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Model Reduction Methods for Linear
Network Models of Distributed Systems
with Sources

Stefan Ludwig and Wolfgang Mathis

Abstract Distributed systems with distributed sources are modeled as large
electrical networks with linear RLC-elements, independent sources and pins for
the connection with other network models. Often these networks are too large to be
simulated efficiently. Model reduction can be used to reduce these networks while
approximating the behavior at the pins for the connection with other nonlinear and
linear network models. In the standard model reduction the independent sources
are extracted and connected by ports with the RLC-part of the network which is to
be reduced. This extraction only enables a weak reduction for networks with a
large number of independent sources, as the number of ports is very high. In this
article an efficient reduction of networks with a large number of sources is pro-
posed by taking the waveforms of the sources into account. The method is based
on the reduction of the dimension of the function space of the waveforms with the
help of function approximation. The basis functions of the function approximation
are used in the network, which results a lower number of independent sources.
Extracting this lower number of independent sources and reducing the network
enables a higher model reduction with state of the art techniques. With the pro-
posed method a smaller size and higher accuracy of the reduced model can be
achieved. The validity and efficiency of the proposed method is shown by reducing
example models.
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13.1 Introduction

In the modeling of distributed systems very large linear RLC-networks are created.
For these very large networks a smaller network with approximated behavior at
some nodes of interest, typically the pins for the connection with other network
models, is required to enable fast simulations. With the help of model order
reduction (MOR) and network synthesis it is possible to find such a reduced
network [3, 7, 10, 24]. Replacing the original network with the reduced network
enables investigations with a lower effort for simulations.

For distributed systems with distributed sources the modeled networks also
contain, next to passive RLC-elements a high number of independent sources.
These models of distributed systems with distributed sources typically occur in the
IC design and verification as for example in the modeling of power grids, substrate
couplings and conducted emission behavior [14, 19, 23, 33]. In the standard
approach the independent sources are extracted from the reducible RLC-part of the
network and connected by ports. With this extraction only the passive RLC-part is
reduced and passivity can be preserved during a MOR [2, 24, 28, 32]. For net-
works with a large number of independent sources this extraction produces a large
number of ports of the network to be reduced. A large number of ports is a strong
limitation for the MOR [20, 30]. In this article we will propose an additional step
prior to the MOR to overcome this limitation. In this step the dimension of the
function space of the waveforms of the independent sources is lowered. Realizing
this smaller function space as network elements and replacing the original sources
by controlled sources results in a lower number of independent sources. Extracting
this lower number of independent sources leads to a lower number of ports of the
reducible network. In addition, network properties like passivity and reciprocity
are preserved in the reducible part. The behavior at the pins for the connection
with other nonlinear elements like drivers and loads is preserved in this first port
reduction step but the behavior of the distributed sources is approximated. The
resulting reducible network with a lower number of ports can now more efficiently
reduced with state of the art MOR techniques by approximating the behavior at the
pins.

This article is structured as follows. In Sect. 13.2 the basics of model reduction
are shown. In Sect. 13.3 a description of a large number of independent sources as
additional step before an efficient model reduction is proposed. The efficiency of
the complete reduction process is shown by reducing two example networks in
Sect. 13.4. The article is concluded in Sect. 13.5.

13.2 Background for Model Reduction of Linear Networks

This article will focus on distributed systems modeled as linear positive real valued
RLC-networks with independent current sources. The impedance description of the
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network is considered. However, all presented methods are also valid for the
admittance or hybrid case and for networks with independent voltage sources.

For MOR the electrical circuit is described by differential algebraic equations.
With the help of modified nodal analysis, circuit equations in the frequency
domain of order N in the form of

ðsCþGÞx ¼ Bu; y ¼ LT X ð13:1Þ

are generated. The real positive definite matrices C;G 2 R
N�N contain the stamps

for the capacitors, resistors and inductors. u; y are the Laplace transformed p input
currents and output voltages respectively, which are connected with the system
vector x by the system matrices B 2 R

N�p and L 2 R
p�N . The resulting impedance

transfer function is given with

ZðsÞ ¼ LTðsCþGÞ�1B: ð13:2Þ

With the help of MOR a reduced system in the form of Eq. 13.1 is built by
approximating the transfer function behavior. MOR algorithms based on the
projection are commonly used for the reduction of large models. The advantage of
the projection methods is the simple implementation and the low computational
effort for the construction of the reduced model. For the reduction a projection
matrix T 2 R

N�n has to be generated. By changing the system vector ex ¼ TT x the
reduced system matrices of order n

eC ¼ TT CT; eG ¼ TTGT; eB ¼ TT B; eL ¼ TT L ð13:3Þ

are calculated [24]. If the projection matrix is real, this method preserves the
passivity of suitably described systems [24]. For the generation of the projection
matrix different methods are used.

The most common method is that the projection matrix is generated by using a
single-point Krylov subspace [24]. It can be shown, that the moments of the
reduced system match the moments of the original system to some order [24]. As
an extension the union of multiple Krylov subspaces at different expansion points
is used to generate the projection matrix [7], which is in the following named MP-
Krylov. With this type of projection matrices the order of the reduced model is
proportional to the number of ports. For models with a large number of ports, this
represents a strong limitation for the possible order reduction [30].

Another approach for the generation of the projection matrix is proposed in [27]
with Poor Man’s Truncated Balanced Realization (PMTBR) using congruence
transformation (Section V.E in [27]). An approximation to the controllability
Gramian is generated and an approximation to the Hankel singular values is cal-
culated. As shown in [28, 29] the approximated Hankel singular values are used
for order and error control. With this projection matrix the order does not directly
depend on the number of ports. However, there is an indirect dependence on the
number of ports and the possible order reduction [27].
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For investigations with electrical simulators the order reduced system is syn-
thesized with network-synthesis algorithms as described for example in [20, 25, 35].

As these methods are only applicable to networks with a relatively low number
of ports some advanced MOR methods dealing with networks with a large number
of ports are developed. The underlying principles can be divided into two methods:
using properties of the network structure and using input information. The methods
presented in [9, 18] belong to the first class and use the correlation of the ports
which is efficient if the models are regularly structured. The same class includes
methods of dividing the network into substructures with a lower number of ports, as
for example presented in [5]. For the class of methods where input information is
used, for example the input correlated TBR method where the dependencies of the
input excitations are taken into account in the model reduction process is presented
in [31]. The reduced order analysis methods presented in [16, 17, 34] rely on
determined inputs at all ports of the network, which is more likely for a simulation
method as all inputs have to be determined and no connection with other nonlinear
network elements is possible. The method presented in [21] uses the information of
parameterized loads connected to the reducible network for a more efficient
reduction with parametric MOR methods. In [20] a method based on the determined
behavior of independent sources for reducing the number of ports is presented,
which allows for the connection with other network models at some specified nodes
but is limited to groups of internal sources with equal or proportional waveforms.

13.3 Description of Distributed Sources

In this article a generalization of the method of [20] is presented which is not
restricted to groups of independent sources with proportional waveforms and
includes waveforms that can be decomposed into or approximated by a small set of
basis functions. Another advantage of this method is that unlike in [9, 18] no limi-
tations for the structure of the linear network are necessary, Unlike in [16, 17, 34] not
all inputs of the model have to be determined during the reduction which allows for
the connection with other network models in simulations. The disadvantage is that
only the number of ports where the input is determined is reduced and thereby the
method is designated for networks with a large number of independent sources and a
low number of pins for the connection with other network models. The method is an
additional prior step to enhance the MOR.

In the standard description the independent sources are extracted from the RLC-
network and connected through ports with the remaining network (Fig. 13.1). In
this way the reducible part of the network contains only positive real valued RLC-
elements and thereby the network is passive and reciprocal. Passivity can be
preserved during MOR using adequate reduction algorithms [2, 24, 28, 32] as well
as reciprocity [10]. For networks with a large number of independent sources, the
disadvantage of this extraction is the large number of ports which limits the order
reduction [8, 20, 30].
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In this article a description of the sources in the network, which results in a
lower number of independent sources while approximating the behavior at the pins
is presented. The description of the sources is a prior step to the MOR and meets
the following requirements: Firstly, preserve reciprocity and passivity of the
reducible network in order to enhance network synthesis and guarantee stable
time-domain simulations of the reduced model. Secondly, preserve properties of
matrices C;G like (semi-) definiteness for passivity-preserving reduction [10, 24]
and (J-) symmetry and typical block structure to enhance network synthesis after
the reduction [10, 25, 35]. The general structure of the network is shown in
Fig. 13.2 for an RLC-network with q independent current sources.

Firstly we will have a look at the waveforms of the independent sources.
A reduction of the dimension of the function space based on decomposition and
approximation of the waveform functions is used. The q waveforms of the inde-
pendent sources of the network are described by superposition with the weights wi,l

of b basis functions

Il �
X

b

i¼1

wi;lIiðtÞ 1� l� q: ð13:4Þ

For this function approximation several methods are known in the fields of
approximation theory, black box modeling and artificial neural networks. In the
following some of the most often used methods are presented.

Fig. 13.1 Reducible network
with extracted independent
sources and a large number of
ports

Fig. 13.2 Passive and
reciprocal reducible network
with replaced sources and a
small number of ports
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A special and most simple case is the grouping of equal or proportional
waveforms as presented in [20], where one representative waveform of every
group is used as basis function. The number of groups specifies the number of
necessary basis functions.

For sources with waveforms described by continuous piecewise-linear (PWL)
functions an exact decomposition into (finite) ramp functions is possible, e.g.
described in [1]. The number of basis functions is now given by the number of
points which are used for the waveform description. If the number of points
describing the waveform is lower than the number of sources a reduction of the
function space is achieved. If the PWL functions are periodic, the basis functions
can also chosen as periodic ramp functions and thereby the number of basis
functions is given with the number of data points in one period of the waveform.
For discontinuous PWL functions the representations of [6] can be used. If the
waveforms are piecewise constant functions, shifted bar functions can be used as
basis functions.

If waveforms are specified in a limited range of time, for example if the
waveforms are generated from measurements or modeling in a finite time range,
several classes of basis functions used in the field of approximation theory and
artificial neural network modeling can be used. For every waveform the approx-
imating basis functions can be obtained as algebraic polynomials to any degree of
accuracy as stated in the Weierstrass approximation theorem. An example is the
well known Taylor series expansion. Radial basis functions which are used in the
black box modeling are also suitable as basis functions, as they are universal
approximators [11, 26]. Another class of basis functions are the sigmoid functions,
which are almost always capable of universal approximation [13]. For periodic or
time- or band-limited waveforms the approximation with a fourier series expan-
sion can be used. The basis functions are then trigonometric functions. The series
converges almost everywhere to the waveform functions which is stated by the
Carleson–Hunt theorem and thereby a finite number of basis functions is sufficient.

The discrete wavelet transform, which is widely used in signal- and data pro-
cessing can also be used for the reduction of the dimension of the function space.
With this transformation one dimensional wavelets are used as basis function for
the approximation as for example presented in [22].

For this approximative methods the number of necessary basis functions depends
on the desired accuracy of the approximation of the waveforms. For the number of
basis functions a tradeoff between the number of basis functions and the desired
accuracy has to be found. For a higher accuracy a higher number of basis functions is
necessary and the reduction of the dimension of the function space is lower.

Any other method of decomposition into or approximation by a finite number of
basis functions is feasible, as long as the number of basis functions b is smaller
than the number of independent sources q in the network. As for most approxi-
mation methods the number of basis functions depends on the desired accuracy
and the number of basis functions has to be lower than the number of independent
sources waveforms this method is most suitable for networks with a large number
of independent sources.
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The inclusion of the reduced dimension function space in the network model in
the form of Fig. 13.2 is divided into the following four steps. Independently on the
decomposition or approximation method for every basis function an independent
current source with the basis waveform is added in the first step in the network
model, resulting in b additional independent sources. In the second step all
q original independent current sources are replaced by current controlled current
sources (CCCS), controlled by the b additional independent sources. The gains of
the CCCS are given by the weights wi,l in Eq. 13.4. In the third step, voltage
controlled voltage sources (VCVS), connected with the additional independent
sources, are used for the preservation of passivity and reciprocity if the gains are
chosen according to the gains of the CCCS, as is shown later on in this section. In
the last step, only the b additional independent current sources are extracted and
connected through ports with the reducible part of the network. In this way a
reducible network with a reduced number of ports is generated. The resulting
reducible network also contains controlled sources in addition to the RLC-
elements and is called network with replaced sources throughout the article.

In the following the description of the reducible network with replaced sources
and a lowered number of ports is given, whereas the system matrices C;G have the
typical properties of pure RLC-networks like (J-)symmetry, (semi-)definiteness
and block structure. An RLC-network with N nodes, p pins and q independent
current sources, which waveforms are the superposition of b basis waveforms, is
considered. For the generation of the system matrices of the network with replaced
sources the incidence matrices KC;KR;KL;KCCCS;Kpin for capacitors, resistors,

inductors, CCCSs and pins are used. The matrices bPCCCS 2 R
q�b; bPVCVS 2 R

b�q

contain the parameters of the gains of the controlled sources. The branch consti-
tutive relations are given with

iC ¼ sbCuC; iR ¼ bGuR; uL ¼ sbLiL

iCCCS ¼ bPCCCSiVCVS; uVCVS ¼ bPVCVSuCCCS:
ð13:5Þ

With Kirchhoff’s Current Law Ki ¼ 0 we get

KC KR KL �KCCCS �Kpin 0 0
0 0 0 0 0 �I I

� �

iC
iR
iL

iCCCS

ipin

iVCVS
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0

B

B

B

B

B

B

B

B

@

1

C

C

C

C

C

C

C

C

A

¼ 0 ð13:6Þ

with I as the identity matrix. Notably the network is divided into two parts which
are not interchanging charges. The first part contains the RLC-elements, the
CCCSs and the pins and the second part the VCVS and the additional independent
sources. The voltages are defined as
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ð13:7Þ

where u/ contains the potentials of the first part of the network and u/
VCVS contains

the potentials of the second part of the network. We define a system of circuit
equations with

sKC
bCKT

C þKR
bGKT

R KL

�KT
L sbL

 !

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{

ðsCþGÞ

u/

iL

� �

zfflfflffl}|fflfflffl{

x

¼ KCCCS
bPCCCS Kpin

0 0

� �

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{

B
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ipin

� �

zfflfflffl}|fflfflffl{

u

ð13:8Þ

uVCVS

upin

� �

|fflfflfflfflfflffl{zfflfflfflfflfflffl}

y

¼
bPVCVSKT

CCCS 0
KT

pin 0

 !

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

LT

u/

iL

� �

|fflfflffl{zfflfflffl}

x

ð13:9Þ

Since the currents ib and ipin are the inputs u of the system, the voltages u/ and
inductor currents iL form the system vector x and the voltages across the additional
independent sources uVCVS and at the pins upin are the outputs y, the system has the
form of equations (13.1) with C;G having the typical MNA properties of pure
RLC-networks without controlled sources. The controlled sources only appear in

the matrices B and L. The gains bPVCVS of the VCVSs are now chosen with

bPVCVS ¼ bPT
CCCS ð13:10Þ

and thereby the condition B ¼ L holds. With this description it is shown, that the
controlled sources which normally influence the matrix G can be described in a
way, where only B;L are changed and properties of C;G like definiteness, sym-
metry and structure of pure RLC-networks are conserved, enhancing the reduction.

This system of the network with replaced sources now has, in addition to the
ports for the pins, only b ports for the independent sources which is less than the
number of ports q if all sources were extracted. In the following, it is shown that
this reducible network is passive and reciprocal.

Theorem 1 The network with replaced sources is passive.

Proof For the proof of passivity, the conditions for passivity have to be consid-
ered. The necessary and sufficient condition for the passivity of the impedance
transfer function ZðsÞ of the model is positive-realness [15]:
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1. Zðs�Þ ¼ Z�ðsÞ where * is the conjugate complex operator
2. ZðsÞ is positive, that means aH ½ZðsÞ þ ZHðsÞ�a	 0, with H as Hermitian

operator is satisfied for all complex s with ReðsÞ	 0 and for all finite complex
vectors a

Since the matrices stay real while replacing the independent current sources, the
first condition is still fulfilled.

The second condition of positive-realness can be written as

aH ½ZðsÞ þ ZHðsÞ�a ¼ aHLT ½ sCþGð Þ�1þ sCþGð Þ�H �Ba: ð13:11Þ

With B ¼ L a finite complex vector b ¼ Ba ¼ La is defined and the transfer
function with replaced independent current sources is positive

bH ½ sCþGð Þ�1þ sCþGð Þ�H �b	 0: ð13:12Þ

Since the controlled sources are described in a way that does not influence the
system matrices they stay positive definite and real while replacing the indepen-
dent sources. This means that the passivity of the network is conserved, as long as
L ¼ B holds, which is guaranteed by Eq. 13.10. h

Theorem 2 The network with replaced sources is reciprocal.

Proof For the proof of reciprocity, the condition for reciprocity has to be con-
sidered. The condition for a model to be reciprocal is that the impedance transfer
function is symmetrical [4, 15]:

ZðsÞ ¼ ZTðsÞ: ð13:13Þ

This condition can be written as

LT sCþGð Þ�1B ¼ BT sCþGð Þ�T L; ð13:14Þ

which is fulfilled since system matrices C and G can be written in symmetric form
by multiplying C;G with an appropriate diagonal matrix J and with Eq. 13.10 the
condition B ¼ L still holds. h

13.4 Examples

13.4.1 RCI-Grid

As an example, an RCI-grid network as shown in Fig. 13.3a which is widely used
in power grid simulations [14, 23] is utilized. All reductions and simulations of this
example are performed on an actual personal computer platform.1 The example

1 CPU: Core2Duo 2.66 GHz, RAM: 2GB
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grid with 50 9 50 nodes contains 4900 resistors and 2500 capacitors and two pins
at two opposite corners for the connection of nonlinear driver models.

The values of the elements are randomly chosen in the ranges 1
 0:5 X and
0:1
 0:05 F for the resistors and capacitors, respectively. q = 55 independent
current sources with PWL-waveforms are connected between arbitrary chosen
nodes in the network and the ground node. Some PWL-waveforms used in the
example are shown in Fig. 13.3b. All PWL-waveforms are decomposed into the
three basis-waveforms shown in Fig. 13.4.

With the standard method of extracting all independent sources the system has
57 ports. Only three independent sources are necessary if the waveforms of the
independent sources are decomposed into the three basis-waveforms shown in
Fig. 13.4 and the network with replaced sources of Sect. 13.3 is used. This results
in five ports of the reducible part of the network. By this network alteration the
behavior at the two pins of the model is not changed as the decomposition is exact.
The transfer function of the system of the network with replaced sources can be
calculated almost four times faster before the reduction with MOR due to the
lower number of ports (Table 13.1). The network with extracted sources as well as
the network with replaced sources are reduced with the PMTBR algorithm as
described in Sect. 13.2. The 25 frequency points used in the reduction process are
equally distributed in the frequency range 10�9� si� 109: The reduced systems
are generated within less than one minute, which is not critical as the model
reduction process is done offline before the simulation. In Fig. 13.5 the approxi-
mated Hankel singular values of both systems are shown. The singular values of
the system with replaced sources decay faster. This means, that for a given

(a) Section of the network structure (b) Some of the 55 current sources waveforms

Fig. 13.3 Example 50 9 50 RCI-grid network. a Section of the network structure. b Some of the
55 current sources waveforms

Fig. 13.4 The three basis waveforms of the RCI-grid example using decomposition
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maximum error the network with replaced sources can be more efficiently reduced
than the network with extracted sources. Likewise for a given reduced order the
reduced model of the network with replaced sources is more exact than the
reduced model of the network with extracted sources. Firstly both systems are
reduced to a maximal singular value of 10-3, resulting in an order of n = 40 for
the system with replaced sources and n = 165 for the system with extracted
sources. The MATLAB-speed-up of both reduced systems for the calculation of
the transfer function in several frequency points is shown in Table 13.1. Both
reduced systems with the maximal singular value of 10-3 show a good agreement
with the original system, as shown for the transfer function Z11 in Fig. 13.6.
However, since the reduced system of the network with replaced sources is
smaller, it can be simulated faster than the reduced system of the network with
extracted sources (529 in comparison to 9.49, Table 13.1). Secondly, both sys-
tems are reduced to the same order of n = 40. The speed-up of the system of the
network with extracted sources is almost as high as for the system of the network
with replaced sources (429 and 529, Table 13.1). Nevertheless, the reduced
system of the network with replaced sources is more accurate (Fig. 13.6) than the
reduced system of the network with extracted sources.

With this example it is shown that the proposed replacing of independent
sources as an additional step before the reduction can lead to smaller and therefore
faster models than the standard method of extracting the sources. It was also

Table 13.1 Comparison of reduction results of the 50 9 50 RCI-grid

Original order,
N = 2,500

Ports,
p

Reduced
order, n

Reduction
(%)

Reduction
time (s)

MATLAB
speed-up

Accuracy

Extracted sources 57 2,500 19 Exact at the pins
Extracted sources,

reduced with
PMTBR

57 165 93.4 30 9.49 Very good

Extracted sources,
reduced with
PMTBR

57 40 98.4 30 429 Bad

Replaced sources 5 2,500 3.89 Exact at the pins
Replaced sources,

reduced with
PMTBR

5 40 98.4 2 529 Very good

Fig. 13.5 Hankel singular
values approximated with
PMTBR for the 50 9 50
RCI-grid
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shown that for the same size of the reduced system our proposed method can lead
to more accurate reduced models.

13.4.2 IC Conducted Emission Model

As a second example for a network with a large number of independent sources an
industrial model describing the IC conducted emission (ICEM) behavior of the
Infineon 32 Bit microcontroller TC1796 is utilized [33]. All reductions and sim-
ulations of this example are performed on an actual server platform.2 The network
is generated with the Infineon Technologies AG Germany EXPO-Tool [12]. In
Fig. 13.7 a small section of the network is shown. The model contains more than
35,000 passive RLC-elements and 328 independent current sources. For the con-
nection with the printed circuit board model the network contains 61 pins. The
circuit equations of the complete model have an order of 25,062.

If every independent source is extracted and connected through a port with the
reducible part of the network, the circuits equations contain 389 ports including
the 61 pins. With respect to their prescribed waveforms the current sources of the
network are grouped into eight groups and therefore eight additional independent
sources are necessary. Replacing the 328 independent sources with CCCSs and

Fig. 13.7 Section of the IC
conducted emission network

Fig. 13.6 Magnitude and phase of transfer function Z11 of 50 9 50 RCI-grid

2 CPU: 89 DualCore, Intel Harwich Platform, RAM: 64GB

236 S. Ludwig and W. Mathis



extracting the eight additional independent sources, as described in Sect. 13.3,
results in a reducible network with only 69 ports, including the 61 pins. The
network with extracted as well as the network with replaced sources are reduced
with the MOR algorithms described in Sect. 13.2. The results for the order
reduction are presented in Table 13.2. All models show a close alignment in the
frequency range of interest as shown for the arbitrary chosen transfer function Z33

in Fig. 13.8.
For the MP-Krylov reduction two expansion points, s1 ¼ 2p103; s2 ¼ 2p109 are

used where in every point one moment is to be matched. For preservation of
reciprocity the projection matrices are split according to [10]. As the reduced
models are generated once and used often the necessary time of below one minute
for the reduction process is not critical. As there is a direct dependency of the order
of the reduced system on the number of ports with MP-Krylov, there is a signif-
icant difference in the reduced order for both systems. Since the system of the
network with extracted sources has more than five times as many ports as the
system of the network with replaced sources, the reduced model is over five times
the size of the reduced model of the network with replaced sources. This leads to
much faster simulations of the reduced model of our proposed method for the
calculation of the transfer function in several frequency points with MATLAB
(1329 in comparison to 2.89, Table 13.2).

Fig. 13.8 Magnitude and phase of transfer function Z33 of ICEM

Fig. 13.9 Hankel singular
values approximated with
PMTBR for the ICEM
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For PMTBR 20 frequency points are equally distributed in the range 101�
si� 1010: For the reduction prior to the simulation of the system of the network with
extracted sources around five minutes and for the system of the network with
replaced sources around two hours are necessary. With reduction using PMTBR the
reduced order does not directly depend on the number of ports and the reduced order
is chosen according to the Hankel singular values. The approximation to the Hankel
singular values calculated during PMTBR is shown in Fig. 13.9. It can be seen, that
the singular values for the network with replaced sources decay faster than for the
network with extracted sources. The largest singular value is set to 10-1, which
results in a reduced order of 201 and 590 for the replaced and extracted sources
network, respectively. With this MOR algorithm the reduced model of the network
with replaced sources is three times smaller than the reduced model of the network
with extracted sources and the achieved speed-up in calculating the transfer function
behavior with MATLAB is 1889 in comparison to 339 (Table 13.2).

With this IC emission model example is has been shown that the proposed
network with replaced sources can lead to much smaller and therefore faster
reduced models than the standard method of extracting all sources.

13.5 Conclusion

In this article an efficient description of independent sources in electrical networks
that can achieve a higher model reduction is presented. The dimension of the
function space of the waveforms of the sources is reduced with the help of function
decomposition and approximation. A network with a reduced number of inde-
pendent sources, whereas the behavior at the pins of the network is preserved is
generated. This network can be more efficiently reduced with practically all model
reduction techniques. The validity and superior efficiency of the proposed method
compared to standard methods is shown by reducing two example networks.

Table 13.2 Comparison of the reduction results of the ICEM

Original order,
N = 25,062

Ports,
p

Reduced
order, n

Reduction
(%)

Reduction
time

MATLAB
speed-up

Accuracy

Extracted sources,
reduced with
MP-Krylov

389 1,556 93.8 30 s 2.89 Very good

Replaced sources,
reduced with
MP-Krylov

69 276 98.9 10 s 1329 Very good

Extracted sources,
reduced with
PMTBR

389 590 97.6 2 h 339 Good

Replaced sources,
reduced with
PMTBR

69 201 99.2 5 m 1889 Good
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