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Design of Planar Circuit Structures with an
Efficient Magnetostatic-Field Solver

Stefan Lindenmeierviember, IEEE,and Peter RusseFellow, IEEE

Abstract—We introduce a highly efficient field solver for the field leads to considerable savings in computation time and
calculation of the quasi-static magnetic field in order to design storage. With that, capacitances of various circuit elements
lossless planar circuit elements with nearly arbitrary shape. The are very efficiently calculated.

field solver is based on a finite-difference (FD) formulation of a . - .
scalar magnetic potential, using potential partitioning surfaces While the electrostatic field can be calculated in a fast

(PPS’s). The modeling of the quasi-static fields in distributed Way by means of a scalar potential, the calculation of the
circuit elements leads to the development of lumped element magnetic field cannot be directly performed in such a simple
equivalent circuits in a very fast and efficient way. For structures  way. This is because in contrast to the electric field, the contour
with sizes far below the wavelength, the equivalent circuits can j,ieqra| of the magnetic field does not disappear if a conductor
be derived in a direct way. For the field modeling of larger . . .
structures, the quasi-static field solver can be used in a hybrid IS enplosgd. Thus, in general, this would mgan to calculate
full-wave analysis as well. Numerical examples are presented for the field in terms of three components which makes the
different planar-circuit elements. computational effort increase. The law of Biot—Savart cannot
Index Terms—CAD, finite-difference magnetic field, quasi- be used for the calculation because the current distribution is

static. unknown.

Il. THE PPS-FD FELD SOLVER
[. INTRODUCTION In this paper, we present a potential-partitioning-surface

OR THE design of planar-circuit elements, the giveﬁn?te-difference (P_PS-F_D) field sqlve_r for_ the e_fficient simu-
Fstructures are mostly extracted to a lumped element circl@fion of the quasi-static magnetic field in arbitrary lossless
model. In many applications, it is sufficient to divide the circuipl@nar-circuit structures. Using this method, we can easily
structure into conductor elements and substructures, whf@lculate the inductances in 3-D structures for generating their
contain discontinuities and junctions between the conductgfmped-element models. _ _ _
elements. While the conductor elements are modeled easjly-0mpared with an FD full-wave analysis, the simulation of
by two-dimensional (2-D) field solvers, the three-dimension&l® magnetic field with the PPS-FD solver requires less than
(3-D) field modeling, which leads to high computation effort}/20 of the central processing unit (CPU) time and 1/3 of the
has to be done only for the substructures between the cHREMOrY. The solver is also applicable for a hybrid dynamic-
ductors. The lumped-element circuits of these structures cgtic FD method for efficient field simulation in structures of
be developed efficiently by calculating the quasi-static electRF/9€r Size in relation to the wavelength, as has been presented
and magnetic fields, because these substructures are far bdfbdp! and [4]. _ _ _
the given wavelengths. On the other hand, the substructures of "& PPS-FD-solver is based on the introduction of PPS's
the given circuit may have a complicated geometry. With thdfite the 3-D structure, connecting each conductor in the
a flexible computer-aided design (CAD) tool for the efficiergtructure with the outer boundary in a way that each possible
simulation of the quasi-static fields in lossless planar circdfttegration path around the conducting material crosses the
structures of arbitrary geometry is required. PPS_.. Fulfilling th|s_ rqulrement, the_ choice of the exact

The demand for a method of simulating the field in strudosition of the PPS is ar.b|trar)_/. Assummg the'case of a lossless
tures with arbitrary geometry leads to a space discretizifgP Structure, the consideration of the field is reduced to the
method like the finite-difference (FD) method [1], [2]. TheSPatial region around the conduc_tlng mater!al. Thls region is
structure of the circuit elements is discretized according 't Py the PPS so that the resulting subregion is bordered by
Yee’s scheme [2]. For the simulation of the electrostatic fielV0 more surfaces which are both sides of the PPS. In this
Maxwell's equations are reduced to a Poisson equation of fhgWly defined domain, the magnetic field is irrotational and,
electrostatic potential. This reduction of considering only Bence, it can be described by a scalar magnetic potehfial
scalar potential instead of the three components of the electflc@nalogy to the electrostatic case as follows:

j{Hds:0:>H:—VM. Q)
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M, PP Moz Mot This results from the requirement that the magnetic-field
/s = distribution is independent of the choice of the local position
of the PPS at the conductor
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(for I,m,n > 0). Those properties lead to the unique de-
scription of the magnetic potential. The calculation of the

M;= M +I= M-I, potential and the magnetic field can now be performed in a
Fig. 1. Example for the incorporation of a PPS into a coplanar structurf@St num_erlcal way. . o .
Magnetic walls occur as equipotential surfaces with the potentifls Mz, The differential equation (2) of the potential is realized
and M3, which are separated by the PPS and by the metallization. according to a FD scheme in a Cartesian mesh of e|ememary

cells. The potentiald/ of the elementary cells are defined on
equation, which leads to a fast numerical algorithm for tH&€ hyphens of the cells. On the way, the derivatives of first
calculation of the potentiaM/ as follows: order of M are localized exactly between the potentials of
neighboring cellsy is the index of the considered elementary
@) cell. o, 7, andh are the index of the neighbored cells in positive
z-, y-, z-directions. As an example, a PPS is defined between
. . . . the cells! andm. The step in potential is inserted into the
!n Fig. 1, the mgorporauon of a PPS into a copl_anar .Strucmf:%rresponding FD term as follows:
is shown. In this example, the structure is defined in a box

of magnetic walls.

V- (uVM)=0.

For monolithic microwa\{e integrgted circuit (MMIC) design mMo — My _ mMm - M,
problems, we assume an ideal skin effect. This means that for A, Az,
the calculation. of 'the guasi-static 'fields, we define the sun"ace + mMr — My, _ mMm —Mi+1
of each metallization as an electric wall in which there exists Ay, Ay
no normal magnetic-field component. WM;L - M, WMm - M,
. . . m———— — ——=0. (6
With that, we derive the following demands for the scalar +AzAyy Az, da Az, ®)

magnetic potentiall/ at the boundaries. At metallic surfaces
(electric Wa”S), the local derivative of the potential in nOfAccording to the FD scheme, the differential equation
mal direction to a metallization is zero. This enforces th@) is applied in form of the linear equation (5) to each
disappearing of the normal magnetic field. Magnetic wallpesh cell, combining the potentials of their neighbored
are equipotential surfaces. With that, the tangential magnetgells. With that, the given structure yields a solvable
field components disappear. As can be seen in Fig. 1, #ygstem of equations of this type. The steps in potential
different currents in the conducting material lead to the relating the PPS can be seen as the incorporation of local
difference between the potentialé, , M>, M3 on the different sources | into the FD system. As with the potentials at
equipotential surfaces which are separated by the metallizatipagnetic walls, these potential steps can be collected into
and the PPS. a source vector in the equation system. The system is
There are new boundary conditions on the PPS’s which ateen solved numerically, analogous to the FD description
sufficient to describe the influence of the PPS. The integratispstem for the electrostatic field. The solution of the
of the field around a conductor from one side of the PPS toagnetostatic system of equations yields a vector in which
its other side yields a step in potential when passing this PRS. the potentialsM of the structures cells are included.
Due to Ampere’s law, the integration of the magnetic fieldfter that, the magnetostatic field can be determined by
from a point P~ on one side of the PPS to the poiRt on the FD quotient of the magnetic potential distribution
the other side yields the difference of the potentidisat these according to (1).
points (see Fig. 1) [5]. This means that the difference between
the potential on one side and the potential on the other side
of the partitioning surface is equivalent to the current in the . NUMERICAL RESULTS

conductor as follows: In the following, we present numerical results of the PPS-FD
- solver. The PPS-method has been realized in form of a Fortran
Hds =1 = M(P*)— M(P™) = 1. 3) program and is compared to an FD-full-wave anal_y5|_s. _
P In a first example, we consider the magnetostatic field in a
coplanar spiral inductor on silicium substrate. As is shown in
While the potentialM is noncontinuous at the partitioningFig. 2, the PPS connects the spiral conductor vertically to the
surface, all the derivatives ofi/ have to be continuous. ground plane. The conductor route leading to the center of the
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Fig. 5. FieldH, in the spiral inductor, 10 m below the spiral plane.
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Fig. 6. Lumped-element equivalent-circuit model of the spiral structure in
the frequency range d?¢: <« 1/€2,.
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Fig. 3. Coplanar spiral inductor with two air bridges, presentation in the 0.5 5 f/IGHz 50

spiral plane.
Fig. 7. Absolute values of51; and Si2 calculated by the PPS-method,

accurate reference solutions calculated by an FDFD.

The structure is discretized into half-a-million mesh cells.
For comparison, the computation of the magnetic filed with a
FD full-wave analysis in frequency domain (FDFD) requires
approximately 40 h CPU time on a DEC 3000/800 Alpha
workstation. In contrast to the full-wave analysis, the PPS-FD
solver requires only approximately 1 h for the magnetostatic
field of the spiral structure. This is the same low computational
effort as for the analysis of the electrostatic field. Thus, by
using the PPS-FD solver for extracting the low-frequency
Fig. 4. FieldH. of the spiral inductor, presented in the spiral plane. Iumpeq-elgment mOde,l of ,the spiral Strucu_jre’ \{ve have a

reduction in computation time to 2.5%. With higher cell

numbers there would even be a higher reduction. The required
spiral is crossed by the spiral in the form of two air bridgestorage is reduced to 33%.
By following the spiral route, the PPS crosses itself below We derive the lumped-element parameters of the equivalent-
the air bridges. In Fig. 3, we see the spiral structure with itsrcuit model of the spiral structure, as is shown in Fig. 6. It
discretization steps. The discretization in the inner space is msufficient for the description of the circuit characteristics in
shown in this figure. In Fig. 4, th&, component in the spiral the frequency range abC' < 1/wL.
plane is shown, which is numerically obtained by the PPS-By choosing electric walls at the gates of the spiral structure,
FD solver. Fig. 5 shows thé&, component in a plane 10m we realize a short circuit at the gates. The excitation of the
below the spiral plane. Though this plane is cut by the PPS, field is done by implementing a step in potential at the PPS.
discontinuities in the field distribution can be seen. This provédter calculating the quasi-static magnetic-field, the inductance
that the numerically computed magnetic field is independewit the spiral structure is easily calculated by calculating the
of the PPS position as it is necessary on physical reasons.magnetic flux . It is derived by integrating the normal
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5 iy Fig. 10. Microstrip bend with edge compensation, presentation in the mi-
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Fig. 9. CPU time of field simulations in dependence of the numbef H,
cells of the discretization. Comparison of the PPS and the FDFD method
(Data produced on a DEC 3000/800 Alpha workstation).
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magnetic-field component along the PPS. This is because
all flux lines which surround the conductor are passing the
PPS. In case of the spiral structure, we obtain the inductance
¢/ = 2.46 nH.
For the calculation of the capacitan€¢g& an open circuit

at the gates is realized by choosing magnetic walls at the
gates. The capacity of the structure is derived by integratifily- 11- FieldH. of the microstrip bend in the microstrip plane.
the normal quasi-static electric field along the surface of the

metallization. CPU time of the PPS simulations is more than one decade
From the equivalent-circuit model we derive th& |ower than the CPU time of the FDFD simulations. Addi-

parameters which are shown in Figs. 7 and 8. They ai@nally, it is also increasing more slowly with an increasing

compared to the5-parameters which were calculated by th@umbern of cells for the discretization. This means that the

FDFD full-wave analysis with 40 times higher computatioenefits of the PPS method are increasing with the demand of

time. As can be seen, titeparameters in the frequency rangey higher accuracy in the calculations.

up to 5 GHz are of very good agreement in phase and absolutdhe comparison of the PPS method with the conventional

value. It is obvious that the results approximate to each otleDFD method shows that the efficiency of the PPS method is

only under the condition that time delay of the waves in theonsiderably higher due to the high reduction in computation

spiral structure has no considerable influence. As can be se@ine. This is true also for the storage which is related to

the results are of good agreement in the frequency range uple mesh size:. Due to sparsity, the matrix size of both

5 GHz. In this frequency range, the wavelength is more thame conventional and hybrid approach grows linearly with

ten times higher than the length of the spiral inductor. However, due to the simplified mathematics in the static case,
For estimating the efficiency of the PPS method, we corthis type of analysis consumes only 33% of the corresponding

pare the computation times between the PPS method and filewave problem.

FD full-wave analysis. For the comparison we use the sameAs a further example, we consider a microstrip bé¢ad =

discretization for the simulations with both methods. 50 2) with edge compensation, as can be seen in Fig. 10. The
Fig. 9 shows the CPU time of the methods in dependenceRIPS is again connecting the microstrip conductor to the ground

the number of cells which were used for the simulations. Th@ane. While the distance of the microstrip line to the ground
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Fig. 14. Lumped-element equivalent-circuit model of the microstrip bend in
the frequency range afC' < 1/wL.
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Fig. 12. FieldH, of the microstrip bend, 15 m below the microstrip plane. — PPS-simulation /~
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Fig. 15. Absolute values af1;, calculated by the PPS method, reference
solutions by FD full-wave analysis.

Fig. 13. Field deviationsAH, between the field of the symmetrical and

unsymmetrical microstrip bend in the microstrip plane. the approximation of a quasi-static field again leads to a little

increase of the deviations.

plane is 10Q:m, the distance of the line to the upper boundary
of the box is 500um. Fig. 11 shows the calculated magne- IV. CONCLUSION

tostatic field of the structure in the microstrip plane. Fig. 12 \y,e present a highly efficient PPS-FD solver for the fast
shows the calculated field J5m below the microstrip plane. c4icyation of the magnetostatic field. The PPS method leads
For further verification of our results, we also calculated thg e calculation of a well-defined scalar magnetic potential.
magnetostatic field for a triplate bend with edge compensatiqp,g applicable without restriction to all types of lossless
which is identical to the microstrip bend of Fig. 10, but withg b giryctures. Using the PPS, the numerical effort for the
symmetry to thec-axis. The magnetic field in this structurerp caiculation of the quasi-static magnetic field is as low
can be easily calculated according to a method in [6], Whicy for the electrostatic field. Compared to the FD method in
also uses a scalar potential. This method has the same h uency domain, the effort on CPU time for the magnetic-
efficiency, but is restricted to nearly symmetrical structurege|q simulation is reduced to less than 1/20, and the storage
It is assumed that the field is nearly symmetrical o theqguirement decreases to 1/3. The PPS method can be used

metallization plane. We now compare the results of the PR «5jculating inductances and for the application in a hybrid
method to results of the method of [6] investigating th@ynamic-static FD method.

same computation effort. Without using PPS, this method i
only restricted to structures of approximate symmetry to the
metallization plane like the triplate structure. In this case, the
results of the methods were nearly identical with a relativé!] S- Yee, “Numerical solution of initial boundary value problems in-
difference of 166%. While the accuracy of the PPS method volving Maxwell's equations in isotropic medialEEE Trans. Antenna

; : Propagat, vol. 14, pp. 302-307, May 1966.
is not dependant of the structure’s geometry, the assuming ¢ T. Weiland, “On the numerical solution of Maxwellian eigenvalue
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