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Circuit-Oriented FEM: Solution of Circuit—Field
Coupled Problems by Circuit Equations

M. Feliziani, Senior Member, IEEEand F. MaradeiMember, IEEE

Abstract—A general circuit-oriented, full-wave, finite-element /\/\ /\/\/\
method (FEM) is proposed to analyze the coupled problem be- Finits eloment Q©
tween circuits and fields both in frequency and in time domains. L\/\/\/\/\/\

The electromagnetic field problem is modeled by an equivalent NAVAVAVYAYAVYA
A VAVAVAVAVS

electrical network obtained by the Whitney finite-element equa-
tions. The presence of circuit components in the field domain is
easily taken into account introducing the lumped circuit compo-
nents directly in the field equivalent electrical network. Simple test Fig. 1. FEM discretization of a field domain.
configurations are analyzed by a CAD circuit simulator to show

the performances of the proposed circuit-oriented method.

Index Terms—Circuit—field coupled problem, circuit-oriented ll. MATHEMATICAL FORMULATION

FEM, circuit parameter extractor, finite-element method (FEM). A Whitney Element Solution of the Field Equation

Time-harmonic wave equation in terms of the vector electric

|. INTRODUCTION field £ is given by
IRCUIT-ORIENTED techniques are very useful in the
analysis of many electromagnetic (EM) problems such as V x 1 V x E+0E+ jweE = —J 1)
the coupling of electrical circuits and EM fields, the extraction Jwp

of circuit parameters from EM field configurations, the calcu- . .
lation of stray parameters, and the evaluation of the scatter:f{rgere_“’ ¢, ando are the specn‘_|c constants of the medium,
matrix for a two-port network. This class of problems is releva@ 0/ IS the source current density. Equation (1) can be solved
in the design of electrical/electronic devices and in electroma%y the querkln method a‘?'OP“”g Wh.|tney.elements [41, [2].
netic compatibility (EMC) applications. In the past, differen he cor)s!dered field domam IS then discretized by homoge-
numerical techniques have been applied to solve field—circulf§OYS finite eIer_nent; W't,h arbitrary shape. Ar! example of the
coupled problems in time domain or in frequency domain usinl |t_e-(_alement d_lscrguzatlon for a two-dimensional _(Z'D) 9'0'
low- and high-frequency formulations [1]-[11]. Recently, th ain is shown in F'g' 1, _vvhere a structured mesh is ‘?'ep"?‘e‘j
authors of this paper presented a procedure to solve in freque ake of ;lmpI|C|ty. Using th? .edge element approximation
domain a circuit network equivalent to a field domain [2]. Th or'the electric field vector, the finite-element unknowns are the

aim of this paper is to improve the previous work extending tHfa€Ctic field circulations along the edges of the mesh. _
equivalent network approach to the analysis of field—circuit cou- 1 N€ global system derived by the Whitney element solution
pled problems introducing 1) lumped circuit elements into th%f (1) is given by [1], [2]

field domain and 2) time domain analysis.

_ The electrical network equwe}lent to the field domain is d_e— @ [e] + jw[L2][e] + [To][e] = —[Ls] )
rived by the edge element solution of the vector wave equation. Jw

Each edge of the finite-element method (FEM) mesh is mod- ] o ] )

eled as a branch of an electrical network, which is coupled wi ere[e] is the global vector of the electric field circulations,
other branches (i.e., edges) by current-controlled sources. Fg[/s] is the global source current vectfs,,], [7:], and([7,]
circuit components embedded in a field domain can be direc@lj® the global matrices obtained by assembling the local ele-
introduced in the equivalent electrical network, and the resultifgental matrices as

network can be easily analyzed in both the time and frequency

domains by a CAD circuit simulator. [S,] = Z % [S(e)} (3a)
It should be noted that the examined domain is not mod- e B

eled through a unique network with lumped circuits, as in other

methods [4], [7], but only the FEM final equations are modeled [T2] = Z e® [T(E)} (3b)

by equivalent circuits. €
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Fig. 2. Equivalent circuit of théth edge for the frequency domain analysis of
the field problem.

<«
assembling operator. The generic coefficients of the local ma-
trices[S(®)] and[7®)] using Whitney one-form finite elements L . e
! J —
are given by Rk)) C(kj)
S = VX WiV X df (42)
2 (b)
T(f) = W W; dQ) (4b) Fig. 3. Equivalent circuit of théth edge for the time domain analysis of (a)
Y Qle) the field problem and (b) the control circuit.
wherew; andw, are the Whitney 1-form vectorial trial func-
tions associated with thigh andjth edges of the finite elementwhere
Qe [13].
The source current global vectdr] is given by assembling Iy =Y (k, 5)e;. (20)
the local vectofI{], i.e., [I,] = . [I{”)]. The generic coeffi-
cient of the local vecto[_rge)] is given by Equation (9) can be modeled for the time domain analysis
of the field problem by the equivalent circuit shown in Fig. 3,
19 = w; - J dQ. (5) Where the generic admittana&(k, j) is modeled by the par-
h (e allel connection of resistand@(k, j), inductancel(k, j), and
It should be noted that (5) is nonzero only whéis nonzero capacitanc&(k, j), given by
in the considered finite elemefX). .
=8,(k, 4 1lla
B. Field Solution by Equivalent Circuits L(k, 7) n(Fs ) (112)
i i i 1
Global equation (2) can be written in compact form as Rk, j) = ) (11b)
a\R, J
[Y]le] = —[Z] (6) . :
C(k, j) =T-(k, j). (11c)

where[Y] is a square symmetric sparse matrix, agidis the
vector of the unknown electric field circulations. Thth row Furthermore, the current-controlled current sources in
of system (6) is Fig. 3(a) are controlled by the currefy; of the circuit shown

in Fig. 3(b), where the voltage-controlled voltage sourchas

Y(k, k)er +Y(k, Der +--- +Y(k, n)en = —Is(k) (7) g unit transconductance.

By the proposed model, the circuital and the control param-
eters of the equivalent circuit are not frequency dependent. The
circuit can be analyzed in both frequency and time domains. It
) Su(k, ) ) ) ) should be noted that the equivalent circuit is suitable to perform

Yk, j) = e + 1ok, g) +gwlz(k, 5)- (8)  the frequency domain analysis for a frequency range compatible
with the FEM discretization.

_Equation (7) was modeled in [2] by an equiva!ent circuit con- Finally, since the FEM global system is sparg, in (9) is
St'thte? ttr:y theltparallel ‘ior}ln‘z‘:t'on of tthe ai%]g]zaﬁ?(dcv k) nonzero only when théth and thejth edges belong to the same
and of the voltage controlled current sour ,i)e;, as  fini . i i
shown in Fig. 2 [2]. This model presents two Iimitatiojns: 1) I]Z|n|te element; otherwisel; is zero.
is valid only for a single frequency since the admittances age
frequency dependent, and 2) a complex value of the control i ) o
parameten’ (k, ;) for the controlled sources is not permitted T0 analyze the coupling between EM fields and circuits, the

where the generic coefficiedt(k, j) of the admittance matrix
[Y] is given by

Coupled Problem of Fields and Circuits

in many commercial CAD circuit simulators. lumped circuit components must be embedded in the field do-
In order to overcome these problems, (7) can be also writtBiin- The currents flowing into the circuit components are taken
as into account by modifying the FEM global matrices via the in-

troduction of circuit elements [1]. The procedure states the fol-
Yk, k)er, + Iry + -+ -+ I = — 1, (k) (9) lowing.
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Fig. 4. Introduction of lumped circuits into a FEM discretized field domain.
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Fig. 6. Parallel plate configuration.
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Fig. 5. Equivalent circuit of thecth edge with a parallel connection of a
lumped load’ for the time domain analysis of the field—circuit problem.

—  The circuit element where the current flows is over
lapped to a finite-element edge.

—  The voltage across the circuit element coincides wil
the electric field circulation along the edge where th
circuit element is located.

The lumped circuits are therefore placed inside the consi
ered field domain discretized by finite elements, as shown
Fig. 4, where the lumped circuits are overlapped to the edges
the FEM mesh. Assembling the circuit elements with the finit
elements, an equation system is derived where the unknowns are
only the electric field circulations along the FEM edges [1]. Fig. 7. Transient voltagep(f) calculated by the proposed full wave

The analysis of the field—circuit coupled problem can beequwalent network (solid line) and by the TL approach (dashed line).
easily carried out by the proposed circuit-oriented method. L~*
us consider a lumped circull whose current—voltage-v)
relation is known. By the assumption that the voltagacross E o llo o
a lumped circuit element overlapped to thil edge is related YL > 2cm
to the electric field circulatiory, as [1], [2]

Time [ns]

yl PEC

PEC 20 cm

A
\

v = —eg (11)

the lumped circuit element/ can be simply connected in
parallel with the equivalent circuit of theth edge reported in

Fig. 3(a); therefore, the final circuit shown in Fig. 5 is Obtame%rova(t) along the diodeD calculated by the full wave pro-

posed method is compared with the transmission line (TL) so-
lution obtained by a Spice simulation, as shown in Fig. 7.

The proposed circuit-oriented, full-wave, FEM has been ap- Second, the proposed method is applied to extract circuit pa-
plied to analyze simple field—circuit problems by a CAD circuitameters from the field domain shown in Fig. 8. The problem
simulator [12]. consists in the calculation of the scattering parameters in the

First, the full-wave circuit-oriented method is validated by arfrequency domain for the two-port network that is equivalent to
alyzing in the time domain the simple test configuration showthe considered parallel plate waveguide of characterigticsy,
in Fig. 6. The field—circuit domain is given by a parallel plateands. By imposing unit current sources at the ports of the wave-
configuration in free space with a load (a series connection ofjaide and calculating the voltage drop at the ports in short-cir-
diode D and a resistanc& = 1 2) embedded in the field do- cuited and open-ended conditions, it is possible to determine the
main. The excitation is given by a time-harmonic voltage sourseattering matrix by simple manipulations. It should be noted
vs(t) of amplitude 10 V at the frequency = 400 MHz. The that the equivalent network derived by the proposed approach
field—circuit configuration is matched at both ends by the chais valid at any frequency; therefore, the circuit simulator can be
acteristic impedancét. = 7.54 Q of the parallel plate con- used to carry out with one run the complete frequency domain
figuration, which is modeled by lumped circuit elements usetharacterization of the waveguide.
as boundary conditions of the field domain. The considered do-In the traditional FEM, different simulations would have
main was discretized by a structured mesh composed by ridpeten necessary to compute the scattering parameters at each
triangles having the short side length equal to 1 cm. The voltafyjequency. The scattering parametefs and S;» obtained

Fig. 8. Configuration of a parallel plate waveguide.

I1l. A PPLICATIONS
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Fig. 9. Scattering parameters (&), and (b) 5., of the parallel plate
waveguide shown in Fig. 8.
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The method is a significant extension of previous works since
it permits easily the analysis of lumped circuits embedded in an
EM field domain and the analysis in the time domain or in the
frequency domain by a commercial CAD circuit simulator.

The introduction of lumped circuits in a field domain problem
can be useful to study the coupling between fields and circuits
to extract circuit parameters from the field domain and to model
boundary conditions.
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by the proposed procedure for lossless and lossy Waveguidi%O]
with ¢ = 0.01 S/m are shown in Fig. 9. The comparison of
the numerical results with the analytical solution shows a very

good agreement.

IV. CONCLUSION

A circuit-oriented full-wave FEM has been proposed to anaj; )

lyze the coupled problem between circuits and fields.
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