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Abstract: This paper describes model order reduction tech-
niques for simulation of the electromagnetic systems with
lumped RLC circuits. Especially, an efficient simulation
method in the frequency domain is presented. This method
models a printed circuit board (PCB) as a hybrid system of
equations based on FDFD(Finite Difference Frequency Do-
main) method, which is composed of electromagnetic systems
and RLC circuits. The model order reduction technique is util-
ized in order to construct the macromodels from the hybrid
system of equations. Finally, the macromodels of power plane
resonances on PCBs are generated and these macromodels are
applied to the power plane resonance analysis of the PCB.

1. Introduction

In the design and signal integrity analysis of high-speed cir-
cuits, modeling LSI packages and printed circuit boards (PCBs)
is one of the most important issues. For instance, the quasi-
TEM transmission line model based on the telegrapher's equa-
tion is widely used as a model of interconnects. Because the
transmission line models assume ideal ground planes, it can not
simulate some important effects, such as the ground bounce.
Furthermore, the actual PCBs and packages became multilayer
with the increase of via-holes, the incomplete power/ground
patterns and the complex line layout. If more accurate models
are required, we need to model using the Maxwell’s equations
instead of the telegrapher's equation.

In order to perform the analysis in consideration of the de-
tailed layout, the partial-element equivalent-circuits (PEEC)
method, which models the whole PCB as numerous RLC
lumped elements, has been widely used [1][2]. The PEEC net-
work consisting of thousands of lumped elements is simulated
efficiently by using a variety of model order reduction tech-
niques as illustrated in Fig.1(a). In this method, the 3-
dimensional extraction of lumped parameters, such as capaci-
tances, self- and mutual- inductances, remains as a complicated
problem and is computationally expensive.

As another method, the finite-difference time-domain
(FDTD) method is one of the popular methods of analyzing
scattering (S-) parameters between any pair of ports on the
PCB because it uses a simple algorithm based on the finite def-
erence method [3]{4], unlike the Moment Method (MoM) and
the Finite Element Method (FEM). The FDTD method can be
connected to the SPICE-like circuit simulator, and perform
transient analysis in synchronization. However the FDTD is
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based on the explicit algorithm and the time step size At is
limited by the Courant condition. Therefore much more CPU
time is required for the analysis of more refined structure. Here,
the SPICE macromodel can be created by some techniques on
the basis of least-squares method from the results obtained by
the FDTD as illustrated in Fig.1(b) [5][6]. However, in particu-
lar, sampled data calculated by the FDTD method include some
numerical noises. Therefore, it is difficult to preserve the pas-
sivity of the macromodel. Then, several methods of compulso-
rily enforcing the passivity of the macromodel have been pro-
posed [7][8].
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Fig. 1 Several macromodeling approaches.

In recent years, model order reduction techniques for elec-
tromagnetic systems have been proposed [9][10]. In these
methods, the electromagnetic systems are formulated as the
finite-difference frequency-domain (FDFD) equations, and
reduced-order models are constructed by the passive and stable
algorithms, such as the passive reduced-order interconnect
macromodeling algorithm (PRIMA) [11] and the efficient
nodal order reduction algorithm (ENOR) [12]. However, if we
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intend to generate the macromodels for packages and PCBs
mounting lumped components, such as decoupling capacitors,
it is the best way to use the model reduction technique includ-
ing not only electromagnetic systems but also lumped RLC
circuits.

In this paper, an efficient macromodeling method of the
hybrid systems, which are composed of electromagnetic sys-
tems and lumped RLC circuits, is proposed to overcome above
problems. The proposed method extends the conventional elec-
tromagnetic model order reduction techniques to handle not
only electromagnetic systems but also lumped RLC circuits. In
the proposed method, electromagnetic systems are formulated
as FDFD equations, and lumped RLC circuits are formulated as
nodal equations. These equations are integrated into the hybrid
system of equations as shown in Fig.1(c). Therefore, differently
from the PEEC method, the technique presented here does not
need any 3-dimensional capacitance and inductance parameter
extraction techniques. Also, though the decoupling capacitors
are represented by lumped RLC circuits, they can be easily
included in the system of equations. In order to construct pas-
sive reduced-order models, we utilize the ENOR algorithm.
The accuracy of the proposed method is substantiated with
some numerical examples.

2. Formulation of the Electromagnetic System

In the FDTD and FDFD methods, the Maxwell's curl equations
are discretized spatially into the Yee’s cell. E and H fields are
separated in space according to the central difference approxi-
mation. The FDFD formulation proposed in [10] does not con-
sider conductivity. On the other hand, the memory capacity for
coefficient matrices required by [9] is 4 times as large as ones
needed by [10]. Therefore, we adopt the formulation which
took conductivity into consideration to [10].

In the proposed technique, eliminating H from the Max-
well's curl equations, we obtain the following form:

S£E+O'E+LVXVXE:—J’ )
sp

where & u and o are the electrical permittivity, permeability

and conductivity, respectively, and J is a source current density

vector. By applying central differences to Eq. (1), the discre-

tized expression in the z-direction is given by
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where Ax, Ay and Az are the cell sizes in each direction, and (i,
J, k) are position indices. Also the expression in the x-direction
and the y-direction can be obtained in a similar way. As a result,
the compact form of the discretized expressions becomes

(sog D, + EJE(S) 3)
S

= _BGJIH ?
where D, € R*V** and D, € RV " are diagonal coefficient
matrices, and ¥ € R* ¥ becomes a symmetric matrix. Here,
N denotes the total number of cells. J,, € C”is the vector of
source current densities whose location is selected by the inci-

dence matrix B, € R¥V*".

3. Formulation of the Lumped RLC Elements and
Circuits

3.1 Lumped RLC Elements

First, we assume that the lumped RLC element is located at a
certain cell in the FDFD domain, and its device current /; flows
along the z-direction. At the cell corresponding to 7;, Eq. (2)
becomes

seE. + L = _II‘O‘”L or  sCV.+1, =1,, “)
T AxAY  AxAy
where
o :_MAyVXVXE| > G :5AXAy » V,=EAz.
SH : Az
(5

Here C, is the equivalent capacitance of the cell. Since the
branch equations of the RLC elements are given by

Az
I, = X E.  resistor
I, =sAzCE,  capacitor 6)
Az
I, =——E, inductor
. oL

it is easy to incorporate these lumped elements into the equa-
tions of the electromagnetic system.

3.2 Lumped RLC Circuits

Next, consider about incorporating a general linear lumped
circuit into the system of equations. The # nodal equations for
the network ¢ can be written as

(SC+G +£jX(s): B, +B_I,> )

s

where C € R"*", G € R"""and I" € R"”"" are nodal capaci-
tance, resistance and susceptance matrices, which are symmet-
ric and positive semi-definite, respectively. And the unknown
vector X e C” denotes the nodal voltage vector. I, € C”is the
vector of source currents whose location is selected by the in-
cidence matrix B. € R"*”. Also I, is a port current located at
the connection node between the electromagnetic system and
the lumped circuit. An element of the incidence vector B,. € C



"located at the connection node is set to 1, and others are set to
0. To combine Eq. (7) with the electromagnetic system, Eq. (7)
is translated to the following equation:

w A& (sC+G +EJE¢(s)—BQ in
AxAy  AxAy s AxAy
where E, is the equivalent nodal electric-field vectors. An ele-
ment of E; located at the connection node is overlapped to the
E, of Eq. (4).
For example, in the case of Fig. 2, the KCL equation at the
connection node can be written from Eq. (4) and Eq. (8) as

. ®
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Also the KCL equation at ¥, (=E;Az) is given by
__AZ—GZE’+£(G2+G3)E2:O' (10)
AxAy 7 AxAy

Hence, these nodal equations can be combined with the whole
system of equations.

Lumped circuit Electromagnetic

v [ system
L -
- 3
I, :H |
1 N
AT / :
G, Cy I ooy
total Yee' s cell

Fig. 2 [Illustration of linking the electromagnetic system and
the lumped circuit.

4. Model Order Reduction of the Hybrid Systems

We can solve the hybrid system of equations consisting of the
electromagnetic system and the lumped RLC circuit at any fre-
quency point by using variable iterative methods, such as the
conjugate gradient (CG) method. However, this approach re-
quires the huge memory capacity and the enormous CPU cost
for the analysis of the large-scale PCB having complex struc-
tures, because of dividing the 3-dimensional region into a lot of
minute cells. If we can make the macromodel of the hybrid
system, the simulation including the electromagnetic effects of
the PCB can be performed only by using a circuit simulator
without solving repeatedly the large linear equation system. For
this objective, we utilize the ENOR algorithm to construct pas-
sive reduced-order models.

The hybrid system of equations consisting of Eq. (3) and
Eq. (7) is written as

[sc,, +G, +&jE(S): B,J, an

s

where C, € R"*Mis the permittivity matrix, G, € R is the
conductivity matrix, and I, € RY** is the matrix described by
permeability and susceptance (M =3 x N+n—1). J, € Cis
the vector of source current densities whose location is selected
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by the incidence matrix B, € RY *”. The impedance transfer
function is given by

-1
Z(s)= B/{;)(SC/I +G, +&j B> (12)

s
where Byo €RY " "is the incidence matrix to select the location
of output ports. Using the ENOR algorithm, the orthogonal
projection matrix VeRY *™ can be obtained. As a result, the
projected system is written by

~ -1
20)-B,/[s6,+6,+ ] 8- (13
where
C,=V'C,V. G,=V'G,V, r,=v'r,v,
B,=V'B, (14)
and
Eho = VTBh() (15)

In the projected system, only dominant system eigenvalues are
selected, and the others are ignored. Because m is much smaller
than M, it is easy to solve the reduced-order model by using the
direct methods, such as the LU decomposition.

Additionally, Eq. (13) is rewritten as

Z(s)=Bj,H,(s) (16)
where
~ —1
Hh(s):[55/1+6/1+££] Eh. a7
s

If we only calculate the matrix Hy(s) from Eq. (17) at arbitral
frequency point s ( = jo) in advance, a response at every port
can be obtained by changing selection of B, which implies the
location of the output port and calculating Eq. (15) and Eq.
(16). Therefore, this is effective in the case of analyzing the
power plane resonance, because generally 2-dimentional elec-
trical field distributions between the power/GND planes are
often calculated in that case.

5. Numerical Results

We have simulated an example circuit board which is shown in
[13] in order to verify the validity of the proposed method. The
example is a 10cmX10cm 2-layered printed board, which is
constructed by the power distribution and the ground planes. In
[13], the measurement and FDTD simulation results have been
already shown. It is assumed that the relative permittivity of
PCB is 4.0. Then, the impedance at the output port at (X,
y)=(5cm, 2cm) was simulated in the case that the current
source is added at (x, y)=(5cm, 4cm). The obtained impedances
at the output port are illustrated in Fig.3, where 25 poles model
was used as the reduced macromodel. From Fig.3, we can see
that the simulation results obtained by the present method give
the good agreement with the ones in [13].

In general, a low power supply impedance is required
at a wide frequency range for the high-speed circuit design.
The basic approach for keeping the impedance low is to place
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bypass capacitors between the power/GND planes. Therefore,
we have simulated the PCB with 16 bypass capacitors around
the current source. Here, the bypass capacitor is modeled as the
equivalent circuit including ESR and ESL. The simulation re-
sults are also shown in Fig.3. From Fig.3, we can see that the
power resonances can be inhibited around at 7S0MHz. Fur-
thermore, electric field distributions on 2-dimensional plane
have been computed and the resuits are illustrated in Fig.4.
From Fig.4, we can see that the plane resonances can be inhib-
ited by the bypass capacitors.
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Fig. 3 Impedance characteristics.

(b) with bypass capacitors.

Fig. 4 Electric field distributions between planes.
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6. Conclusions

We have presented a model order reduction technique for the
hybrid systems which are composed of electromagnetic sys-
tems and lumped RLC circuits. Differently from the PEEC
method, our method does not need the complicated process,
such as the 3-D parameter extraction. Finally, we have shown
the validity of the present technique. Although the bypass ca-
pacitors are modeled as the lumped RLC circuits, our method
can treat them without any problems.
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