificial—one after the other. The
multipole method [8], [9], and an MMM [10] have beenresulting current densities on each subcircuit form “generalized
successfully applied. For wire antenna problems, a diakoptialf rooftop functions” and are combined into “generalized
technique based on network impedances was developed in [(f}l) rooftop functions” at the artificial ports by demanding
and improved with an iterative scheme in [12] and [13]. Asurrent continuity at these ports. These “generalized (full)
mentioned in [14], this diakoptic technique can be interpretégoftop functions” are used as the basis functions for the next
as a MoM technique. level. This process is repeated up to the upper level, each time

A combination of the MMM and the diakoptic techniqueusing the results of the previous level as basis functions for the
(as suggested in [14]) was also applied to planar microwakext one. Due to the variational character of the MoM [11],
structures in [15] and [16], without any iterative refinementl9], the errors made by using coarser basis functions instead
In [17], a multigrid method similar to the MMM in [10] was Of the finer ones on the lowest level reduce quadratically on

the next level.
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Fig. 1. Two-level moments method.

by inserting artificial ports (in Fig. 1(b), we added three artisf exterior portP.. The upper levelZ-matrix elementsZ;?
ficial ports—A P, AP>, and AP;—yielding four subcircuits). describe the coupling between two basis functi@hs;, and
Each of these subcircuits is then simulated separately for B%;. They can be derived directly from the lower level matrix
many excitations as the considered subcircuit has (lower levelgmentsZ;;, which describe the coupling between the lowest
ports: we apply a unit current at the excited port, while leavinigvel rooftop functions on side and sidej:
the unexcited ports open. The current density profiles resulting up
from these lower level MoM’s are shown in Fig. 1(c) (eight Z = Z Z Z“ (2)
in total). They can be thought of as “generalized half rooftop”
functions at the lower level ports. By demanding currentpe coefficientsI5 must be interpreted as follows. The
continuity at the portsides of the artificial ports, these pfome@enerahzed rooftop” basis functio8F,—# indicates lower
are combined into “generalized (full) rooftop” functions (inevel port L P, is excited and is also the second subindex of
Fig. 1(d), the eight profiles from Fig. 1(c) are combined intghf__are formed by individual contributions of the lowest level
five upper level basis functiongFy). These “generalized rooftop functions used for the lower level MoM. The resulting
rooftop” functions form the basis functiodZ, for the upper amplitude of each such rooftop basis function at sidis
level MoM. preciselyI}f. Hence, according to (2%, can be interpreted
During the upper level MoM, we simulate the complet@s the sum of the individuaZ;; weighted quadratically by
circuit under the excitation of the exterior ports using thge “generalized rooftop” baS|s function profilésand, all
“generalized rooftop” functionsBF}, as basis functions. In expressed as a function of the lowest level rooftop functions.
other words, we are interested in finding the amplitudgs ~ The quantities we are finally interested in are the overall
of these “generalized rooftop” basis functions when excitingrrent densitieg [Fig. 1(e)] due to the excitation of exterior
the exterior portPe. The reSUlting MoM equation is then port Pe, expressed as a function of the amp“tud@§ of
. - the lowest level rooftop functions over side These current
Ve € P, Vk € LP: Z Zi e = Vie (1) densities can be found as the linear combination of the profile
felb of each “generalized rooftop” basis functid®F; multiplied
with P, AP, and LP (= P U AP), respectively, the set of by its amplitude, which was calculated during the upper level
the exterior ports, the artificial ports, and the lower level poridoM. In other words, the overall current density at sides
(in the example of Fig. 1P =1, 2; AP =1, 2, 3; LP =1, when exciting exterior porP, can be found as the summation
2, 3, 4, 5) and V. the excitation term due to the excitationover the product of the amplitude of the current profile of the

i€BF(k) jEBF()
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Fig. 2. Two-level moments method: FAP.

“generalized rooftop” basis functioBF;, at side, i.e., I}, across an artificial port into account, we can construct these
with the amplitude of the “generalized rooftop” basis functiongeneralized full rooftop” functions directly. Starting from

BF};, when exciting exterior porf., i.e., Age: the subdivided circuit [Figs. 1(b) and 2(a)], we combine the
metallizations of two continuous subcircuits across an artificial

VeeP Vi€ S:Lio= Y DA (3) port [Fig. 2(b)] and use this combination in the lower level

keAD MoM by exciting their common (lower level) port. The

These overall current densitiés are supposed to be a goodresulting “generalized full rooftop” profiles [Fig. 2(c)] will b_e
approximation of those yielded by one direct MoM. It should'0r€ accurate than those from Fig. 1(d) because the (field)
be noted that coupling between all subcircuits is taken inn&guplmgl across the art|f|C|.aI port is taken into account. These
account, but only as the coupling between the “generalize9fneralized rooftop” basis functions are again used as the
rooftop” basis functions as a whole, and not as the couplifigSis functions for the upper level MoM, just like in the

between the individual lowest level rooftop basis functions &€vious subsection. _ _ _ _
when solving the problem directly In [12], this pairing technique was applied to the simulation

Also note that in (2)’[},’5 is only defined in the subcircuits of (wire) antennas, facilitating the implementation of the

connected to lower level pot P, (zero on the other subcir- eXC't"’,‘t,'qn' ) ) o ! o
Artificial ports excited like this will be called fixed artificial

cuits) which reduces the number of operations for the double : ; ) o
summation ports (FAP’s) in contrast with the split artificial ports (SAP’s)

where two simulations and two “generalized half rooftops”
are used before uniting them into a single “generalized full

C. FAP’'s and SAP’s rooftop.”

During the lower level MoM simulation of one subcircuit
the presence of the other subcircuits was neglected [Fig. 1(c)].
When constructing the “generalized full rooftop” basis func-
tions by merely combining the two “generalized half rooftop”
basis functions [Fig. 1(d)], we assumed that the presencepof
the metallization at the other side of the artificial port does During the simulation of the lower level in the MMM, the
not alter the “generalized half rooftops.” In order to tak@resence of metallizations other than the subcircuit considered
the coupling between the metallizations of two subcircuiis neglected. This can be a cause of inaccuracy and errors in

IIl. | TERATIVE REFINEMENT

Introduction
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the final result. In the case of FAP’s the error will be smallethe resulting overall current profiles will exactly match the

but the metallization of the subcircuits not connected to thofiles found by one direct MoM [14].

considered artificial port will be neglected and this omission In the proposed iterative approach, the subsectional (i.e.,

will introduce errors. In order to reduce the errors, an iterativenly defined on the subcircuits connected to the considered

technigue converging to the exact solution can be put forwatdwer level port) upper level “general (full) rooftop” basis
As a first possibility, the final current profilek. from (3) functions are extended into full-domain (i.e., defined over the

can be iteratively corrected in order to take each coupling int@mplete circuit) diakoptic basis functions. We developed two

account. The profiles found by the upper level MoM [Fig. 1(e)terative techniques which turned out to be very suitable to

can be used as the starting point for a linear block iteratie®nstruct these diakoptic basis functions. They are described

method such as block Gauss—Seidel (BGS), back—forth BGf,the following subsections.

and block Jacobi [20]-[22]. These methods turned out to be

insufficiently stable to converge even for simple transmission

lines. Therefore, this approach was aborted. C. Modified Diakoptics (MD)

The first method is based on the MD [12] and has a
physical interpretation. We will illustrate this interpretation
B. Basis Function lterations using the “generalized rooftop” basis functi@y, from the

) , . transmission-line example of the previous section (Figs. 1 and
As we have a two-level MMM, the iterative correction cany pyring the lower level MoM simulation, no metallization

be apphe_d to bo'Fh Iev_els. How:_aver, there are several reasgifer than that of the subcircuits connected to the considered
for applying an iterative technique to the lower level basigqificial port (subcircuits (3) and (4) in the example) is taken
functions. into account, thus there is no current on the other metallizations
1) The upper level currents are not accurate (enough) dwgy. 3(a)]. The currents on each of these subcircuits will
to the omission of the other metallizations. Iterativelgxcite currents on all the other subcircuits by (first-order) field
including these neglected metallizations could overcom@upling (Fig. 3(b) shows how subcircuit (3) acts as a sending
the problem. antenna and subcircuits (1) and (2) as receiving antennas).
2) As the upper level MoM simulation will be applied topuring the first iteration, these first-order coupling currents are
the results of the iteration, the reduction of the error ogaiculated. These currents will, in turn, excite (second-order)
the basis functions due to the iteration will still be furtheéoup"ng currents on all the other subcircuits (F|g 3(0) shows
reduced by the variational nature of the MoM [11], [19]how, with subcircuit (2) as sending antenna, subcircuits (1),
Thus, the iterative correction of the lower level result@), and (4) act as receiving antennas). These are calculated in
will be more effective and lead to better convergencethe second iteration. These currents will again excite currents
3) The overall current profiles are a linear combination @fn all the other subcircuits, and so forth. The actual current
basis functions. Thus, the dimensionality of the lowegs the sum of the lower level MoM current—say, the zeroth-
level is higher than that of the upper level and has motgder coupling current, Fig. 3(a)—and the currents from the
degrees of freedom than the upper level. Hence, thisiferent iterations—theuth order coupling currents—and can
iteration is likely to be more stable. be seen in Fig. 3(d). Remark that there is no current on the
4) Perhaps the most important reason is based on diakopfestsides of all lower level port& P, except at the excited
[11], [12], [14], making it possible to prove that if one P, in Fig. 3).
the basis functions converge to the so-called diakoptic The actual current profile [Fig. 3(d)] should be a good
basis functions, the overall solution based on these bagjsproximation of the diakoptic basis function belonging to the
functions will match the full solution—i.e., the solutionconsidered port. Note that the basis functions have become
from one direct MoM—exactly (apart from numericalfyll-domain basis functions [Fig. 3(d)], whereas the origi-
inaccuracies). Indeed, in general, diakoptics state thgl “generalized rooftop” basis functions were subsectional
following [14]: given a set of basis functions, somgFigs. 1(d), 2(c), or 3(a)].
of these are selected as special ones and a new set ofhe calculation of the first-order coupling currents differs
basis functions is constructed by exciting each of thgsmewhat between FAP’s and SAP’s. For FAP’s, the coupling
selected functions separately; in that case, the rangepefween the subcircuits across the considered artificial port
solutions of the old set of basis functions and the rangsubcircuits (3) and (4) in Fig. 3(a)] is already taken into
of solutions of the new set are the same. The new bagiscount during the lower level MoM simulation [Fig. 2(b)
functions are called the diakoptic basis functions.  and (c)] and, therefore, there will be no first-order coupling
We apply diakoptics to our two-level MMM in the following current on these subcircuits. For SAP’s, this coupling is not
way. Our original set of basis functions is formed by thget taken into account during the lower level MoM simulation
lowest level rooftop functions over the sidés We select [Figs. 1(b) and 2(c)] and a first-order coupling current will be
the rooftops over the portsides of the lower level ports (botxcited on these subcircuits [if lower level pdrP, (artificial
exterior ports and artificial ports) as special functions, and vpert AFP;) were a SAP, there should be an extra current on
iteratively construct the profile®Z}, resulting from exciting subcircuit(4) in Fig. 3(b)].
each of these lower level ports separately. If we use thesdror the first-order coupling of each basis function, only the
(diakoptic) profiles as basis functions for the upper level MoMwo subcircuits across the excited artificial port have to be con-
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Fig. 3. Modified diakoptics.

sidered as sending antennas (only they carry current), wherea®/hen applying a diakoptic current excitation for basis
from the second-order coupling onwards, all subcircuits hafenction B L}, only the lower level porL P, is excited; hence,
to be considered as sending antennas.

In order to simplify the notation, we will combine the I, = 0], forl £ k. 4)
sides in the complete circuit into blocks of sides: all the
sides belonging to the same subcircuit (excluding the portsidesTaking this into account, the (block) matrix equation for the
of the connected lower level ports) are combined into onmBakoptic basis functions becomes
block for each subcircuit; all the portsides belonging to the

same lower level port are also combined into one block for Vs=1,---,5Vk=1,---,L:

each lower level port. Assuming subcircuits(s) and L s L

lower level portsLP,, there areS subcircuit blocks and. SN Z5, == 2 I = -Z . ()
lower level port blocks and. basis functionBF}, (in Fig. 3, t=1 1=1

S = 4 and L = 5). These blocks of circuit sides and ) ) ) ) )
portsides are then ordered in ascending order of subcircuiPUring the nth iteration, we use the standard iterative
number , 2, - - -, S), respectively, lower level port numbersconstruction
(1, 2, ---, L), the subcircuit blocks preceding the port blocks.
The matrix [I5!] describing the current density at side
of basis functionBF}, is divided into block vectord®, and 5 ] ]
I} containing the current densities of the basis functidi, with AT (7;) the nth-order _COUD;'”Q currents excited by the
for the sides belonging to the subcircqif), respectively, the CUrment AlP(n - 1), |p|t|allzmg 12(0) [= AIP(0)] with the
sides belonging to the lower level pait?;. The matrix[Z;;] gene_rall_zed ro_oftop currents frqm the _Iower level M_ol_\/l.
describing the coupling between the (lowest level) rooftopuPstituting (6) into the block matrix equation (5) and omitting
over sidei and sidej is likewise divided into block matrices '€ coupling between the highest order coupling currents, the
Z$,, coupling between the sides of subcircuij and those of block iteration formulas for basis functiaB /3, are
subcircuit(t), Z5", coupling between the sides of subcircuit 0, ifs=t o
(s) and those_ of lower level portP;, and Z[ , coupling ALS (1) = —(Z8)"V[ZSPIR, + 25, IS, ' @
between the sides of lower level pdr?’, and those of lower sk s g v
level port LP,,. 5, Lo, if s #1102

I5,(n) = I (n = 1) + AL (n) (6)
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s
ALS(n) = = (Z5)7" > Z5AL(n - 1) (8)
t=1 29
£k .
with ¢; » the subcircuits connected to lower level pdrf 29 “;
(in Fig. 3¢, » are subcircuits (3) and (4) fakb Fy). 635 29
Note that during each iteration, only the off-diagoria
matrix blocks ¢, and Z50') and the inverse of the diagonal 29

Z-matrix blocks [Z5,)~1) are needed (as was the purpose

of our technique] together with the results of the previous

iteration (AI5 (n — 1)). After each iteration the (previous)

overall currentslssk (n—1) are updated with the new additionalFig. 4. Layout of a double-stub filter with five subcircuits.
currentsAI5, (n) using (6) and the stop criterion (see below)

Convergence for doublestub filter

is checked. If it is satisfied, indicating the approximation is 0 : ‘ . : : 10
“good enough,” the iterative process is stopped or else a new |
iteration is started. -20 1
-40 ]
D. BGS = ] %
In the MD technique, the results of each step in the iteration: 0 1% &
(7), (8) are updated into the overall currents, but after the? g0 E
complete iteration (6), just as in the standard block Jacobg 1 0.01 :i
linear iterative technique [21], [22]. Jacobi’s technique can be’ % ] a
accelerated by updating the results of each step immediately o J o001
[21], [22], resulting in Gauss—Seidel's method [20], or BGS ™
for block matrices. -140 |-
Introducing the recursion formula (6) into the diakoptic PR
matrix equation (5) and using the most up-to-date currents Iteration
available, thenth-order coupling currents can be found as Fig. 5. Convergence of the double-stub filter with five subcircuits.
s—1 .
AL(n) = = (Z5)7H 2 1+ Y 2515 n) = Stop Criterion
t=1 The iterative process is stopped when the number of itera-
s tions exceeds a given maximum (e.g., 20)—to interrupt a di-
+ Z Zsstltsk (n— 1)] . (9) verging process—or if the iterative correction becomes smaller
t= than a tolerance (e.g., 0.1%)—the solution has converged.

This equation can be further reduced by calculating tffePr the calculation of that correction, a continuous weighted
updated current’S, (n) directly. When substituting (9) into relative-absolute norm formula was taken, comparing the

the recursion formula (6), the BGS iteration formula becom&dditional basis function current for each side and excitation
with the current from the previous iteration

s—1
I5(n) = = (Z5) 7| 25 Lo+ Z Z5I5.(n) Corr(n)
t=1
S
-3 Ao 0 A ()
t=s+1 = max
BEx
The iteration formulas for MD and BGS—respectively, (8) max < [I5(n — 1), 107 Hifuﬂ—’}’zf(” - 1)
and (10)—are completely analogous, apart from the influence BE]
of the excited lower level port for BGS [the first term be- (11)

tween the brackets in (10)]. This seems to make BGS less, ) )

computationally efficient as MD. However, the multiplication' 'S €orrection factor is assumed to be a measure for the
ZSPIT is iteration independent and can, therefore, be doAgCUracy of the iterative solution.

beforehand and stored in a matrix. From a computational )

viewpoint, this reduces this multiplication to an assignmerft: Acceleration of the Upper Level

This assignment/multiplication is equivalent with the sum in When using diakoptics-based iterative refinement, the basis
the iterative construction (6) during the updating phase for tfignctions span the complete circuit, as can be seen in Fig. 3(d).
MD method and can also be seen in the first MD iteration (7Jherefore,O(n?) operations are needed to calculate (2),
Thus, the number of operations per iteration are the same Baing the total number of unknown currents. The following
BGS and MD. acceleration reduces the number of operation®ta). The
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Fig. 6. Layout and several division schemes for a bandpass filter.

diakoptic basis functions are only excited by a (current) sourse 0.635 mm—and the central section—38 0.635 mm x

at the corresponding lower level port. Therefore, there 6635 mm)—and simulated at 1 GHz. Reference data were
only a localized incident electrical field at the lower levebbtained by simulating the filter as a whole. The convergence
ports; the overall tangential electrical field vanishes at aif the S-parameters{;1, Si2, andSs;) and the basis functions
other metallization (5). Hence, the basis function currestin be seen in Fig. 5. Only six decimals of thieparameters

distributions satisfy the matrix equation were taken into account, therefore, the maximum accuracy is
" —140 dB. The convergence of thteparameters is more than
Vie LP:Vi¢ LP(l): Z Zi % = Eff = —EW = exponential. The total number of unknowns was 24 for this
= example and only MD was used.

(12)
with E¢ and F'™ the scattered and the incident tangentigd Bandpass Filter

electrical field, respectively. Thus, (2) reduces to ) ) ) ) _
The following example is a microstrip bandpass filter

b i on 25-mil alumina §. = 9.9) consisting of three pairs of
oy = Z I})kfz Zii]})lf (13) guarter-wavelength lines (QWL) with dimensions 29 mm
x 0.635 mm, laterally separated by a 0.365-mm gap [see
needing onlyO(n) operations. F'ig'. §(a)]. The filter was simulated'using MD and five different
division schemes: as a whole [Fig. 6(a)] for reference data;
divided in three [Fig. 6(b)], in four [Fig. 6(c)], and in six
[Fig. 6(d)] using SAP’s; and divided in six [Fig. 6(d)] using
. FAP’s. The frequency was swept from 0.9 GHz up to 1.1 GHz
A. Double-Stub Filter using 21 equidistant samples. The curves for 4SAP and 6SAP

This first simple example is intended to show that oware visually so close to each other that for visibility only the
iterative technique converges to the correct solution. A doubledrves for 6SAP are plotted.
stub filter on 25-mil aluminae(. = 9.9), the layout of whichis  Fig. 7(a) shows the reflectiond;;|) curves for the direct
given in Fig. 4 (dimensions in millimeters), was divided inteolutions (no iteration done), Fig. 7(b) those after one iteration.
five substructures (four quarter-wavelength sections—29 nirhe direct solution of 6FAP is the best as it simulates the

icLP(k)  j=I

IV. NUMERICAL EXAMPLES
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Fig. 7. Reflection coefficienty; 1) of the bandpass filter after direct solution
and after one iteration.

filter, the layout of which is given in Fig. 8. It consists of
an input section—1 in Fig. 8(b)—with a folded matching
stub—14-16 in Fig. 8(b), a step in width—2 in Fig. 8(b), a
) , central section with three spiral inductors and two patch capac-
three pairs of QWL'’s as one part; 3SAP is less accurate ifSrs—3-4. 7-8, and 10-11, respectively, 5 and 9 in Fig. 8(b),
it simulates only the central pair as one; 6SAP (and 4SA§)Step in width—12 in Fig. 8(b)—and finally an output sec-

mispredict the resonant frequency. After one iteration, 6FAR 13 in Fig. 8(b)—with a folded matching stub—17—19

is very close to the correct result, followed by 6SAP (angl riq g(1). The overall circuit is quasi-symmetric (except for
4SAP), which now have found the correct resonant frequen(‘EMe inductors) and measures approximately 14 mr2 mm.

but still overestimate the reflection; 3SAP, on the contrary, Is This circuit was gridded using rectangles and triangles, once

the least accurate as it underestimates the reflection due tom one transversal cell (except for the capacitor patches)

small number of subcircuits. _ and once using an edge mesh [23] (three transversal cells),
After two or more iterations, the curves are visually thgie|ing  respectively, 349 and 825 unknown variables. This

same. The largest difference with the reference curve is thgp. i divided into nine [Fia. 8 12. and 19 [Fia. 8(b
smaller than—60 dB. The number of iterations needed fogﬁ/ uit was divided into nine ["g. 8(a)], 12, and 19 [Fig. (0]

. ler th 0 . ¢ arts. All circuits were simulated using SAP’s and the nine
a correction smaller than 0.1% was independent from t isions circuit also using FAP’s. All those simulations were

frequency and ranged from six iterations for three divisions Iﬂerformed for both MD and BGS iterations for both normal
eight iterations for six divisions. This shows that ourtechniq%d accelerated upper level, and for both the normal case and
is stable both for different division schemes and for differegf,. edge mesh case. The ,normal case was simulated in the

frequencies. frequency interval 1-4 GHz using 16 equidistant frequency

points; the edge mesh case was only simulated at 1 GHz.
The simulations were named according to the scheme
1) Description and Layout:As a third more elaborate ex-“zz[FS][b][a]” in which “zz” indicates the number of

ample, we apply our technique to the simulation of a low-pasgévisions, “F,” and “S,” respectively, FAP and SAP,b"

C. Low-Pass Filter
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Fig. 9. Convergence of the basis functions of the low-pass filter.

BGS (MD in the absence oft") and “a” accelerated upper accuracy of—80 dB when the correction is lower than 0.1%.
level (normal upper level in the absence af). The iterative It is clear that the accelerated upper level performs worse than
process was stopped for corrections lower than 0.1% or aftee normal upper level. The same conclusions also hold for
20 iterations. Thus, we strive to obtain an accuracy of (motee larger case (edge mesh with= 825).
than) —80 dB on theS-parameters (see below). 3) S-Parameters: The convergence of th&;;-parameter
The reference situation was obtained by simulating tlewer the complete frequency range for BG& £ 349) is
complete circuit as a whole f{ill") for the normal case as illustrated in Fig. 11. After the direct solution, the curves
well as for the edge mesh case. for 9SAP, 12SAP, and 19SAP almost coincide, whereas the
2) Convergence and Accuracyig. 9 shows how the rela- curve for 9FAP already shows a low-pass characteristic. The
tive basis change or correction (11) diminishes with increasi®§AP simulation converges the fastest, followed by 9SAP
number of iterations for the four division strategies with uppemnd, finally, 12SAP and 19SAP. As FAP’s already include
level iteration and the smaller case € 349). The curves, the coupling across the artificial ports, their convergence is
at 1 and 4 GHz, for BGS decrease monotonous and fastester than for SAP’s. The circuits with 12 and 19 divisions
than the not so uniformly descending curves for MD. Thisuffer somewhat from oversegmentation, thus reducing the
proves that the BGS technique indeed converges faster tltamvergence rate. After three iterations the difference between
the MD technique as was expected (see Section Ill). The sathe curves is no longer visible.
conclusions hold for the edge mesh case={ 825). Note 4) Timing Results:Next we will compare the calculation
that the accelerated upper level has no influence on the basies for the different simulations. All calculations were
function iterations and, therefore, gives the same curves. performed on an HP9000 workstation, with the program code
Fig. 10 shows the accuracy of tiieparameters during the written in C++ without any optimization. The total time in
iterative process. The curves (at 1-4 GHz) are grouped plee tables is the time in seconds needed to obtain the overall
iteration strategy (BGS or MD) and per upper level simulatiocurrent distributions for voltage excitations at the exterior
technique (accelerated or not) and are merely meant foorts, given the overallZ-matrix [Z;;] and the subcircuit
qualitative purposes. For each simulation, the arrows indicatiwision. The time needed for the calculation of thg's is
the total range in numbers of iterations covered by the fonot taken into account. The upper part of Table | describes
frequencies, and this at the accuracy-&0 dB. The accuracy the timings for MD, the lower part those for BGS, Table Il
was calculated as the maximum absolute difference betwemily those for BGS. The first three rows give the results
the “full” simulation and the considered simulation for botlior iteration until the correction is smaller than 0.001 (or
real and imaginary part of alk-parameters. For the four0.1%), i.e., the time for the complete iterative process, the
division strategies, BGS converges the fastest, followed bymber of iterations, and the obtained accuracy of $he
MD and BGS combined with accelerated upper level. Mparameters. The next row shows the (mean) time needed for
combined with accelerated upper level does not reach ame single basis-function iteration. As our goal was to obtain
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TABLE |
TIMING TABLE FOR THE Low-Pass FILTER (n = 349) AT 1 GHz
Simulation (MD) | full | 09F 09S 125 195 09Fa  09Sa 12Sa 19Sa
Total time (s) | 23 33 32 43 74 30 28 38 64
Iterations 9 9 11 12 9 9 11 12
Accuracy (dB) -140 -140 -140 -140 -87 -71 -56 -66
Time/iter (s) 3 3 3.5 5.5 3 3 3.5 5.5
Reduced Iters 4 5 7 7 9 9 11 12
Correction (%) 2322 253 72 411 - - - -
Reduced Time (s) | 23 18 20 28 46 30 28 38 64
Simulation (BGS) | full | 09Fb 09Sb 125b 19Sb [ 09Fba 09Sba 12Sba 19Sba
Total time (s) | 23 26 24 33 54 22 21 29 44
Iterations 6 6 8 8 6 6 8 8
Accuracy (dB) -140 -140 -140 -140 110 -93 94 -94
Time/iter (s) 3 3 3.5 5.5 3 3 3.5 5.5
Reduced Iters 3 3 4 4 5 6 8 8
Correction (%) 36027 37027 85-315 490526 | 251 - - -
Reduced Time (s) | 23 17 15 20 33 19 21 29 44
TABLE I to relate the basis function correction to tteparameter
TIMING TABLE FOR THE LOW-PASS FILTER accuracy. On the other hand, for BGS (not accelerated) a
WiTH EpGE MESH (n = 825) AT 1 GHz . . . . .
correction of approximately-3 dB in the basis functions
Slmlllla::;f;.(BGS) g‘il; Off(sb Ofgf 1125;’ 129:; results in an accuracy o£80 dB in the S-parameters; this
° Ite‘r‘;‘fm(i 5 ; 5 o relationship could be used as a better stop criterion. The times
Accuracy (dB) 140 140 140 140 per iteration for MD and BGS (in combination with accelerated
Time/iter (s) 15 15 18 26 upper level or not) are the same for each simulation with the
CRedui?d IE?;;‘ 8003 - 8003 53 1304 20 2805 20 same number of divisions, as was expected from the theory.
orrection (o] e —% — — . H
Reduced Time (s) | 342 02 90 110 176 The same conclusions hold for the other frequency points

we used. The convergence for higher frequencies is even better
due to the fact that the direct solution (before the iterative
an accuracy of-80 dB or better, we are interested in thgorocess starts) in the stopband (2—4 GHz) is already very close
smallest possible number of iterations to obtain that accurady.the actual result (see Fig. 11), thus needing less iterations
This analysis was done after the complete iterative procets.yield the needed accuracy.
The last three rows of each part of the tables contain the resultSummarizing for the smaller case, we can say that the use
for an accuracy of-80 dB or better, i.e., the reduced numbedf BGS can reduce the solution time down to some 65% and
of iterations that suffice to obtain the80-dB accuracy, the MD down to some 78%. The accelerated upper level performs
change of the correction in percentage in the basis functionsrse than the normal upper level. This is probably due to the
during the second before last and the last of this reductagt that the condition (12) is not yet sufficiently fulfilled in
number of iterations and the reduced time accounting forder to allow for the acceleration (13).
the reduced number of iterations. The notation “253” in Table Il summarizes the most important timing results for
the “Correction” row of the MD simulation 09S, e.g., meanthe simulations using the edge mesh and BGS. The same
that the fourth iteration (the second before last) had a bas@nclusions can be drawn from Table Il as from Table I.
correction of 25%, whereas the fifth (the last of the reducdtpwever, this time all simulation times are below the full
iterations) had a correction of 3%. The last row is the mostmulation time and the difference between BGS &uitland
important one as it states whether the technique was more lgetween BGS and MD (not shown here) has become larger.
less) successful than a direct MoM simulation of the wholEhe time reduction now reaches up to a factor 3.8 for BGS
circuit (timing in the first column). in the best case and a factor of more than 2 for the other
Note that the maximum possible accuracy-i$40 dB as cases. A correction o3 dB in the basis functions again
the S-parameter values are only compared up to 1@ corresponds to an accuracy ¢80 dB in theS-parameters.
decimals). The accelerated upper level (not shown here) again does
Table | shows that both MD and BGS have reached marot effectively accelerate the solution process due to reduced
imum accuracy after convergence, which cannot be said agfcuracy of (13). The acceleration technique should, therefore,
the accelerated upper level technique. BGS converged in 1894 be considered any further.
iterations than MD. The number of iterations needed for an
accuracy of—80 dB is again less for BGS than for MD,
resulting in faster reduced times, for nine divisions, even
faster than a full simulation (accelerated or not). MD without In this paper, we introduced a combination of the MMM and
acceleration is also faster than a full simulation. diakoptics with an MD and a BGS iterative refinement. This
The results from Table | and the nonuniformly descendingduces the solution time for the MoM matrix equation from an
curves for MD in Fig. 9 show that for MD it is difficult electromagnetic simulation, even for relatively small numbers

V. CONCLUSIONS
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of variables. Different segmentations were taken and all provgd] C. M. Butler, “Diakoptic theory and the moment method, 1BEE AP-S

successful, even oversegmentation. An accelerated upper I%‘I

simulation was considered for both iterative techniques, b
turned out ineffective or detrimental for further reducing the
solution time. Several numerical examples were given an
new stop criterion—a correction ef3 dB in the basis function

| Int. Symp. Dig.vol. 1, Dallas, TX, May 10, 1990, pp. 72-75.
G. E. Howard and Y. L. Chow, “Diakoptic theory for the microstrip
structures,” iNEEE AP-S Int. Symp. DigDallas, TX, May 8-10, 1990,
pp. 1079-1082.
, “A high level complier for the electromagnetic modeling of
complex circuits by geometrical partitioning,” IEEE MTT-S Int. Symp.
Dig., Boston, MA, June 10-14, 1991, pp. 1095-1098.

current densities—was suggested for an accuracy&d dB [17] C. F. Wang and D. G. Fang, “Multigrid method and diakoptic theory,”
in IEEE AP-S Int. Symp. Digyol. 3, Newport Beach, CA, June 1995,

in the S-parameters. Further research is necessary to improve op. 15481551,

the accuracy if the (artificial) ports contain multiple sides ands] A. John and R. H. Jansen, “From network theory toward field theory for
to assess the proposed stop criterion on other examples. Work (M)MIC chip level simulation,” presented at the Proc. 24th European

. . . . Microwave Conf. (EuMC), Cannes, France, Sept. 5-8, 1994.
is currently being done in these domains. [19] A. F. Peterson, D. R. Wilton, and R. E. Jorgenson, “Variational nature

of Galerkin and non-Galerkin moment method solutiodEEE Trans.
Antennas Propagatyol. 44, pp. 500-503, Apr. 1996.

R. Van Norton, “The solution of linear equations by the Gauss—Seidel
method,” in Mathematical Methods for Digital ComputerdQth ed.,
Ralson and Wilf, Eds. New York: Wiley, 1967, ch. 3, pp. 56-61.

T. K. Sarkar, K. R. Siarkiewicz, and R. F. Stratton, “Survey of numerical
methods for the solution of large systems of linear equations for
electromagnetic field problems|EEE Trans. Antennas Propagatol.
AP-29, pp. 847-856, Nov. 1981.

0. Axelsson]terative Solution Methods. Cambridge, U.K.: Cambridge
Univ. Press, 1994.

N. Facte, “Advances in planar EM technology Microwave Eng.
Europe, Aug./Sept. 1995, pp. 55-60.
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