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A framework for synthesisof reduced order
models

Roxana lonutiu and Joost Rommes

Abstract A framework for model reduction and synthesis is presentdtch en-
ables the re-use of reduced order models in circuit simaratEspecially when
model reduction exploits structure preservation, we shwat tising the model as
a current-driven element is possible, and allows for sysitheriithout controlled
sources. Two synthesis techniques are considered: (1) laysnef realizing the
reduced transfer function into a netlist and (2) by unstamgphe reduced system
matrices into a circuit representation. The presenteddveonk serves as a basis for
reduction of large parasitic R/RC/RCL networks.

1 Introduction

The main motivation for this chapter comes from the need fpereral framework
for the (re)use of reduced order models in circuit simufatdlthough many model
order reduction methods have been developed and evolvesl thia 1990s (see for
instance [1] for an overview), it is usually less clear howse these methods effi-
ciently in industrial practice, e.g., in a circuit simulat®ne reason can be that the
reduced order model does not satisfy certain physical ptiegefor instance, it may
not be stable or passive while the original system is. Fatinpreserve these prop-
erties is typically inherent to the reduced order method (seits implementation).
Passivity (and stability implicitly) can nowadays be prese via several methods
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[19, 10, 21, 26, 2, 25, 16], but none address the practicalcig (re)using the re-
duced order models with circuit simulation software (eSRJCE [9]). This brings
forward another reason of concern within the circuit sitiataindustry. The linear
circuit to be reduced is represented biyadlist which is a description of the circuit
element valuesR,L,C) and their connections to the circuit nodes (see also Fig. 1)
However, reduced order models (as a result of model reduapplied on the dy-
namical system describing the original circuit) are usuedpresented in terms of
system matricesr of theinput-output transfer functiaypically, circuit simulators
are not prepared for inputs in a mathematical representatiod would require ad-
ditional software architecture to handle them. In conffr@séduced model inetlist
representation could be easily coupled to bigger systehsliaactly simulated.

Synthesis is the realization step needed to map the reduded model into a
netlist consisting of electrical circuit components [18][7] it was shown that pas-
sive systems (with positive real transfer functions) casyoghesized with positive
RL,C elements and transformers (see also [32]). Later develotmj@] propose a
method to circumvent the introduction of transformers, éesr the resulting real-
ization is non-minimal (i.e., the number of electrical campnts generated during
synthesis is too large). Allowing for possibly negatiRe.,C values, other methods
have been proposed via e.g. direct stamping [19, 18] or &dlization [14, 20].
These mostly model the input/output connections of the gedumodel with con-
trolled sources.

In this chapter we consider two synthesis methods that dowelve controlled
sources: (1)yoster synthesi§l3], where the realization is done via the system’s
transfer function and (2RLCYSN synthesis by unstampi2@], which exploits
input-output structure preservation in the reduced systetrices [provided that
the original system matrices are writtemiodified nodal analysis (MNAgpresen-
tation]. The focus of this chapter is on structure presé@uatand RLCSYN, espe-
cially because synthesis by unstamping is simple to impherfoe both SISO and
MIMO systems. Strengthening the result of [28], we give apd@procedure to re-
duce either current- or voltage-driven circuits directlyrnpedance form by remov-
ing all the sources. Such an impedance-based reductiotesramthesis without
controlled sources. The reduced order model is availabderadlist, making it suit-
able for simulation and reuse in other designs. Similamgn# [8] is commercially
available.

The material in this chapter is organized as follows. Theaiecdter of this sec-
tion introduces terminology for the different nodes penitag to a circuit topology
(Sect. 1.1). A brief mathematical formulation of model ardeduction is given in
Sect. 1.2. The Foster synthesis is presented in Sect. 2ctn®Bwee focus on reduc-
tion and synthesis with structure (and input/output) presté@n. Sect. 3.1 describes
the procedure to convert admittance models to impedanog & that synthesized
models are easily (re)used in simulation. Based on [28]{.Se2 is an outline of
SPRIM/IOPOR reduction and RLCSYN synthesis. Examples¥olh Sect. 4, and
Sect. 5 concludes.
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1.1 Internal nodes, terminals, and ports

The terms internal nodes, terminals (or external nodes),pamts often occur in
electronic engineering related papers.iAternal nodeis a node in a circuit that is
not visible on the outside of a circuit, i.e., no currents barinjected in an internal
node (cf. node 1 in Figure 1). ferminal (external nodeis a node that is visible
on the outside, i.e., a node in which currents can be injectechode a in Fig. 1).
A port consists of two terminals that can be connected, fstaimce, by a source
or another (sub)circuit (cf. port P in Fig. 1). Sometimesrieals are referred to
as ports and vice versa: from the context it should then ke eldaich terminal(s)
complete the ports; usually it is implicitly assumed tha ¢nound node completes
the ports. In Fig. 1, for instance, terminal a can be seen astg@) by including
the ground node.

R R
a 1
>P
Q | -
c c

=

Fig. 1 Circuit with terminal a, internal node 1, port P, and port Q)a

1.2 Problem formulation

In this chapter the dynamical system$A,E,B,C,D) are of the formEx(t) =
AXx(t)+Bu(t), y(t) = Cx(t) + Du(t), whereA E € R™", E may be singular but the
pencil(A,E) is regularB € R™™, C € RP*" x(t) € R", andu(t) € R™, y(t) € RP,
D € RP*™M If m, p> 1, the system is called multiple-input multiple-output (#D),
otherwise it is called single-input single-output (SISQOhe frequency domain
transfer function is defined abt(s) = C(SE — A)~!B + D. For systems in MNA
form arising in circuit simulation see Sect. 3.

The model order reduction problem is to find, givenrath order (descriptor)
dynamical system, leth order systemEX(t) = AX(t) +Bu(t), §(t) = CX(t) +Du(t)
wherek < n, andE, A € R&k B e Rk*M C e RP*K %(t) € R¥, u(t) e R™, §(t) € RP,
andD € RP*™. The number of inputs and outputs is the same as for the atigin
system, and the corresponding transfer function becokhes:= C(sE — A) 1B +
D. For an overview of model order reduction methods, see [14h, Projection
based model order reduction methods construct a reduced imredel via Petrov-
Galerkin projection:

S(E,A,B,C,D) = (W*EV,W*AV,W*B,CV,D), (1)
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whereV, W e R™K are matrices whose< n columns form bases for relevant sub-
spaces of the state-space. There are several projectidrodsetthat differ in the
way the matricey andW are chosen. These also determine which properties are
preserved after reduction. Some stability preserving oasttare:modal approxi-
mation[23], poor man’s TBR[22]. Among moment matchin§l1] methods, the
following preserve passivityPRIMA[19], SPRIM[10], spectral zero interpolation

[2, 25, 16, 30]. From the balancing methobalanced truncatiof4] preserves sta-
bility, and positive real balanced truncatid21, 26] preserves passivity.

2 Foster synthesis of rational transfer functions

This section describes the Foster synthesis method, whichdeveloped in the
1930s by Foster and Cauer [13] and involves realization basethe system’s
transfer function. The Foster approach can be used to eeafiy reduced order
model that is computed by standard projection based model eeduction tech-
niques. Realizations will be described in terms of SISO idgneesZ-parameters).
For equivalent realizations in terms of admittancégparameters), see for instance
[13, 27]. Given the reduced system (1) and assuming thatsaflriite poles are
simple [i.e., the matrix pencilA,E) is non-defective], consider the partial fraction
expansion [17] of its transfer function:

~ ko

H(s) :_;Si 5 +D: )

(Cx)(3;B)
VA=
contribution from poles at. An eigentriplet(f3i,Xi,¥i) is composed of an eigen-
valuep; of (A,E) and the corresponding right and left eigenveciorg € CX. The

expansion (2) consists of basic summands of the form:

2 +r—3+( fa_ r4_)+sre+( LA r7_), (3)
S—pP2 S S—Ps4 S—Pa S—pP7 S—pP7
where for completeness we can assume that any kind of polgsapzear, i.e.,
either purely real, purely imaginary, in complex conjugpédrs, ateo or at 0 (see
also Table 1). The Foster realization converts each ter@)iim{o the corresponding
circuit block withR, L,C components, and connects these blocks in series in the final
netlist. This is shown in Fig. 2. Note that any reorderingh# tircuit blocks in the
realization of (3) in Fig. 2 still is a realization of (3). Thalues for the circuit
components in Fig. 2 are determined according to Table 1.

The realization in netlist form can be implemented in anyglaage such as
SPICE [9], so that it can be reused and combined with othewitsras well. The ad-
vantages of Foster synthesis are: (1) its straightforwaglémentation for single-
input-single-output (SISO) transfer functions, via eittiee impedance or the ad-
mittance transfer function, (2) after reducing pur@or RL circuits via modal ap-

The residues ang = , the poles argy;"and, if non-zeroD gives additional

Z(s)=r1+
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Fig. 2 Realization of a general impedance transfer function asiesfRLC circuit.

d

Table 1 Circuit element values for Fig. 2 forthe Foster impedanedization of (3)

pole residue R(Ohm) C(F) L(H) G(Ohm™1)

Py =0 rieRr r

p2€R reR -2 %

ps=0 rseR %

p4=g+iwe(C I’4=g+iB€(C a| 1 a$ abi—ag

Ps = pa rs=ry4 & a afbo—aglahy—ag) &
ay=-2a0+Bw), a=2a, bp=0%+w? b =-20

Pg = re €R I'e

p7 € iR rreR 1 2ry

Ps = pr rg=ry 7 p7p7

proximation [23], the reduced netlists obtained from Fosyathesis are guaranteed
to have positiveRC or RL values respectively (see [15] for a proof). Note however
that Foster synthesis does not guarantee positive cirlaritents in general (e.g.,
when used to synthesize reduced models originating @ circuits, or reduced
models ofRCandRL circuits that were obtained with methods different than alod
approximation). The main disadvantage is that for mulpeinmulti-output transfer
functions, finding the Foster realization (see for instaj2d8) is cumbersome and
may also give dense reduced netlists (i.e., all nodes aecominected). This is be-
cause the Foster synthesis dé-dimensional reduced system wititerminals, will
generally yieldO(p?k) circuit elements.

3 Structure preservation and synthesis by unstamping

This section describes the second synthesis approach) gliased onnstamping
the reduced matrix data into &LC netlist and is denoted by RLCSYN [28]. It is
suitable for obtaining netlist representations for modetiuced via methods that
preserve the MNA structure and the input-output connegtai the circuit termi-
nals, such as thieput-output structure preservingethod SPRIM/IOPOR[28]. The
strength of the result in [28] is that the input/output coctivaty is synthesized after
reduction without controlled sources, provided that thetesy is innmpedance form
(i.e., inputs are currents injected into the circuit teraténand outputs are voltages
measured at the terminals). For ease of understandingnpug-output structure
preserving reduction from [28] can be interpreted as moelliction withpreser-
vation of external noddg.g., after reducing the circuit in Fig. 1, the nodes forgin



6 Roxana lonutiu and Joost Rommes

ports Q and P are external (terminals) and will also appeé#nénsynthesized re-
duced model]. This way the reduced netlist can be easilyledup other circuitry
in place of the original netlist, and (re)using the reducemtiet in simulation be-
comes straightforward. The main drawback is that, when ¢deced system ma-
trices are dense and the number of terminals is laBf&(®)], the netlist obtained
from RLCSYN will be dense. For & dimensional reduced network wigntermi-
nals, the RLCSYN synthesized netlist will generally h@\(@?k?) circuit elements.
The density of the reduced netlist however is not a resuli@bynthesis procedure,
but a consequence of the fact that the reduced system nsasieedense. Devel-
opments for sparsity preserving model reduction for nigitiminal circuits can be
found in [29], where sparse netlists are obtained by syi#imessparse reduced
models via RLCSYN.

First, we motivate reduction and synthesis in impedance fand show how
it also applies for systems that are originally in admitefmm. Then we explain
model reduction via SPRIM/IOPOR, followed by RLCSYN syrdise

3.1 A simple admittance to impedance conversion

In [28] it was shown how SPRIM/IOPOR preserves the struatfitbe input/output
connectivity when the original model is in impedance forifgwing for synthesis
via RLCSYN without controlled sources. The emerging quesis: how to en-
sure synthesis without controlled sources, if the origmaldel is in admittance
form (i.e., it is voltage driven)? We show that reduction agdthesis via the input
impedance transfer function is possible by removing anyaga sources from the
original circuit a priori and re-inserting them in the reddmetlist if needed.

Consider the modified nodal analysis (MNA) description ofrgrutadmittancé
type RLC circuit, driven byns voltage sources:

€00 v(t) g & & v(t) 0
000 | Lligt)| + [ - 00| [ist)|=[2|ut), @
002/ 9\ ) & 00/ \iL@®) 0
———
Ey Xy —Ay Xy By

whereu(t) € R" are input voltages ang(t) = Cyx(t) € R™ are output currents,
Cy = BY. The states arey (1) = [v(t), is(t), iL(t)]T, with v(t) € R™ the node
voltages,is(t) € R™ the currents through the voltage sources, ari) € R™ the
currents through the inductors; + ns+ ny = n. Then, = n1 4+ n, node voltages are
formed by then; external nodes/terminaland then; internal nodes (assuming that

1 The subscripY refers to quantities associated with a system in admittéoroe.

2 The MNA form (4) corresponds to the ungrounded circuit (itee reference node is counted
within then; external nodes), resulting in a defective matrix petwit, Ey ). For subsequent com-
putations such as the construction of a Krylov subspaceeheil (Ay, Ey) must be regular. Thus
in (4), one node must be chosen as a ground (reference) nodemwoying the row/column cor-
responding to that node; this ensures that the regularitgitions (i) and (ii) from [32, page 5,
Assumption 4] are satisfied. The positive definitenes® 0/, ¥ is also a necessary condition to
ensure the circuit’s passivity.
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the voltage sources may be ungroundgdsatisfiesns < n; < 2ns+1). The dimen-
sions of the underlying matrices afé:c C"v*™ @ ¢ C™V*"v & € CV*"s, ¥ €
Cvm g e CV 8 ¢ C™*Ms, Assuming without loss of generality that (4) is
permuted such that thfest np nodes are the external nodes, the input voltages are
determined by a linear combinationwf,, (t) only. Thus the following holds:

On2><ns

(g@\, _ ( %\/ ) c (Cn\,><n57 «%V c (Cnlxns, RB = _33\/. (5)

We derive the first order impedance-type system associatéd4y. Note that
by definition,ig(t) flows out of the circuit terminals into the voltage source (i.e.,
from the + to the — terminal of the voltage source, see also [19, Figure 3] [15])
We can define new input currents as the currents flowibhgthe circuit terminals:
iin(t) =—is(t). Sincevyiy, (t) are the terminal voltages, they describe the new output
equations, and it is straightforward to rewrite (4) in thepgdance form:

(6 )l (5 8) () - (5

) v(t) -’ ’ ’ 6)
(g\}k O) (iL(t)) ZY(t) = %\,Vl;nl(t), 60\7 = (%/ Onsxnz)
C A,—/

X

whereB describes the nemput incidence matrixorresponding the input currents,
iin. The newoutput incidence matriis C, corresponding to the voltage drops over
the circuit terminals. We emphasize that (6) has fewer unkisdhan (4), since the
currentss have been eliminated. The transfer function associate@)tis @n input

impedanceH (s) = % In Sect. 3.2 we explain how to obtain an impedance type

reduced order model in the input/output structure preskiwen:

(5238 (4 - @)
—_—— . —

e s P ™)
(50) )0 - Aot =m0
W_/H/—/

c X

where?, £, 9, &, are the reduced MNA matrices, and the reduced inputimpedanc

transfer function isﬁ(s) = % Due to the input/output preservation, the circuit
terminals are easily preserved in the reduced model (7).slihple example in
Sect. 4.1 illustrates the procedure just described.

It turns out that after reduction and synthesis, the redacedel (7) can still be

used as a voltage driven admittance block in simulations idshown next. We can
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rewrite the second equation in (7) e(s—@@* 0 O) ( V()T ist)T i) ) = Au(t).
This result together withy (t) = —is(t), reveals that (7) can be rewritten as:

T00Y\ 4/ T AWAL) 0
(o 0 ON) a(@(t)) + -4 00 <1s(t)) = (%’) u),  (®
00% iL(t) —& 00/ \iL(t) 0
— N

Ey Xy Ay Xy By

which has the same structure as the original admittance I®d€onceptually one
could have reduced system (4) directly via the input admigtaln that case, synthe-
sis by unstamping via RLCSYN [28] would have required colfgcbsources [14].
As shown above, this is avoided by: applying the simple a@mite-to-impedance
conversion (4) to (6), reducing (6) to (7), and finally reinisgy voltage sources af-
ter synthesis [if the input-output structure preservedigtdnte reduced admittance
(8) is needed]. Being only a pre- and post-processing stepptoposed voltage-
source removal and re-insertion can be applied irrespeofithe model reduction
algorithm used. For ease of understanding we relate it lnem@odel reduction via
SPRIM/IOPOR.

3.2 1/0 structure preserving reduction and RLCSYN synthesis

The reduced input impedance model (7) is obtained via thetioptput structure
preserving SPRIM/IOPOR projection [28] as follows. \ét= (v{,vT,vg)T €

cl(m+m2+m)xk) he the projection matrix obtained with PRIMA [19], wheve €
Ccmxk) v, e c2XK vz e MK Kk >ny, i = 1...3. After appropriate or-
thonormalization (e.g., via Modified Gram-Schmidt [23, @tea 1]), we obtain:
Vi =orth(Vj) € C"*k ki < k. The SPRIM [10] block structure preserving projec-

tion is:V = blkdiag<\71,\72,\73) e c™(atketks) \which does not yet preserve the

structure of the input and output matrices. The input-ougbcture preserving

SPRIM/IOPOR [28] projection i8V = (V(;/ \~? > e CM(mtketks) where:
3

_ (Thxm 0 (n1+n2) x(ny+ko)
w_<0 ) €€ | (©)

Recallmg (5), we obtain the reduced system matrices in %’7% WEW, & =
WYW, & — V3,$V3, & = W'E V3, &=W'E, = (%, Ongky )", Which compared
to (5) clearly preserve input-output structure. Thereforeetlist representation for
the reduced impedance-type model can be obtained, thavendnjected currents
just as the original circuit. This is done viathe RLCSYN [28stamping procedure.
To this end, we use the Laplace transform and convert (7)ets¢lsond order form:
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Y(8) =) (10)

{ (6 +F + 119 =&iin(9)
wherei(s) = L7 1 (%i*) V(s) and I = &§.2 %"
The presentation of RLCSYN follows [28, Sect. 4], [15] andidy summarized
here. In circuit simulation, the process of forming the¥, ¢ system matrices
from the individual branch element values is called “stamfi The reverse oper-
ation of “unstamping” involves decomposing entry-wise Hiadues of the reduced
system matrices in (10) into the correspondi®yd, andC values. When applied on
reduced models, the unstamping procedure may producevegatuit elements
because the reduced system matrices are no longer diagdoaiinant (while the
original matrices were). Obtaining positive circuit elertgeonly is subject to further
research. The resultirigs, Ls andCs are connected in the reduced netlist according
to the MNA topology. The reduced input/output matrices d@)(directly reveal the
input connections in the reduced model via injected custemithout any control-
ling elements. The prerequisites for an unstamping re#@izgrocedure therefore
are:

1. The original system is in MNA impedance form (6). If the tgys is of admit-
tance type (4), apply the admittance-to-impedance coimrefiom Sect. 3.1.

2. In(6), noLs are directly connected to the input terminals so thatr eduction,
diagonalization and regularization preserve the inptpiaistructure.

3. System (6) is reduced with SPRIM/IOPOR [28] to (7) and evted to second
order form (10). The alternative is to obtain the second iiaten of the original
system first, and reduce it directly with SAPOR/IOPOR [28, 3]

4. The reduced system (10) must be diagonalized and regedbaiccording to [28].
Diagonalization ensures that all inductors in the synttessimodel are connected
to ground (i.e., there are no inductor loops). Regularraéliminates spurious
over-large inductors. These steps however are not neededrely RC circuits.

4 Numerical examples

We apply the proposed reduction and synthesis frameworkweral test cases. The
first is a simple circuit which illustrates the complete atlamce-to-impedance for-
mulation and the RLCSYN unstampting procedure, as destiib8ect. 3. The sec-
ond example is a single-input-single-output (SISO) traission line model, while
the third is a multi-input-multi-output (MIMO) model of a spl inductor. For the
SISO example, one can easily provide synthesized modeoiteFoster and RLC-
SYN. For the MIMO example, a synthesized model can be obdastiaightfor-
wardly with RLCSYN, thus RLCSYN synthesis is preferred oester synthesis.
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4.1 lllustrative example

Fig. 3 Admittance-type circuit driven by input voltages [191 23 = 0.1S Ly = 10°H, Cy» =
10°6,C. =104, [|ugo) = 1.

The circuit in Fig. 3 is voltage driven, and the MNA admittarform (4) is:

00 0 0 [00[0\ i\ /G O -G 0 [L0[0\ /vi 00

00 0 0 [00/0]va 0 GG 0 0 fo11]/vs 00

00C+C —C [000[|v2| [-G1 0 Gi+G, —G[0 0[O || V2 00

00 —C. G+Glooo||ws|+«[ 0 0 —G G loot||lw|=]00 (“1> (1)
00 0 0 [000|[is,| [T 0 0 o0]fooo || To|\®

00 0 0 [oojoflis| {0 -1 o oloofo]lis 0 -1

00 0 0 jooL/ G 0 1 0 -—tjooo/ W 00

Notice that

()= ()
-(2)-(2)

thus the external nodes (input nodes/terminalsyaendv,, and the internal nodes
arevp andvs. As described in Sect. 3.1, (11) has an equivalent impedanceila-

tion (6), with:
00 o G 0 -G 0 0
_ oo 0o o L (oG o o [
“=loocitc. G )ﬁf—(L)" _(Gl 0 Gi+G» Gz)’g'—(o) (14)
00 0 0 -G G 1
01 a0y
0

—C. Co+Cq
Matrices (14), (15) are reduced either in first order forrmgssPRIM/IOPOR ac-
cording to Sect. 3.2. Here we reduce the circuit with SPROWOR and synthesize
it by unstamping via RLCSYN. Note that there is kardirectly connected to the
second input nodey, thus assumption 2. from RLCSYN is not satisfied. We thus
reduce and synthesize the single-input-single-outpsieriof (11) only, where the
second inputy is removed. Therefore the new incidence matrices are:

]
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1
= (8) , B= (1), By =51, (16)

We choose an underlying PRIMA projection matuxe C™ spanning & = 2-
dimensional Krylov subspace (with expansion paii= 0). According to Sect. 3.2,
after splittingV and appropriate re-orthonormalization, the dimensiots@put-
output structure preserving partitioning are :

n1:1,n2:3,n|:1,k2:2,k3:1, (17)
and the SPRIM/IOPOR projection is:

10 0
0 408210 —4.861.101
W= 08164101 5729.10%|0 | ¢ C** withw e C*°. (18)
0 4082.10" ~6597.10|0
00 o1

0
0

After diagonalization and regularization, the SPRIM/IGRf@duced system ma-
trices in (10) are:

_ /o 0 0\ 1 8165102 —5.729.102
¢=|0 1749.10° -5052.10° |, ¥ = 8.165-102 9.999-102 —7.726-107?

0 -5.052-10° 1.527-10* —5.7295.102 —7.7265.10° 2.084-107!

_ (o0 0\ _ 1
r=loo o}, &=10 (19)
003014 0

Reduced matrices (19) are now unstamped individually uRh@SYN. The
reduced system dimension in second order form is Mtus3, indicating that the
reduced netlist will have 3 nodes and an additional grourdentn the following,
we denote byM; j i =1...N, j =0...N—1 a circuit element connected between
nodes(i, j) in the resulting netlistM represents a circuit element of the type:,C
or current sourcé. _

By unstamping/, we obtain the followindR values (for simplicity only 4 figures
behind the period are shown here, nevertheless in impletienthey are computed

with machine precisiog = 10~16):

w

-1
~ . 1 _ 1
Rm:{ %(l'k)} —8.0417Q, Ru:{g//m)} — 122470, R1_3:—{£//(1‘3)] —17.4520,
k=1

w
w

-1
~ ~ -1
Rz‘o:{ %(z'k)} —~9.5798Q, stzf[gqm} —129420, Raoz{

-1
g@k)} =13535Q.
1

=
Il

k=1

By unstampingg, we obtain the following values:

w

-1

3 _ .

Co0= 3 Cla)=-33026 105 F, Co3=—%(23=5.0526:10°, F, c3_0:{ %‘(3_@} =1.0221-10“F.
k=1 k=1

By unstamping:, we obtain the followind. values:
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3 -1
Lso = Zﬁak} =3.317-102 H.
k=

By unstampingsy,, we obtain the current sourdgg of amplitude 1A.
The Pstar [31] equivalent netlist is shown below:.
circuit;
rr 10 (1, 0) 8.0417250765565598e+000;
1.2 (1, 2) -1.2247448713915894e+001;
1.3 (1, 3) 1.7452546181796258e+001;
2.0 (2, 0) 9.5798755840972589e+000;
2 3 (2, 3) 1.2942609947762115e+001;
3.0 (3, 0) 1.3535652691596653e+001;
3.0 (3, 0) 3.3170000000000033e- 002;
2.0 (2, 0) -3.3026513336014821e- 005;
2 3 (2, 3) 5.0526513336014765e- 005;
30
_1(

OO0 —= == ==
OO0 ——= === ==

(3, 0) 1.0221180442099465e-004;
1, 0) sw(1, 0);

Set node 1 as output: vn(1l);

Resi stors 6;

Capacitors 3;

I nductors 1,

j

O o000

end;

Table 2 summarizes the reduction and synthesis results tBeeigh the num-
ber of internal variables (states) generated by the simwulat smaller for the
SPRIM/IOPOR model than for the original, the number of dir@lements gen-
erated by RLCSYN is larger in the reduced model than in thgired. Fig. 4 shows
that approximation with SPRIM/IOPOR is more accurate thdth WRIMA. The
Pstar simulation of the RLCSYN synthesized model also nest¢he MATLAB
simulation of the reduced transfer function.

Table 2 Input impedance reduction (SPRIM/IOPOR) and synthesisQR®YN)
System  [|DimensiofR|C]L[State$inputs/Outputs

Original 5 3(3|1] 5 1

SPRIM/IOPOR 4 6(3|1] 4 1

4.2 SISO RLC network

We reduce the SISBLCtransmission line in Fig. 5. Note that the circuit is driven
by the voltageu, thus it is of admittance type (4). The admittance simutatd
the model reduced with th@ominant spectral zero method (Dominant SZM) [16,
30], synthesized with the Foster approach, is shown in Fig. @.Béhavior of the
original model is well approximated for the entire frequgmange, and can also
reproduce oscillations at dominant frequency points.

The benefit of the admittance-to-impedance transformatéseribed in Sect. 3.1
is seen in Fig. 8. By reducing the system in impedance forrh ®RRIM/IOPOR
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Input impedance simulation
PRIMASPRIM/IOPOR
sprimiopor = 4 M2, = 0-24725

n=5k
T

—— Original
i Reduced: PRIMA d
== Reduced: SPRIM/IOPOR
RLCSYN: SPRIM/IOPOR B

fomim o e

Magnitude (db)

4 5 7 8 9
Frequency (rad/s)

Fig. 4 Original, reduced and synthesized systems for the cirouRig. 3. The reduced (PRIMA,
SPRIM/IOPOR) and synthesized systems match but miss thegpeand 45 rad/s.

{LHE]

Fig. 5 Transmission line from Sect. 4.2

Fig. 6 Coil structre from Sect. 4.3

Input admittance simulation
SPRIM/IOPOR
=23, HZe” =0.0058796

Input admittance simulation

Dominant SZM n=901,Kk,
n =901, k =23,H2 =0.22513 * "SPRIM/IOPOR
‘domSZM err 20 . .
T T T .
of, |
30 il
20} -40
a0l F. _ -50
ﬁ . 2 g 60
© -60f 2
3 £ ER
£ =
% -80f & -a0
s =
~100} 2L - - - Original 90
v 1000 Reduced(Modal approx.) -100
-120F - = Reduced(Dominant SZM) 110 -~ Original
Dominant SZM-synthesized —*— SPRIM/IOPOR-synthesized
_140 . . n n " n _
-8 -6 -4 -2 0 2 4 6 1205 -6 -4 -2 0 4 6
Frequency (rad/s) Frequency (rad/s)

Fig. 7 Input admittance transfer function:Fig. 8 Input admittance transfer function:
original, reduced with Dominant SZM in ad-original and synthesized SPRIM/IOPOR
mittance form and synthesized with Foster adnodel (via impedance), after reconnecting the
mittance voltage source at the input terminal

and synthesizing (7) [using the second order form (10)] WitlCSYN [28], we are
able to recover the reduced admittance (8) as well. The appation is good for
the entire frequency range.
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4.3 MIMO RLC network

We reduce the MIMQRLC netlist resulting from the parasitic extraction [12] of the
coil structure in Fig. 6. The model has 4 pins (external nhd@s 4 is connected to
other circuit nodes only vi&€'’s, which causes the original model (6) to have a pole
at 0. The example shows that the SPRIM/IOPOR model pres#reg¢srminals and
is synthesizable with RLCSYN without controlled sources

Fig. 9 shows the simulation of the transfer function fromung to output 4.
SPRIM/IOPOR is more accurate around DC than PRIMA. Anotltermative is to
ground pin 4 prior to reduction. As seen from Fig. 10, SPROMFDR applied on the
remaining 3-terminal system gives better approximati@amtRRIMA for the entire
frequency range. With pin 4 grounded however, we loose tiiyato (re)connect
the synthesized model in simulation via all the terminals.

Input impedance simulation - Hy, Input impedance simulation - sz
PRIMA , SPRIM/IOPOR PRIMA, SPRIM/IOPOR, avc4 g:gounded
h= =

N =220, kgponiopor = 24 =219, Ksprmopor

—— Original

i Reduced: PRIMA

== Reduced: SPRIM/IOPOR
=%= RLCSYN: SPRIM/IOPOR

Magnitude (db)
°

Magnitude (db)
o
g

!
a
S

—— Original
i Reduced: PRIMA

== Reduced: SPRIM/IOPOR
—¥%- RLCSYN: SPRIM/IOPOR

_100 L L L L L L ~100
-2

0 2 10 : -2 0 2 10 12

4 6 4 6
Frequency (rad/s) Frequency (rad/s)

Fig. 9 Input impedance transfer function wittrig. 10 Input impedance transfer func-
“vg” kept: Haq for PRIMA, SPRIM/IOPOR tion with “v4” grounded: Hzz for PRIMA,
and RLCSYN realization SPRIM/IOPOR and RLCSYN realization

5 Conclusions and outlook

A framework for realizing reduced mathematical models Rtd netlists was de-
veloped. Model reduction by projection fBLC circuits was described and associ-
ated with two synthesis approaches: Foster realizatior§feO transfer functions)
and RLCSYN [28] synthesis by unstamping (for MIMO systerds).admittance-
to-impedance conversion was prosed as a pre-model redwgtép and shown to
enable synthesis without controlled sources. The appesaalere tested on sev-
eral examples. Future research will investigate reductiod synthesis methods
for RCLK circuits with many terminals, while developments on spggreserving
model reduction for multi-termindRC circuits can be found in [29].
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