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Modeling of Periodically Switched Networks
by Mixed s-z Description

Dalibor Biolek
Abstract—A new description of linear periodically time-varying 2) have spectral components within the spectrum of the
systems is proposed. To describe simultaneously the continuous input signalw(t).

and discrete time nature of the system, the generalized transfer . Co .
function of the Laplace and discrete operator is introduced. This The first property indicates that the equivalent and output

mixed description includes the transfer functions of continuous Signals have common points at the sampling instah@éssT.

time and discrete time systems as limiting cases. Special attentionDepending ore, various equivalent signals can represent the
is_ paid_to two-phase switched circuits and results of computer output signals and create a set of envelopes.

simulations are presented. The second property enables us to define gbaeralized

Index Terms—Generalized transfer function, modified nodal transfer function(GTF) as a ratio of Fourier/Laplace trans-

analysis, switched network. formations of equivalent output and input signals. Depending
on the parametet, the various GTF’s can represent single
network behavior. It can be proved that the signét) is

) , identical with all its equivalent signalsg(t), if the Nyquist
ANY electronic systems can be modeled with periz,ngition

odically varying parameters and time-varying linear 1

systems can be modeled by nonstationary transfer functions Simax < oT (1)
K{(s,t) [1]. Because the parameters vary periodically, the sys- _ ]
tem response contains both continuous and discrete time piitgatisfied. Heref,,.x is the maximum frequency of nonzero
and both aspects can be expressed by a generalized trariigftral components of the signalk).
function (GTF) K (s, z) [2]-[4]. Using the equivalent signal To explain the idea, con§|de.r _the .S|mpI|f|ed responses_of
theory by Tsividis [5], the frequency response is obtained B¢ sample and hold (SH) circuit in Fig. 1. Due to the inertia
double substitutions = jw, z = exp (jwT), whereT is the of the circuit in the time intervalkT, kT + T, a dynamic
period. Such a hybrid description includes also the continuo®Ior A: = (kT 4 €T') — w(kT + €T’) occurs in the
time and discrete-time transfer functions as limiting case¥@mple definition. This error can be described by the GTF
Dynamic properties of time-varying systems can be describdtgory. The equivalent signaf(z) is defined for the sequence
by pole locations of the GTF in the and - domains [6]. {v(kT + €T)}. In case of precise sample selection without

This contribution explains the main ideas of linear time€ors, this signal and the input signal are identical. The error
varying system modeling using GTF’s. We first introduc&an be investigated by comparison of these signals in time and
mathematical derivations, with some results from [3]-[gfréquency domain. The GTF of a SH circuit which models the
Next, we consider networks with discontinuous parameteffor can be defined as
and finally we present simulation results. - Llve(t)]  Llve(t)] @

Llwe()]  Llw(t)]
with L[ ] denoting the Laplace transform operator. The
Il WHAT IS THE GTF? last equality is true if the signab(¢) satisfies the Nyquist

Consider a time-varying system with inpui(t), output condition (1).
v(t), and a period of time changes of parametéisL.et us  Other errors occurring during the SH process can also be
sample the output signal at instance® + 1" for a fixed modeled by the GTF. For example, the voltage-drop error

valuee € (0,1). A unique continuous-time signat (t), also  during time intervalZ, can be investigated by comparing
called the equivalent signal, can be constructed to have @guivalent signals(t) and v, /T(t).
< P

I. INTRODUCTION

following properties: Some of the above problems have been solved in [3]. As
1) represent interpolation of the sequende(k7 + described below, the GTF is a function of bothand »
eT) bhmm1,0.103 operators. Substitution of = jw and z = /7 leads to

the frequency response.
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Fig. 1. Simplified model of a sample-and-hold circuit and corresponding responses, including the equivalentZ$ignal
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Fig. 2. (a) Switched capacitor filter. (b) Its actual signals. (c) Its equivalent signals.

input signalv; = v§ for various frequencies provides infor-system equation
mation on the transient properties in both switching phases. d

The system with time-varying parameters can be described G(t)v(t) + %C(t)v(t) = D(t)w(t) (3)
by the relation of Fourier (Laplace) transforms of certain ] o )
equivalent output and input signals. This way a set of GTF¥hereG is the conductance matrikf is the reactance matrix,
can be obtained for a single network, taking into accou? iS the incidence vector the solution vector andy the
various types of output and input regimes. The GTF’s cdfPut signal. Solving (3) fot € (KT +eT - T, kT +eT), k =
be defined as «e.,—1,0,1,.-. yields

v(t) =9 (6, kT +eT —T)w(kT + T - T)

_ L[Us,l] _ L[US,Q] t
K, = Ky =
L[] L[] + g(t, Hw (&) dg (4)
kT+eT-T
In the following we present mathematical description ofhereg*(¢,kT+<T—T) is a two-dimensional initial condition
GTF's. matrix andg(z, &) is the impulse response matrix. At instances
t = kT + £T’, (4) can be rewritten in the form
[ll. MIXED s-z DESCRIPTION OF ”(thET)
PERIODICALLY VARYING SYSTEMS =g (kT + el kT + el - T)w(kT +eT - T)
T
Consider a linear time-varying system with perigt and +/ 9. (KT + €T w(kT +eT - &) ds. (5)
a single input. The modified nodal approach [2] leads to the 0
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Here g (kT + eT.,&) = g(kT + T, kT + T — &) is the multiplicative parts, one a function of theoperator, the other
impulse response at tinel” 4+ £7°, on the assumption that aa function of thes-operator. For additional details concerning
Dirac impulse has appeared at time defgybefore the time interpretation of GTF, see [3]-[5]. Dynamic properties of a

of observation atl" + 7. linear time-varying system can be investigated by considering
Due to the periodicity of system parameters, (5) can ltke s and » domain pole locations. The-domain poles are
simplified to the form decisive for system stability. They are eigenvalues of the

matrix g*(T + ¢T,¢T). The s domain poles determine the
- transient process caused by the variation of system parameters.
+/ 9, (eT, Ow(kT + €T — £) d¢. (6) Computation of the matriceg* and g from the modi-
o o fied nodal description is the fundamental problem. In this
This is a recurrent formula of periodically varying systems. fontribution only modeling of systems with discontinuous

can be solved using the idea of equivalent signals. Consid@rameters will be discussed. Switched capacitor networks,
the equivalent signal vector general switched filters and sample-hold circuits are typical

applications.
VE(t) |tmprter = V(KT +€T). (7

Replacing the discrete time variable by continuous time using V. SYSTEMS WITH DISCONTINUOUS PARAMETERS
the substitution

v(kT +eT) =g*(eT,eT — T)yo(kT + T - T)

Let the period!’ be divided intoN phases, each of length

ET +eT — t (8) Ti,and let the system be stationary in each phase. Also define
ox = XX_ T;. In the ith phase, the equations in thedomain
(6) can be rewritten for the equivalent signal have the form [4]

va(t) =9 (EZ;ET - T)v‘s(t - T) (Gl + SCl)Vl(S) :Cl,NUN(IfT_) + Dlwl(s)

+ / 9. (T, E)w(t — &) dE. 9) (Gi +sC)Vi(s) =Cii1v; 1 (KT + 0;_1) + Diwi(s)

0 i=23---N (12)

This can be verified by comparing (7) and (9) with the
properties of the equivalent signal given by points 1 and 2 with C; ;_; denoting the matrices of the phase-to-phase energy
Section II. Equation (7) confirms point 1, that the equivalenitansfer. Application of the equivalent signal theory leads to a
and output signals have common points at the samplifagge system of equations (see (13) at the bottom of the page)
instanceskT + 7. Since the equivalent and input signals iwhere
(9) are coupled by a linear equation, their frequency ranges

are identical and point 2 is satisfied. 9:(t) =LY (s)]D;
Applying Laplace transform to (9) yields g =L Y7 (s)]Ciis
€ %k _ e —sT T
Velo) =gTlel, el ~IVels)e Giis)= [ g ag. (14)
0

=) T
+ LT, Ew(t — et de dt )
/o /o g:(eT> SJult =) ¢ Equation (13) must be solved for the unknown vectiggs to
After some rearrangements obtain the generalized transfer function. Analytical solution is

Ve ’ < :KE » © ) z=exp(s w al
o(2) = Ko Dl W V=3 KnWn (15)

where K. (s, z) is the generalized transfer function (GTF) of m=1
the time-varying system

where
K.(5,2)=[E—g"(T +eT,eD)z"|71G.(s) (10) Nt 1y
and Krn(sv Z) = |FE- Z_l H gR’—i H gR’—i
T =1 :=0
GE(S) = / gw(ETv 5)6_55 dg (11) . G_STN_iGnL(S) (16)
0

is the short-time Laplace transform of the impulse respaoBse.Before going into computer implementation, we present one
denotes the identity matrix. The GTF in (10) consists of twexample how to generate the GTF, and explain some aspects

1 0 0 0 —gie T VY Gi(s)W 1(s)
—g*G_STZ 1 0 0 0 ; GQ(S)WQ(S)
0 —gheTs 1 0 0

V;’ = Gg(S)Wg(S) . (13)

0 0 0 —gR,C_STN 1 V:L GN(S)WN(S)
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Fig. 3. Frequency responses of a sample-and-hold circuit, computed using the generalized transfer functions, with correspordingole and
zero locations.

of the zero-pole locations in the and z domains. Consider After Laplace transformation and some rearrangements, the
the SH circuit in Fig. 1. Equations (12) reduce to GTF (2) is obtained in the following closed form:

(G + G, + sCYWVi(s) = Cvg(kT™) + Gow(s) K.(s,7) = R 1 1-giz™" (18)
R+Rs1—z27tgtgs 1+sT
(G + sC)Va(s) =Cuy (KT 4 €T) s © U192 L

This GTF models the sample selection dynamic error of the SH
whereG = 1/R,Gs = 1/R; is the switch-on conductance,circuit. The transfer function is characterized by thand z
and the switching phases are given the subscripts 1 (swigdmain zero-pole locations. After substitutior= jw andz =
on) and 2 (switch off). The time-domain solution is exp (jwT), the frequency responses in Fig. 3 are obtained. The
T zero-pole locations are also shown. The frequency responses
v (kT +€T) :gIUQ(kT_)—l—/ g(&)w(kT +eT — ¢)d¢  are not periodic due to the-domain poles. The periodic
0 frequency response of the discrete-time system is caused by
valkT™) =01 (kT =T +T7 g5 (17) the aliasing effect. However, in case of a SH circuit, the
internal circuit variables cannot follow the input signal for
wheregt = ¢=7/™, g5 = e=(T=1)/™2, g(t) = (1/m1)e="/™,  all frequencies due to the inertia of the input branch, and the
1 = R;R/(R;+ R)C and = RC. Equations (17) yield the resulting frequency responses converge to zero. The character
recurrent formula which can be solved using equivalent sign@gthis convergence is given by thedomain poles.
o In time domain, the response can be observed by the conver-
vE(t) = grgsus(t = T) +/ g(Ew(t — k&)dke. gence of the discrete-time signal d(.aﬁned. in given equu?hstant
0 points. The convergence character is defined by:tdemain
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poles of the GTF. Stability properties of the switched network Rearranging (22) and (23) yields formulas for the vectors
can be investigated using locations of thelomain poles. vy and wo:
Computer programs for switched network simulation based

on the GTF idea have been developed [7], [8]. In the following, b (zlfT +17)
rinciples of computer simulation for two-phase switching are '
Ereselr)ned P P ° - / 9wl + 11 = de
1
V. CIRCUIT EQUATIONS AND PREPROCESSING +9>{(T1)/0 92(§w2 (kT — &) d
Due to the universal character of GTF's, simulation covers + 91(T0)g5(To)vi (KT + 17 = T) (25)

all linear networks, switched or unswitched. This property is wa(KT)
unusual, because most programs are designed to simulate only T
one type of switched circuits [9]-[13]. In the case of ideal :/ 9o (E)wo (KT — &) de
switched-capacitor or switched-current networks, the resulting 0
transfer function is only in the-domain and the corresponding N B
frequency response is periodical. For linear circuits without +95(12) 0 91wkl =Ty =T = §)dg
sw!tches,s-domaln transfer functions are thalned. Geperal + g5(To)g (TV)wa (KT + T7). (26)
switched networks have transfer functions in both domains.

The two-graph modified nodal approach is used to set Egjuations (25) and (26) are simplified versions of the general
the equations [13], [14]. We will consider only systems witlequation (6). Discrete-time signals(kT+17 ) andwva (kT ~)

two phases, withl’ = 17 + 15, leading to the sets are replaced by equivalent continuous time signéls) and
v5(t)
G C)Vi=DW; +C KT~ . B .
EGI J+r Sclivl - DlWl J+r CIQUQEkT +) 7). (19) o1 (1) =vi (KT + 17 ) lrrtm=t — Vi(s)
2 T SU2) Vo =102V 21V1 1/ vg(t) IUQ(kT_)|kT=t N V;(s)

Preprocessing of (19) will be done with the aim to derivgymbolsV{(s) andV5(s) denote Laplace transforms of these
closed-form expressions of generalized transfer functions. \Wguivalent signals. They can be constructed for the input
concentrate on the numerical aspects. Formal solution of (ynals in a similar way

is
wi(t) =wi (kT + 1) |krsm=t — Wi(s)
Vi(s) =YTIDiWi(s) + Y Crava(kT7) wy(t) = w2 (KT ) pr=e = W3 (s).
Va(s) =Y 3 Dy Wa(s) + Y5 'Corvi (kT +T7) (20)  General solution has the form
where Vi=KuWi(s) + K12W5(s)

Vi =Ko Wi(s) + Kz Ws 27
Y. =G, +C,. 21) 5 21 Wi (s) + K22W5(s) (27)

,H’VJ‘iCh is (15) for a two-phase switched circuit. The generalized
transfer functionsK;; depend on the input signal. We can
distinguish the following cases:

1) The signakw; (w-) has a spectrum that after sampling

After the inverse Laplace transformation we obtain at the e
of phase 1, at = k1" + 17 :

11
v (KT +1T7) = / 9, (Ow (KT +T1 — &) dé with the sampling frequency, = 1/7 = 1/(T1 + %),
0 the overlapping of the nonzero original and of the
+ g1 (11 )v2 (K1) (22) periodized spectral components will not occur. The
simplest case is fof,..x < f5/2. These signals and the
and at the end of phase 2@t kT'+ 1T equivalent ones are then identical, = w§,ws = w§,
and
E 111
vo(kT+T7) = / 92 (Owo (KT +T — &) dé Kii(s,2) =[E = F1277 |7 Gy(s, 2)
0 _ —17—1 % —Ty/T
Kis(s,2)=|EF - F1z T1)Gs(s, 2)z
+ g3(L)yo (KT +T7) (23) 12(5,%) = ' _1]_191( 1)Ga(s,2) g
Ky (s,2) =[E — Foz |7 g5(T2)G1(s,2)z
The matrices and vectors Koy(s,2) =[E — Faz~ ' |7 Ga(s, 2) (28)
where

91() =L YT'D1] gi(t) = LY Cus]
g5 :L_I[YQ_IDQ] g5(t) = L—l[Y2—1021] (24) Fi =g1(11)g5(12), F2=g5(12)g7(11) (29)

T;
o N G = [ g© e =12 @)
can be obtained using the algorithm of inverse Laplace trans- 0
form [14]-[16]. z=eT. (31)
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Fig. 4. Example of a switched netwolk = 1 MQ,C; = 1 nF,Cs =
10 nF,T = 10 us, Ty = To = T/2, Ry = Rz = 500 (switch-on
resistances).
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In the abovel denotes the unit matrix. After substitution 44
10

s = jw andz = exp (jwT), frequency responses which
are not periodical can be obtained, due to the integrals

2 .t

10

tifs [-]

G1 and Gs. Fig. 5. Frequency responses of n_etwork in Fig. 4: curve 1: ideal, all resis-
The switched circuit is excited by a single sigmal = fances are zero, curve 2: with resistances.
we = w. The spectrum of this signal must satisfy
conditions from point 1). The solution is the same one R
as in 1) but (27) are now in the form o { ]
c e (SR —
Vi = (K + Ki2)W(s) v, A
€ € v
V5 =(Ka + K2)W*(s) (32) °
@)
The signalsw; andw, are sampled and held, 1
R
wi(t) =wi(kT) for te (kT,kT+T1) I 2: I I |
wa(t) =ws(kT +11) for te (kT +T1,kT+T) ‘[

[}

In this case (27) remains valid. The following equations
for the GTF now apply (b)

Fig. 6. An unswitched network,
R=1k0,C = 1puF, T =1ps, Ty = Tr = T/2.

simulated as a switched network.

K (2)=[E-F 2 q"1/"
Klg(z) = [E bt Flz_l]_lg’{ (Tl)GQZ_l
Ko1(2) =[E — Faz~ "1 g5(12) Gzt VI. SEMISYMBOLIC ANALYSIS OF GTF
Ko(2) :[E_FQZ—I]—IGQZ—Tz/T (33) .The form of the GTF depends on the gharacte_r of inpqt
signal, see (28), (32), (33), and (35). Semisymbolic analysis
where can be composed of semisymbolic inversion of the matrices
E — F;z~! and semisymbolic expression of the vectGsin
T;
G :/ 0,(€) de i=12 (34) terms of o.peratorg f';md 3.. . 3
0 1) Semisymbolic inversion of matricds — F;z~*. It can

. be done so that
are the vectors of step responses in phases 1 and 2, at

time pointsI; andZ. When the input signal is sampled
and held, the transmission properties of the switched
circuit are given only by the functions of theoperator
and frequency responses will be periodical.

Single staircase input signal: see point 3) whefe=

w$. The solution is the same as in 3) withf = ws.
Single sample and held input signal with the hold regime
over both switching phases,

Ag+ Azt 4+ + Az
ag+arz7t+ -4 az7"

[E—F " = (36)
where n is the dimension of the matri#’, the de-
nominator is its determinant, andl;, are matrices. The
expansion can be done by means of the QZ or QR
algorithms [14], [17].

Semisymbolic analysis d&; and G, in mixed s and »
domains. For dc transmission we insert= 0 and (30)
reduces to (34). This is a vector of the step response at
the time instancd’; for phase:i. For nonzero frequency
we obtain a function of both operators. The vector
g, represents the impulse response in phasBuring

this phase, the switched network is a stationary system
described by (20). The impulse response is defined as

2)

w(t) = w*(kT) for te (kT,KkT+T).

In this case

VS =[E - Fz Gy + ¢ (T)Gaz 1/ Tye
Vs =[E — Far |7 Ge + g5(12)Gy ]2t VE (35)
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Fig. 7. Example of an SC filter.
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Fig. 8. Frequency responses of the network in Fig. 7. The sampling frequency is 100 kHz. Switch resistances are 0 for cufiefdr, Gfve 2,
100 2 for curve 3.

zero-state response. If the exciting signal is a Diraghere the symbol, denotes a contour integral. Substituting

impulse, we have (39) into (30), we obtain after some rearrangements
1 T;
) - ) PR
Y.Vi=D;, i=12 @  Gilsa)= 27rj/0 /CKZ(p)ep ¢ dpds
1 =T _q '
where V; is now a vector of the impulse response in “2rj /. Ki(p) p—35 ap =12

operator form. In other word¥/; is the vector of the Consider thenth element ofK;

It is a rational function
transfer function of switched network in phase ().

Ai(p)  ao+aip+--+app"
Vi=K, i=12 (38) Bilp)  boAbipt oot bup™
The denominator is the same for all elements of the vector

K ,(p) and its roots are the poles of the switched system in
phasei. The correspondingnth element ofG; is

(40)

Each element of the vectdf; is a rational function of
the operatos. Coefficients of this function can be found
by applying the QR algorithm to the matrix equation ¢ _ 1 [ A(p) eI -1 J
(20) for Wy, = W, = 0. 2rj J. Bi(p) p-s
We will derive the integral (30) using the transfer functionThe integral can be solved using residue calculus. To simplify
The impulse responsg, can be calculated as the inversehe steps, consider simple poles of the system during phase

i=1,2 (41)

Laplace transformation Equation (40) can be decomposed into partial fractions
Ai(p) N R
1 —
(E) = — (1) ePS i = = (42)
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wherepy, is a pole andR;, its residue. Selecting proper contour Example 2 — Analysis of Both Switched- and Continu-

of integration we get ous-Time Circuits: For a continuous-time network, the result-
ing transfer function will have only the operaterAccording
M R T to the superposition theorem, excitation of an unswitched net-
27TJ /Z D—pr _ s dp work can be considered as the superposition of nonoverlapping
fragments of input signals in phases 1 and 2. Transmission of
_ i 1 — elpe—s)Ti these input fragments to the output is described mathematically
= 5 — Dg by GTF's ..KH,K;LQ,.Kgl, and Ko, see (27). Interpre'tanon
s of the equivalent signal [5], [6] leads to the conclusion that
_ Ails) _ T Z R P T classical transfer function of an unswitched network can be
B (s) =1 5T Dk calculated from partial GTF’s as follows:
_ Ails) _; (T)/TC i(s) i=1,2. @3) K(s) = Ku(s,2)+Ki2(s,2) = Ka1(s,2)+ Ka2(s, 2). (44)
S

We will analyze theRC network in Fig. 6(a). Itss-domain
The polesp; and coefficients of the polynomiald; and B; transfer function is
can be found using the QR algorithm. Coefficients of the 1
polynomial C; can be obtained using the poles afigl Using K(s) = 1+ sRC

these steps, we calculafe; in a semisymbolic form. . o .
The algorithm based on the GTF needs the switching périod

but the result of (44) will not depend on its value. Switches in
VIl. EXAMPLES Fig. 6(b) operate so that they eliminate each others influence
nd model fragmentation of the input signal. The algorithm

We will demonstrate the program on examples. AErowdes the following solution:

semisymbolic and numerical results are outputs of the program

SPIN [8] 1(377) KQQ(S 7) !

Example 1 — Semisymbolic Analysis of Ideal and Nonideal 1 —0.999000499 83321
Switched Capacitor Circuits:Consider the SC lowpass filter 1 —0.999500 124 979z 1/2
in Fig. 4. Nonzero switch-on resistancBs and R, in phases ) 1+10-3s
1 and 2 are taken into account. Our aim is to obtain the 0.999 500 124 979,—1/2

input—output transfer function by considering input and output Ki12(s,2) = Kai(s,2) =
samples in phase 1. In an ideal cafe= Ry = R2 = 0. The
transfer function is completely described in thelomain

1 — 0.999 000499 83321
1 —0.999 500 124 9792~1/2

1+10-3s
K(z) = Cy 271 Ki1(s,2) + Ki2(s,2)
(2) = Cy + Cy G, — Kon(5.2) + Kna(s.2) = R _ (o)
l-oxa” 2 22 14 1035
1+ Co

_ _ ' . Example 3 — Verification of Semisymbolic Analysis, Influ-
and our system is modeled as a first-order discrete-time systgfize of Switch ResistanceFhe SC lowpass elliptic filter in
with a periodical frequency response shown in Fig. 5, cungg. 7 has frequency rejection at 0,Q3and has the resonance

1. For this ideal case, our algorithm gives maximum at 0.0f,. The sampling frequency ig, = 100
kHz. The filter was designed for ideal elements, but labora-
~0.090909090909~ 1 _ tory measurements have shown considerable differences from
K(s,z)= x1=K(z) . . .
1 — 0.909090909091~—1 the required response, due to actual properties of switches.

Computation of the-domain system functions was performed
where multiplication by 1 denotes the value@f(s, z). This in [2]. All system functions have the same denominator,
can be verified by inserting numerical values. independent of the choice of input and output samples. Its

Analysis of GTF's for a nonideal switched network with alsymbolic form is
resistances leads to the mixsek description shown at the .
bottom of the page. det =1+ a127" +azz
The second fraction denoté (s, z). Resistors increase the, .
z-domain order to 2 and add ogedomain pole. The resulting

—2

frequency response is not periodic any more—see Fig. 5, curve 4y = CalCs+Cr) 4y =1 CaCo
2. C1Cy C1Cy
0.0909075725732~1 1 — 0.4028903215292~1/2
K(s,z) =

1 —0.9457249375242~1 4 6.728953601465 x 10=6z~2 14 5.5 x 10765
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Comparison of the semisymbolic result agreed with exadp] L. L. Ming, “A tutorial on computer-aided analysis of switched-capacitor
values. The analyzes have shown significant influence of IE(SL circuits,” Proc. IEEE vol. 71, pp. 987-1005, 1983.
|

. . . C. K. Pun and J. I. Sewell, “Symbolic analysis of ideal and non-ideal
switch resistances. Corresponding frequency responses ar switched capacitor networks,” iRroc. ISCAS85pp. 1165-1168.

Fig. 8. For semiconductor switches with typical resistances [fi] D. B. Ribner and M. A. Copeland, “Computer-aided analysis of nonideal
TRT S i linear switched-capacitor networks for high-frequency applications,” in
about 10012, the real response will differ significantly. Proc. ISCAS85pp. 1169-1172.
[12] E. P. Rudd and R. Schaumann, “A program for the analysis of the high-
frequency behavior of switched capacitor networks,Pnoc. ISCAS85

VIIl. C ONCLUSION pp. 1173-1176.
. . . . . [13] A. Opal and J. Vlach, “Analysis and sensitivity of periodically switched
A novel algorithm for mixeds-z domain semisymbolic linear networks,1EEE Trans. Circuit Systyol. 36, pp. 522-532, 1989.

analysis of general linear networks has been presented. THg J. Vlach and K. SinghalComputer Methods for Circuit Analysis and
. . . Design New York: Van Nostrand Reinhold, 1983.
a_llgorlthm_ls based on the th_eory of g_enerahzed tran_Sfer fu 5] D. Biolek, “Time domain analysis of linear systems using Laplace
tions and includes both classicaiomain transfer functions of inversion,” Radioeng. no. 1, pp. 17-20, 1994.
continuous-time networks angddomain transfer functions of [16] D. Bedrosian and J. Vlach, “Time-domain analysis of networks with
. . . internally controlled switches,lEEE Trans. Circuit Syst.vol. 39, pp.
discrete-time networks. In case of general switched networks, 199 712 1992.
the resulting transfer function has both operators, to modér] F.R. GantmacheMatrizentheorie Berlin, Germany: Springer-Verlag,
simultaneously the mixed continuous- and discrete-time char- 1986
acter. The algorithm can be used for efficient semisymbolic
analysis of classical and mixed-mode systems.
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