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Discrete Time Domain Modelling of Electromagnetic
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. o . |
; Technical University Munich J
i Hérsaal 0606 (Theresianum) '
The workshop will be organized by P. Russer and J. Nossek (both Technical Unversity Munich) uz;der
D hip of the European R h Office (ERO) of the U.S, Army.
Program:
%
} Thursday, October 24, 1991:
SESSION Al (Chairman: Prof. J.A. Nossek)
1000 Opening Session K. Steinbach
10:10 Overview of Discrete Time Domain Modelling of Electromagnetic Fields P. Russer
11:00 Radiation and Scattering of Transient Electromagnetic Fields L B. Felsen
11:50 - Break -
SESSION A2 (Chairman: Prof. P. Russer)
13:20 Finite Difference Time Domain Modelling of Electromagnetic Fields 1 Wolff
14110 TLM Modellng of Electromagnetic Fields W.J.R. Hoefer
15.00 ~ Break ~
1530  Multi-Dimensional Wave Digital Filters A. Fettweis
16:20 Recent Developments in Numerical I of Differential Equations W. Mathis
SOCIAL EVENT (at Seehaus/Kleinhesseloher See, Munich 40)
1900 Song Recital with Piano and afterwards Dinner
¥
; Friday, October 25, 1991:
4 SESSION B1 (Chairman: Prof. W.J.R. Hoefer) N
-
830 Cellular Automata L. Thiele 1
9.20 Cellular Automata G Wunsch i
1010 - Break -
; 10:40 Aralysis of Nonlinear Microwave Circuwts via the Time Domain T. ltoh
Voltage-Update Method
11:30 Nonlinear Time Domain Modelling of Networks M. Sobhy
’ 1220 - Break -
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SESSION B2 (Chairman: Prof. A. Fettweis)
Short contributions:

Plane Wave Scattering from a Large Strip Grating

1355 - Break-
Eigeafunction Expavsion
14:30 The Hilbert Space Formulation of the TLM-Method
' 1445 Late Contnibutions
CONCLUDING SESSION

1600 Open Forum,
Panel Discussion

Further short contributions will be accepted at the workshop.
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1310 Efficient Analytical-Numerical Modeling of Ultra-Wideband Pulsed L.B. Felsen, L. Cann

13.25 Transient Currents and Fields of Wire Antennas with Diodes N. Scheffer
1340 Calculating Frequency Domain Data by Time Domain Methods M. Dehler

§ 1415 Time Domain Analysis of Inhomogeneously Loaded Structures Using M. Mrozowski

M. Krumpholz, P. Russer
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Overview over Discrete Time Domain Methods in
Electromagnetic Field Computation
Peter Russer !
Abstract
‘The modelling of fields in the time domain describes the evolution of physical
quantities 1n a natural way. Transient ph , nonl and dispersive beha-
viour, the charactenistics of systems with moving boundaries or with time dependent
properties are best descnibed in the time domain, In this contribution different ap-
proaches for time domain modelling of electromagnetic fields are compared.
1 Introduction
For electromagnetic field modelling techniques have been developed (1,2,3). The

modelling of fields and networks in the time domain 1s highly attractive since it describes
the evolution of physical quantities in a natural way. Time domain modelling 1s especially
advantageous 1n the case of transient electromagnetic fields, fields in nonlinear, dispersive
or time-dependend media or in regions with moving boundanes. One of the main advan-
tages of time-domain modelling of electromagnetic fields is the local dependence of the
field variables on space as well as on time. Within discretized space and time the state
of the field in a given point and at a given tune depends only on the field states of the
neighbouring points at previous tumes This allows a highly parallel computation of the
time evolution of the discretized field.

In modelling of high frequency circuits we have to deal with the network as well with the
field concept (Table 1). Whereas the field has a spatial structure the network structure
1s topological. However if the field is described by a discrete set of base functions as 1t 15
done for example in the method of moments (4,5 or 1f the field is discretized with respect
to space we obtain topological relations between the state variables of the field This
allows to apply network-theortical methods to field problems.

Lehrstuhl fiir Hochfrequenztechuk, Technische Universitdt Minchen, Arcisstrasse 21,
D-8000 Munich 2, Fed. Rep Germany
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Table 1: Concepts of Field Theory and Network Theory

NETWORK FIELD

o

Topological structure Spatial structure
Time, Amplitude Time, Amplitude, Space

Continuous

P
PO,

¢ o Analog Network o Electromagnetic Field

Discrete

By U,

o Digital network ¢ Cellular Automata
¢ Discrete modelling o Discrete Modelling
of analog networks of fields

PR,

In the following we shall focus our attention on four approaches for time domain modelling
of electromagnetic fields.

o The finite-difference time-domain (FDTD) method

o The transmission line matrix (TLM) method

o The field modelling by cellular automata

o The field modelling by multi-di ional wave digital filters (MDWDF)

2 The Finite~Difference Time-Domain Method

The finite-difference time domain (FDTD) method 1s the mathematical approach for the
solution of partral differential equations {6). The partial derivatives are simply replaced
by finite differences. In 1966 Yee has first given a finite-difference time-domain scheme
for solution of the Maxwell equations {7,8,9}. In the FDTD method space and time are
discretized with increments Al and Af, respectively. The field component placement in
the FDTD unit ceil is shown in Fig. 1. The side length of a unit cell in our notation is

241

e

Space and time coordinates are given by z =l Al,y =mAl,z =n Al and t = k At. The
FDTD scheme for the solution of the Maxwell’s equations 1s then given by
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Figure 1: Field components in the FDTD umt cell.
HP(Umetn+l) = H(m+ln+ )+
+5{E:(l,m+l,n+2)-Ef(I,m+l,n)+
+EX (Lmyn+1) = EX(bm +2,n 4 1)) (1)
H I+ Lmn+l) = HTN(+Lmn+ 1)+
+£~[E,"(I+2.m,n+l)—Ef(l,m,n+l)+
+ES(1+ 1,m,n) = B (14 1,m,n +2)] o)
! HH'(4+mtLn) = HEV (U Lm+1n)+ '
' +;—{Ef(H-l,m+2,n)—Ef(l+l,m,n)+
f +E}(,m +1,n) = B (14 2,m + 1,n)| @)
: EX*(l41,myn) = EF(l+1,mn)+ s
+§[H:+'(1+1,m+1,n)-n:“(l+1,m-1,n)+ o
+H (14 Lmyn = 1) = B (14 L,man 1)) (4) ‘ e
B {lm+1,n) = Ef{lm+1,n)+ Py
g +§[H:*'(l,m+1,n+1)-H§“(z,m+1,n-1)+ ‘ ;
! FHR (= Lt Ln) - B (1 s Ln)]  (5)
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Ef”(l,m,n-{- l) = E:(I’m1"+ N+
$
+= [ g+ ,mn )= P (1= mn 1)+

+HE (hm=Ln+1) - HE¥ (,m+1,n+1)]  (6)

with the stability factor
@
where ¢ is the velocity of light, At is the time interval, Al is the length interval. The
condition for stability 1s given by

st (8)

V3

The FDTD scheme gives the new field state at the time . st as a function of the field
states at (k — 1) At and (k ~ 2) At. Also the new spatial components at I, m and n are
related to the spatial components at {1, 142, m& 1, m%2,nd1 and n:: 2. However
all electrical field components with even values of &, are only related to the magnetic field
components with odd values of k and vice versa.

Investigating planar circuits within the magnetic wall model a two-dimensional finite
difference scheme may be applied {10). For the circmt plane paralle! ¢o the z ~ y-plane
the electric field exhibits only the z-component and the magnetic field exhibits only the
z- and y- components The surface current J flowing in the upper plane of the planar
circuit is given by

J=-e,xH )
where e, is the unit vector i z direction. The voltage V between the plates is given by
V = =dE, (10)
where d1s the distance between the plates,
.y 03z, y,t
TVt = -jL, 2G0) an
N OV(z,y,1
v A(e3,0) = -0 E0Y (12)

C, 15 the capacitance and L, is the inductance of an arbitrary square element of the
two-dimensional parallel plate line.

Iy = JF ((myn) +

+28 [t 10 = V41,0 (13)
I (mn) = I ((m,n) +
2L [V myn 1) = Ve + 1) (14)
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V¥ m,n) = V' ((m,n)-
’cAT; (7 m 4 1,m) = S (m = 1,m) +
+JF(myn 4 1) = Jf (m,n = 1)] (15)

Nonrectangular gnds have been treated for the FD method [11). The analys:s of radiating
structures requires the termination of the grid with absorbing boundaries [11,12,13}.

3 The TLM (Transmission Line Matrix) Method

The transmission line matrix (TLM) method was developed and first published in 1971
by Johns and Beutle {14,15,16,17]. In the TLM method the physical analogy and the
isomorphism in the mathematical description between the electromagnetic field and a
mesh of transmission lines is used. The field evolution 15 modelled by voltage pulses
propagating on the mesh hines and being scattered in the mesh nodes. Field theoretically
the TLM method 15 based on the Huygens principle [18,19]

In the TLM model space and time are discretized in length intervals Al and time intervals
At, The intervals Al and At correspond to the real space and time intervals without
scaling if Al = v2cAt/ /% is chosen, where ¢, 1s the relative permittivity. Fig. (2)
shows the port bering of a two-di ional TLM shunt node.

4

Figure 2: A two-dimensional TLM shunt node.

The scattering of impulses at a shunt nodeis described by the following equation:

wY wY)
Vi 1
=8
" " (16)
N2 RA2
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Z, is the characteristic mesh line impedance, given by
ko
Zo=
= A (a7
where 5o = 3779, h 1s the height of the planar structure, and ¢, its permuttivity.
The node scattering matrix for a shunt node is
SN
Voo do
S=11 17 A1 (1)
2 1 "1 12
L T T 4
2 3 7 "3

Lossy subregions can be modelled in TLM by connecting a lumped resistor or an infinitely
long transmission line stub across each mesh node [20]. Also the modelling of nonlinear
passive elements has already been treated [21,22,23]. Nonlinear active regions may be
modelled by connecting nonlinear active circuit elements to the mesh nodes [24,25)

The voltage wave pubses 4V, inadent on 2 TLM mesh node depend on the voltage

wave pulses k-1 V,l,, o

emerging from the neighboring nodes as follows:

k#lv)l.m.n =k Va’.m.n
kﬂvilmn=k V:mn (|
mn =k 19
k41 Vs'.m,u =k Vl'.vn.n )
k41 V4‘,m.n =k V?'.mm
Eqgs (16)-(18) and (19) descnibe the complete algorthm for the time discrete field evolu-

tion.

For the wo-dimensional case Johns has shown the relation between the FDTD method
and the TLM method (28]

Ey=pq" +r (20)
with
qd = %(111\] (1)
pT = {111 22)
r= -1 (23)
r1B = 9C (LB, + 1 V) {24)
1415, = qCp o E.qCrCp 1 E; + gCrCp 4 V* (25)
With
CrCr = al (26)
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Figure 3: Three-di ional symmetric condensed TLM node.
where a 15 a constant we obtain
t41E:r = qCp 1 EiqCrCp i1 Esaui B,y 27)

Wz now have an algonthm relating 41 £, to 1 E; and tog1 E,. We have reduced the
variables but increase the time depths of the algorithm

Different TLM sch have been proposed for the three-dimensional case {16]. A sym-
metrical three-dimensional condensed node has been introduced by Johns {26,27). Fig. 3
shows the symmetric condensed TLM node In the three-dimensional case we havs to
introduce twelve wave amplitudes The voltage wave vector is given by

1] 3 VAl 13 P4k 74) A YA AR TA) L] L] T
L A A A AR AR AR
Vo= VIV vl (28)

the incident wave pulses yV' at ¢ = kAt and the scattered wave pulses z4,V” at ¢ =

(k + 1)At are related by i
gV =5,V (29) ’
§
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the scattering matnix S given by
o T T7
S={TT 0 T (30)
T T7T ¢
with ,
0 o4
0 0 ~
T= 23 @y
1 L o 0
1 L o0 o0
We introduce the field vector F given by
F= (B -’-HT]T (32)
=g
The wave amplitude vector , V},, , is related to the field vector xFimn by
F = QV* (33)
Vo= %QTF (34)
with
6000 0 001 1t 110 O
110 0 000 0 001 1
60t 1 110 0 00O O
7 = 35
Q 0006 0-110 0 001 -1 33)
001 -1 006 0-110 0
-110 0 001 -1 000 0

Structures to be analyzed in TLM may be segmented into substructures. This method
first proposed by Kron is called diakoptics [29,30,31}. Within diakoptics the scattering
of waves by boundaries is expressed via discrete Green's functions or so-called Johns
matrices [17}. Discrete Green's functions may also be computed algebraically [32) The
TLM method in connedtion with absorbing boundary conditions has already been applied
to the analysis of a slot antenna (33}

4 Cellular Automata

John von Neumann’s most extensive work in the theory of automa.a was the investigation
of cellular automata [34]. The results of this worh are contained in the manuscript “The
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Theory of Automata- Conatructlon, Reproduction, Homogenelty [35). John von Neu-
tomata are homog two-d ional arrays of square cells, each

mann’s cellular
containing the same twentynine-state finite automaton. Any cell can assume at a given
H time the unexcitable state, one of twenty quiescent states or one of eight sensitized states.
The itable state rep ts the presence of no neuron. Quiescent cells can respond
{0 stimuli from adjacent cells. The state of a cell at a given time is determined by a set
* of transition riles. The state after the transition is determined by the initial states of
the cell and of its four nondiagonal neighbours. John von Neurnann has shown that the
twentynine states are sufficient to accomodate all logical and construction circumstances
that may arise and also to establish all transition rules for moving from one state to the 3
other. He demonstrated the logical universality of the cellular automata by showing how
Turing’s machine model can be reformulated in terms of cellular automata.

John von N also has pl d the conti mode] as a further refinement. In 1969 ,
Konrad Zuse discussed the modelling of the Maxwell’s equations by cellular automata {36).

e e ——

Cellular automata now meet with growing interest for modelling of physical systems [38].
The discrete system may be described in state variable form {37}. An autonomous system

is described by
w(rt+1)y= Y A(F,r)a(r',0) (36)
€Ay

In vector notation this is given by

z{t + 1) = Az(t) (37)

where z(t) is the state vector and A 1s called the transition matnx. The discrete time
variable 1s ¢, and r 1s the dscrete space variabie.

As an example we consider the telegraphist’s equation (37}

di v
-L;& = Ri+ (—,)a-
v T

The corressponding difference equation is given by

-LAn = Ri+Aw
-CAp = Gv+An (39) ¢

———

A and A, are given by 3

Ap(z, ) = a,t+1)=1(z,0)
Axa(z, ) = e+ L) =(z,0) (40) X .
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, The state vector z and the transition matnx A 1n eq. (37) are given by
E - [ i(zv:)
5 z= v(z,t)] 41)
and
A= Ao+ A4 (42)
with .
-% 0 3
5 Ao = Lo -g (43)
0 -1
Ay = t -1 0 v (44)
i Using the Z transformation with respect to z the variable £, given by
00
Z{z2(z)} = 3 2(v}¢™ (48)
a0
and with
2{8:2(2)) = (€7 - 1) 2 {z(2)) (46)
we obtain
26t +1) = Az{é, 1) “n
with

L)
A= -1 48
=g )

This result may be transformed mnto a digital cirewt  Fig. 4. shows the corresponding
digital model of the lossy transmission hne.

5 Field Modelling by Multi-Dimensional Wave Digital Filters

The numerical integration of partial differential equations using principles of multidi-

mensional wave digital fillers (MDWDF's) has been proposed by Fettweis [43,44). The

continuous-domain physical system 1s simulated by means of a discrete patsive dynami-

cal system. Ir this method in a first step the partial differential equation 1s modelled

by a mult:idimensional analog circuit. This circuit is then transformed into a MDWDF

equivalent circuit (45}, The advantage of this method is the robustness of the algorithm
' even under conditions of of rounding and truncation operations.
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1/L
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u{z - 1,1) u(z,t) u(z +1,1)
Figure 4: Digital model of the lossy transmussion line.
Let us consider as an example again the two~di al elect gnetic field probl

associated with a transverse electric field between two metal plates. We investigate the
equations

z'h', v

L.(')—t; + Rl] + '5'[—‘ = ul(t) (49)

Oy v
Lé!—g + R+ 5’; = uy(t) (50)

61'1 alg v _
0'—“ + ;,)T’ + s +Gv = u:(t) (5])

The variable {3 corresponds to time, whereas ty and {; represent the spatial coordinates.
The current density components in the upper metal plate in the directions ¢; and ts,
respectively, are given by 13 and 12, and v is the voltage between the metal plates. The
inhomogeneous terms uy, uz and u3 represent distributed impressed sources.

In the three-di ional complex frequency d we obtain the algebraic equations
(pal+ R)h + plsls = Uy (52)
(pol + Ry + po R3]y = U (53) t
PRI+ pRsh + (pC + G)RYs = Us (54) %
3
where p1, p; and ps are the complex frequencies The corresponding analog circuit repre- L
senting the partial differential equations is depicted in Fig. 5 Note that the this equivalent i H
circuit represents the complete field, i
|
-
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’ Introducing the differential operators l
a
Do=g  for vy=1..3 (55)
yields
(Dsl+ )L + DyRsly = Uy (56)
(Dglz + R)l; 4+ DRy = U (57)
DRyl + DaRsly 4+ (D5C + GYRAy = Us (58)
Using the trapezoidal rule for integration yields the replacement of the differential equa-
tions by the following difference equations:
v(t)-v(t=T,) = R(t)i(t) ~ R(t - T.)it -~ T,) (59)
W)=t -T,) = G(th(t)~G(t - T,)v(t-T,) (60)
where t 15 given by
t= b ta) (61)
the vectors T, are given by
Ty = (100,07, To=0.70, Ts={0,0T, (62) |
T is an arbitrary positive time increment and 7y and T are related to T3 via i ¢
T, =T = VAR/VIC (63) oo
and R(t) and G(t) are given by N
i i
R(t)=2L(t)/T,, G(t)=2C(@t)T, (64) .
. :
2 ! :
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using the wave digital filter design rules the circuit according to Fig. 5 is converted into
the wave digital filter circuit shown in Fig. 6. The methods of MDWDFs ensure that
the algorithm 1s recursible and that the full range of robustness properties of WDFs is
conserved

Figure 6: Wave digital filter

6 Conclusion

We have compared four different methods of discrete time domain analysis of electroma-
gretic fields. The methods originate from different theoretical frameworks. Whereas the
FDTD method is based on mathematical considerations, TLM oniginates from a line mo-
del. The method of cellular automata is based on the theory of automata and systems and
the method of MDWDFs uses the analogy to multidimensional circuits and wave digital
filters. There are interesting analogies between these methods. Each of these methods
contributes special advantages and interesting contnbutions to the solution of problems
also relevant in the other models
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RADIATION AND SCATTERING OF TRANSIENT ELECTROMAGNETIC FIELDS

by

Leopold B, Felsen
Dept. of Electrical Engineering/Weber Res2arch Institute
Polyechnic University
Farmingdale, NY 11735, USA

ABSTRACT

"Ultrawideband® (UWB) and "Very Short Pulse" (SP) provide alternative designations
for the same class of transient electromagnetic wave phenomena. However, UWB relates
these phenomena to the frequency domain whereas SP relates the same phenomena to the
time domain (TD). By generating SP-TD data through UWB frequency synthesis, the
evolution of the TD signal with increasing bandwidth can be track:d systematically to its
highly localized UWB form. Localized pulse-like features (observables) in data suggest that
modeling and interpretation in terms of a TD "observable-based rarametrization” (OBP) is
physically more appropriate. Implementing a TD-OBP requires new thinking and concepts
directly in the time domain. A systematic OBP strategy for learning to “think TD" via
identification of TD wave objects is proposed and jllustrated by examples involving SP
excitation of layered media, strip gratings and aperture-coupled cavities. Of special interest
is the TD evolution of the strongly dispersive leaky modes, Floquet modes and cavity modes,
and their role in synthesizing the SP response.
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VERY SHORT PULSE SCATTERING:
TIME DOMAIN OBSERVABLE-BASED PARAMETRIZATION
Leopold B, Felsen
Department of Blectsical Engineering/Webet Research Institute
Polytechnue University, Farmmgdale, N.Y. 11735
eteact; ing radar ing from targets and stiuctuses, and & host of other applications in
other enviropments, thess has been a secent t:eaa toward eléctromagnetics that have traditionally been sddressed
vide and evea ultrawade bandwidths (UWB) inorder to thuiking and operating In the frequency domain, In
enlarge the avadable data base and information retricval present context, UWB implies pulse durstions s0 :
oplions, In the ultrawideband (very short pulss) regume, short a3 to permit resolution of relevant Tocal features in i
analyss and wia the frequency domadn becomes the gated cnv Jtocing, separated i
not* only computationally intensive bur & abo scatiered armvals, The Pros snd cons associsted with the !
incorporates the wrang physics for interpreting the dicect TD approach, e:gleiddly the need ot direct
vobservadles® (tima-resolved spikes and dipt{ a8 well 88 soutse-s! recelving  and _ data-proce % !
other nonharmonic maxifestations) in the time domam instrumentation, are being actively debated within the
(D) dan It s therelore  suggestive 10 axplore selentific and engineering comymurity, While there are
data P ing schemcs Ued to the TD strong opinlons voiced from both eads nf the spectrum
crvables by observable-based parametrization {ORP; (figuratively and {iterally), therc appears to be yeneral
mru\mhawwlgumdsynxheghm: , bullt :’mmm ‘that much naore bas 10 be underitood about
durectly around sell-consistent combinations of TD basis rect-TD wave processes and phenomenology, direct
Clemeats and wve functions, instead of the conventional s analysis and synthesis, and oer dweat ID .
procedurs based on time fe constiruteats, These Tamificstions, before an objéctive assessment G he
concepts are explored here and llusteated by examples made.
> This pagee presents & strategy for systematic anaintic
1. ntroduetion and summery modelisy ey ' the tume i Weils Fmer
While all signals, whether controlied by man or synthesis fram the frequency domain may be the mast
cansed by natural events, are trarsiens in nature, the teluble, though cimmom{‘xome‘tor furaishing imrlally
and sythesis of ransicnt-source-excited waves the outeses of a0 cal o numencal experiment
2nd the interacuon of these waves witb emasoamental s 18 1o be followed by ‘direct 7D inierpretation and
featurcs has generally not been performed dumz inthe poramentzation of the results, thereby permituing thext
time domaia byt has been structured ar time: bssquent quanhi ctlon in terms of TD
h pproach has been favored wave  amlyiis, synthesis and  daa essing.
because kp{:pt :v;t:nm cmﬁwnmm:‘ ‘gﬁxﬂ& sespond Implementation of the strategy proceeds a8 &
Y10 p slgnal sp :
(they are dispersive), theredy rendodn;'opmtm K] + &&m“&mwu&fwm
frequencacs OF over narrow bands of frequencics PO A aadet SF pline wave, dipale, buarg-
move easily contrcllable. Yet,it has been recogruzed that oyt P s, gﬁ' 1ype,
o data buse for extractmp certain types of informanion - (i d&aw:umm o e, srgenural
tn panticular, {n Teference to environment interrogation Vdfor maeral dspertion, e erior v
‘assification ~ becomes more ¢fective by operatung o piding % oy 24 ,
over wider frequency bands. Continuing along these Lines couptng i
to successively tyoader frequency spectra eventually b. Gensrate rigorous TD sefarence solutions by ay
yields nput signals coefined 10 short time fatesvals, in convendent techew but mwm-um
contrast 10 the lanﬁmnum quul-m-sme decomposes the P into basis el ins
waveusins with narrow frequency bands. { (sz}wmumbﬂ-mqumy) phase space:
Dase wide tirae dm:n;\ ) events i mu wave pre- and post-signal processing
p pr dnciy "obearyable® features {n the TD date: splkes, -
summbersont from the poust of view of data processing ¢ 1 Anendiv il
&uﬁ‘:i\ad ph;:k‘:l. wavefields ggﬁm@d w?m d :w”\o ml.wlly vis :l:p::e space ptocumf fnb, i
oW h
spikes and di * the frequency domain interpretation of tawe SP-TD wave pheacmena fesponsible for the
guchwave!u&'mx_obebmdminm bles; this Tmay involve time fesolution and : i
ind  dmtructve  interference between harmonle time wandows; Jocalized mull TD {
wavetruns at variovs frequencies. ‘This suggests that sresonant® efacts, and their relation to phenomend § H
sarious attention should be given to spprosching TD various {requency windows;
mnumd;\'e:g :hmp\\ku(ﬂm)‘dwa&hmdpe procedurs Mznhu f .
mum%mmwm&m cmmvm&by £
thwymiww‘)m ‘The dizect TD .ym&mmmmm
DI new physical concepls, new signal tonpord wavenumber
b 1 Tew instrumentation, e1c. TO reverses
Disst UVBTD kg, 18, o2 o 5 Fas e Suiy
Porowe sensing, targed detecuon and idenidicaon pramctrization s expectsd
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the 4 and which thereby play & fundamental rolc n field 1
thereby date 3 class of symhm. thzmdp = (K.y) denoting the coordinates
problems instesd of a single prototype. It is also and to the hﬁ Interfaces,
pot more ‘eamenz sorr n&myymﬁgo;l in (F ial
P nale parameter regume: mﬂn]
‘gxop parametric b&‘mmm of data in the time w wavenumber doma(n ke ™ (k .k.,) md v.he tempunl
wavesumber (frequency) domain w, solving the 2z-
ot st e o R (e S
y ploy P jons across ay ¢ i
oBP P U'B" conditions at the soutce location 1= ,y 27, A d
spectr
% al theory of transients in which the following generic form for the potential funmonl at |
wwp::crued pulsed transient mﬁm expnssed tbespm-un:!e‘ obseml point (,‘:g)t. !
diectly in the tme domain b‘)&:parlal spectral !
superposition of ransient basts flel f(r,(;;',r)-—mmdk.dh, Feug'vmk) (1) |
|
2. The hybrid wovefrontreionance slgontha, which where the wave ob;en ¥, defined in the (space- ume) ;
fields k'.V (wavenumber-ftequency)  phase  space, has .
o irﬂwmemw.s media in lemu of 3¢} w composition e
o eronale) e o a’if“ ; :e Fab(sz wk YDk )T expli lo-e3hultt ), (12)
unmud the ent tinction between 4 ot
the ently tme &nd late ume responsc, and has sndthe Diswritten b
thereby clanified the Emtations associated wath the Diwk ) = 1-Ru(ak, IR (k) (1b)
singuliiy expaason method Here, R, and R, are spectral domain vellection
, " onrith ; :oe.ﬁ‘ldenu feen looking along the (+2) and (-2)
> d‘?&mposium u?du:lbsaqucnl r?:or'nmmﬂ of  For the most versatile wfi‘«‘;'eﬁ?iz‘&‘f?;&mx{ -grzah
ggt;;humw nic of ‘;mmof; & ln;gd‘;'ﬂfgm‘f m(l)&ituus:?l 10 sepacate (1/D) selt-consistently into
wavenumber p_}xhue space Jatilce o[:uxé‘ a phue spotgg le Tode” constitucats . o
coniny e beam are . .
Al 20 A0 .,',?“t‘y‘:é semerenly ;‘,“5““’ e £ RRFIRRTRRTD Y
complex propagation and scattering encounte: d
PR ReRy <l @
4, The compler :oum int (CSP) method for Obtaned by partial power scties expansio, each term in
odchn:' P& bm ry;‘w uzprux and the the senu rtion ?&wmenu m?mes reflected waves
mnermlommzpuls 4 bearns by environments. which ¢an be maripulated {ato generalized ray fields
Tbe OBP modeling umezy desetibed sbove has been z‘" synthesss, "‘bﬂ‘w the temu&dcir. with {ild’ x:son:(r‘n
applied to l vancty of propaga nonmmd scaenng mf}&“ N‘&: m %, unp ML o““° guided m: m:
S (9] Tt sl b bsn g Ny s o Bl “?.u?e' y
Cover
w:m!s 'mmlem SP scattermg by UWB ,h:,q,,_ ,,"% field s?&es. and intact uunuon of D™ fu
subsequent dwect TD-OPB, i csem’y m# mode fietd series.
&mp!omemed for various cnvilonmcnml conditions. For geeatest flexibility in sul v?‘m reduction of the
plane wave scattering from 4 sht coupled canty has formal spectral Lnumu in (l). th u is useful to
cady d {30). Other cxamples mclude treat the read potential  as gnal £, defined
SP exciration of intbe lower wot the complu t pluu'.
a. unglendmu!zxple fnp targess . e
b, periodic and quasi periotse armays of strips without Ltz )";{“w(f'” WrkdeMimi0 @)
and with a reflecting plane backing. -
¢ planas and cylindrically layered dielectrics Tltw) = [ fo () et 5. 1) = Ref, () (32)
These lattes examples permit investigation of the TD nificant _op
buldup of X o e aios andof upesihe e ‘&&M“’“‘“"N“‘:Tﬂ: u‘\xt‘hmim o erformsd
nuocnwd with nodxc ﬂmcmm and ‘“‘d‘ga mgdbe afer or before the k jon The former is the H
understandin oome conventional soute, ;om; from the full solution in the '
i bl ’“‘m “f;“ Hudies °§,§m‘“‘ by chttet frog e'lmm doman i the tme domun whic 15 late 3 :
presenied bere o the source lh«u csin; lhﬁ .
2. Syntheals options for TD dyadic Green’s Functions ﬂ!ernadm to;etw wuh ﬁnmn in (2). g
planss to ldescenl ths (SDP) lh:ou hnddle -
A Plenslayered diglectrlc mudia Dot of the “&fi.m onpe‘ m?(miv)e W ot ybnd
1. Formal aspects -w-modv [
Dyadic Oreey functions for plane smuﬂcd
et wmmmag‘ rae:com{l\x o un R ,(‘“"““‘““7"“‘" }
Y n wel et
e o&n iesasie (31), The dyadic Green's * o (modiied mods il
may be derived {rom suitably chosen scalar poun ’ {
. $
- L i
v ’;’:“: o~ - o e BB oo W W b

o n armmonc b it 3% Sl
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+ (Ray-mode remandes)y, , )

E:‘;h nterm i u\ei éim se‘ges coenvx:’m‘m SD‘l;wimc g)
with 2 " ot evaluation sacdle
“int mmef au:y;u-ume ray field (wavefront).
“ach g-term in \he second seties anses lrom 2 residue &
of D’ encountered dunng the SDP

oe(ornmm while the hst term in(4)isa !Bybnd spmnl

’ns y and Ny SDP's, having a.
ny h"“dg:dpom:ﬁr ebuumod’e-typemp litude.

tbesmndlmln@.. Dem!so{l

redumom may
be found in [32}.

The ] and
perfonninx the spewalorsynthesu Iead 10 \he follwhg

cqustion that
defines the modal contributions in (4)
DDk, )20 k (W)b) Dlwmek Ju0m wn(k ) ()
Heze, qmp ldcnu! the conventional :&u
dependent spatial wavenumber poles k (w). ey

m identifies the nowmvennnml wavenumber
zependem frequency poles wm (&) The cormpondin;

modal itudes inferred from the
'r m;ndm l(1l).m‘:l);h 2). eval\med at

G () 30 (om0 Tty

2 Mode asymptotics

The lpemi! integrals, which remun in the com; lu v
and the complex k" planes for the options in (Sa) and
(St), i\ :,c:nbc loated feally by the
saddle powt method The respective $addle point
conditions w e w, and k - k + e specified by
) (w)fd], =0 b)Vx Salk )y, =0 (6
where Vi denotes the gradieat operator ln me k
specteal domain, This im plies that conditions (5
must de satufied ximu}rmouscv 16 neld the ( spm
nmo modal spectral wavenumbers wy(7.t7"\t°)

k(7 418 "7)i these foud values ase {ndependent of lhe
mww conveptional or nonconvenuom!) by which they
were denved, The tancous requirements above can
be schematized by ;nphul construction which locates

ous-diraensiondl duspersion surface D(w, k)»0
lhose po&ms (u..k ) that have 3 surface normal p paralle!
o the mion:] spacciilme  ray  vector
[ 3 5] ). with me orientations of the coordinate uxes
in lhe spect Eumloml domams aranged as
m Fig. l [33] Here. = (k, (k) is the three-
dimentiopal wiveveetor, While (w..k ) are generally

aximations for the phises of weak)
eom%ﬁ'n%odeswbe obtained by p!oulx’ng the real pul{
(e X ) sufgl

Camidmtion from here on will be sestricted 10 a
single dielectric Jayer on a perfect cmducdns ‘rwnd
yhu with the souree pont (v °,8°

and the obeervation polnt (r,1) located aumd&. '.he hye(
m)‘ The relevant mode fields are now the leaky

0 ‘_uu ll)x.b'tra d modes nlgve cxler(%l)l
evanes e pownt conditions 1n
which dy;eld [dentical results !ormmodes qsp or m, are

ﬂlh L L,
e R Zlogeam 0

y
¥
2|

' k_( ¢ within the frequene/ windew of lhe lmg

This relation can be schematized by the space-time
Self eonsmem ny-mode trajectories in l-‘ig 2,
with v, representiny The mo

phase edn(v..k«)bwom
e A =l 2 )[‘l“'- . h, 2w

where vy = w /Ky IS the modsl phase speed.
3. Numencal results
Numznul mulu for thc

%) Gorimd Fonr
w\ﬁm tmmm c.(? (m)‘(‘, rets :?’ﬁg'«&

wm!nmu (ﬁm
Ly et o (3 i au“ﬂun““"wm
t

in (13)) over mo&u NCIes w

mm ln
summw

EA

(), Because the multiple reflected wm!xom ie]

) are nondispersive, th m can be evalua simple

3 the vnvclxon cdu il truneated diren by the o
deu rrival times that fit lmo the ume interval ol
obum\iorx and {nduectly b?' decrenss, 3t each ire
diclectric refloction, o( thc hxudc. The results
ate shown In Figs. nimd in the figure
captions. g“speeul imemx is the synthesis ot the

n addits
“the sirongly dispersive lea mode; This ﬂlumnm the
tole of dispersion under SP conditions and the wirtue of
OBP {n the fully symbesized data.

The above analytie summary and nunterical samples
have been extracted from a full manusenpt beng
prepared for publication [32).
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LB Feisen, Very Short Pulse Scatterng: Time Domain Parametrization
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Fig. 2. Rorizontal kam\dxp?bu if cited dielectric In
‘_ vnx%h selative ':J u‘ﬁ;m ;ﬁ;&l;ﬁv& Eucl;n‘;b&:;
Fig. & Lu‘lqndmodlc‘(‘hsgem su:fr:efgrgmlgyu:g v!. wvgv.h_ rctiod e odide “;rwnd
' of the teal modal ber k(2 1) and [req self-consistent Tay-mode 13
‘ w7 ) defined in (6). The subscrpt s 5z been omitted, g&:uﬂhh W%ﬂ:ﬂg’gﬂmw ode
wdkeky. mmﬁ‘ﬁwm field 10 the observer are phase
matched to the I mode Jongitudinal wavenumber;
ths ondition determunies space-
. wls [ — dependent respective ray angles €1,(7,1) a0d 8,(1,1).
/ .
H :‘M‘:‘ ! ¢ ’ L
: 3
an i
' [ tz.a) 7;; T mode 1
¥ H " 4 cdoidl wew o
g ke Vi o ¥ : ) .
-k G15persion surface Spice=Time Roy v m/ /;// //// %
* =
b .
Fig. 3. Numerical results for TE bution to E, field , normalized to
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Finite~Difference Time Domain Modseiling
of Electromagnetic Fleids

Inge Woltf, Duisbura University

For the design of planar microwave integrated circuits up to 1985 mainly analysis

hniq in the freq y d have been used Wiuh the requirements for
new and flexible tools in the design of planar circuits eg with closely coupled
siaments angd three-d ionsl di tinuitloc liko oirbridges, alternative tachnidues
must be studied. One of these techmques Is the finite-difference time doman
analysits {FOTD} which In principle Is known since 30 years. Yee already in 1966
proposed this technique for the analysis of electromagnetic boundary value problems
m

During 2 long time the FDTD technique only was used 10 q ively d ate
electromagnatin firld salstion In tha 1ime domain Only the introduotion of oscorbing
walls made this technique to a powerful tool for the solution of real problems.

The FDTD is a numericsl method for the solution of electromagnetc field problems
which has a large numerical, but a low analyucal expense. Despite the large
numerical axpense it is believed to be ons of the most efficiant techniques. because
basically it stores only the field distribution at one moment in memory instead of
working with a large equation system matrix. The field solution for each other
tme then 15 determined from Maxwell's aquations and is calculated using a time
stepping procedure based on the fmite~difference method in tme domain. Avallable
algorithm, called the “leapfrog aigotithm” fits very wall on modern computer archi
tectures, so that the dats required to describe a three-dimensional field dxstrlbunon
can be handled in a reasonable tme. Therefore It can efficiently be impl
on vector or patallel computers as well Sufficiently accurate resuits can be received
by using a siagle precision floating point expression requiring only four bytes, it is
a further advantage that the transient analysis delivers & broad band frequenoy
response 1n one single computation run.

In this teik it shall be demonstrated that the FDTD technique can be sapplied to
real mlcrowave circuit deslgn problems It will be shown that this technique enables
to mode! arbmamy shaped planar es with multipl pled d
and planar lines and three-dimensional circult structures Several applications to
realistic problems of modern monolithic Integrated microwave cirouit design problems
will be demonstrated In the future the apphcation of FDTD method surely is a
powerful analysis technique for nonfinear microwave integrated circuit design by
bining physical ductor models which work in the time domain with the
FDTD description of the passive cwrcurt elements.

{11 KS Yee, "Numerical solution of imtial boundary value problems involving
Maxwell's equations in isotropic media”, /EEE Trans Antennas Propagat. Vol
14, 1966, pp. 302-307
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TLM Modelling of Electromagnetic Fields

Wolfgang J. R. Hoefer

Add Laboratory for Elect: tics and Microwaves,

Dept of Electrical Engineering, Univ. of Ottawa,
Ottawa, Ontario, Canada, KIN 6NS.

ABSTRACT

In this workshop paper the principal features of TLM analysis of electromagnetic
fields will be summarized, and research trends in this area will be discussed. Time domain
modeling in general, and TLM modeling in particular, is focusing on the realization of
a new generation of time domain simulation tools which hnk geometry, layout, physical
and processing parameters of a microwave or high speed digital circuit with its system
specifications and the desired time and frequency p , including electromagnetic

ptibility and emissions. Such CAD systems will most likely employ dedicated parallel
processors configured in a 3D array. Furthermore, the specific nature of discrete time
domain algorithms affords optimization and synthesis procedures which differ radically
from those employed in traditional frequency domain CAD tools.

1 PROPERTIES OF TIME DOMAIN FIELD MODELS
1.1 Time-Stepping Algorithms

Most time domain field models describe only the local properties of the propagation
space. The most current forms are based either on a discretization of Maxwell’s Equations
(Finite Difference - Time Domain or FD-TD formulation) or on the description of space by
a discrete spatial network (Transmission Line Matrix or TLM formulation). Fig. 1 shows
the basic 2D TLM impulse scattering process which can be idered as a comp
implementation of Huygens’ principle. Finite Element formulations in the time domain
are also possible but have not been used extensively so far.

FD-TD and TLM methods employ similar but different formulations. While FD-TD
is expressed in terms of total electric and magnetic field comp ts, TLM uses incident
and reflected wave quantities in a spatial network. As a general rule, both formulations
are equivalent; for each TLM scheme there exists an equivalent FD-TD formulation. Fig.
2 shows two such pairs. Figs. 2a and b show Johns’ distributed TLM node {1} and Yee’s
unit FD-TD cell. [2). Figs. 2¢ and d compare Johns' condensed TLM node (3] and
the equivalent FD-TD scheme derived by Chen et al. [4). Fig. 3 shows the dispersion
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characteristics of the discretization schemes in Fig. 2 as derived by Nielsen and Hoefer {5].
For low frequencies the di ion surf: form a unit sphere in all cases. However, at
higher frequencies the dlsperswn characteristics of the condensed TLM node and Chen’s
FD-TD scheme (Fig. 3b) are far superior to the other two (Fig. 3a).
Clearly, the equivalent TLM and FD-TD sch p identical dispersion and er-
ror charactenistics They can also be derived formally one from the other. Furthermore,
P d codes for equivalent sch require a similar computer memory and execution
time. Nevertheless, they have their respective advantages and disadvantages when im-

1 4300 b d:

jes, dispersive ve parameters, and nonli devices. In the
ﬁna.! a.na.lysxs, the choxce between TLM or FD-TD is based mcre on personal preferences
and familiarity with one or the other method rather than on objective criteria. In the
following, the salient features of time domain simulators will thus be described in terms of
TLM formalism with the understanding that there exists, or could be found, an equivalent
FD-TD formulation unless indicated otherwise.

1.2 Requirements for Time Domain Field A nalysis

The principal advantages of modeling electromagnetic fields in the time domain are
well known. However, in order to exploit them in a practical application, dispersive and
nonlinear propesties, moving boundaries, and signal p ing proced
must be implemented, which include forward and inverse Fourier transform, convolution,
and absorbing boundaries. Another important requirement for practical applicability is &
graphic user interface for 3D geometry editing, parameter extraction and display, as well
as dynamic visualization of fields, charges and currents.

The feasibility of these features has been demonstrated veth i TLM and FD-TD en-
vironments [6)-{8). However, the computational requi ts for irodeling complex struc-
tures with such methods are still extremely severe. Therefore, research efforts are being
f d on the development of accelerating techniques, the most importunt of which will

be discussed below.

hietionted

2 ACCELERATING TECHNIQUES IN TLM MODELLING

In the following, the most important accelerating techniques will be briefly described.
The first exploits the localised nature of the time domain algorithms through parallel
processing, the second is based on the numerical processing of the time domain output
signal using the Prony-Pisarenko Method, and the third involves the reduction of the
so-called coarseness error by improving the properties of the discrete TLM mesh in the
vicinity of sharp corners and edges.

e e e e [
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2.1 Parallel Processing

The principle of causality ensures that any change in the state of a TLM node affects
only its immediate neighbours at the next computational step. This allows the implemen-
tation of TLM in a form quite different from tbe program on a serial machine. Since in
a parallel each p has its own memory, it is practical to assign to each
of them an xmpulse scattering matrix and a set of boundary conditions. The impulse
scattering matrix incorporates the local properties of the computational space such as
permittivity, permeability, conductivity, and mesh size in the three co-ordinate directions.
The boundary conditions specify whether there are boundaries between a node and its
neighbours, or whether the nodes are connected together. This parallel implementation
greatly facilitates variable mesh grading, conformal boundary modeling, and the simulation
of highly inhomogeneous materials and complicated geometries.

Fig. 4 compares, on a logarithmic scale, the improvements made over the last year in
computing speed using various programming techniques {9} and parallelisation. The orig-
inal matriz formulation by Johns {3] requires 144 multiplications and 126 additions and
subtractiors per scattering per node. Through manipulation of the highly symmetrical
impulse scattering matrix, Tong and Fujino (9] have reduced the scattering to six multi-
plications, 56 additions/subtractions and 12 divisions by four, increasing computing speed
over six times. Programming in Assembler rather than C++ accelerates the process again
four times. Finally, parailel processing increases speed by more than two orders of mag-
nitude over the fastest serial version impl ted on a 386 computer in C++ language.
The combined measures effectively reduce computation times from hours to seconds.

Tius comparison strongly suggests that future impl tations of time domain simu-
lators a1 CAD purposes will be based on dedicated parallel pr S Or supercomput.
that emulate parallel processing.

2.2 Signal Processing

'The fast Fourier Transform (FFT) is the most frequently used signal processing
methis! .or extracting tae spectral characteristics of a structure from a time domain simu-
latior. . For c!ficient computations it is of prime importance to reduce the number of time
tamples reqived to extract a ingful fr 'y Tesp To achieve this goal, process-
ing of the time response using the Prony-Pnsuenko method has been applied successfully.
10},

In this approach the discrete time domain output signal is treated as a deterministic
signa! drowned in noise. (Fig. 5). The signal is then approximated by a superposition
of dumped exponential tunctions (Prony’s method), and the noise is xmmmxzed using Pis-
arenko’s model. This signal pr ing techniq the of required time
samples by tvpically one order of magmtude
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2.3 Reduction of Coarseness Error

One of the principal sources of error in the TLM analysis of structures with sharp
edges and comers is the so-called coarseness error. It is due to the insufficient resolution
of the edge field by the discrete TLM network. The error is particularly severe when
boundaries and their corners are placed halfway between nodes as shown in Fig. 6. It
is clearly seen that the nodes situated diagonally in front of an edge are not interacting
directly with the boundary but receive information about its presence only across their
neighbours who have one branch connected to it. The network is thus not sufficiently
"stiff” at the edge, and results obtained are always shifted towards lower frequencies. The
classical remedy for this problem is to use a finer mesh in the vicinity of the edge, but
this introduces additional plications and putational requirements. On the other
hand, the dispersion characteristics of the condensed 3D TLM node (see Fig. 3b) are so
good that the velocity error is practically negligible even for rather coarse meshes. A much
better and more efficient way is thus to modify the corner node such that it can interact
directly with the corner through an additional stub as shown in Fig. 7 for the 2D case.
Since this stub is longer than the other branches by a factor v2 it is simply assumed to
have a correspondingly larger propagation velocity. In the 3D case up to three stubs must
be added depending on the nature of the corner. The effect of this corner correction is
demonstrated in Fig. 8 which shows typical results for the first resonant frequency of &
cavity containing a sharp edge as a function of the mesh parameter Al. The parameter
p is proportional to the fraction of power carried by the fifth branch of the comer node
and is equal to half the characteristic admittance of the corner branch when normalized
to the link line admittance (see Fig 7). For p = 0 (no corner correction) the coarseness
error increases almost linearly with increasing Al, while for p = 0.1 the frequency remains
accurate even for a very coarse mesh.

3 BOUNDARIES IN ARBITRARY POSITIONS
3.1 Accurate Dimensioning and Curved Boundaries

The accurate modeling of waveguide components, d and junctions re.
quires a precision in the positioning of boundaries that is identical to, or better than the
manufacturing tolerances. If boundaries can only be introduced either across nodes or
halfway between nodes, then the mesh parameter Al would have to be very small indeed,
leading to unacceptable computational requirements. Similar considerations apply when
curved boundaries with very small radii of curvature must be modeled. It is therefore
important to provide for arbitrary positioning of boundaries. The basis for this feature

has been described already in 1973 by Johns [11].
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Fig. 9 shows the concept of arbitrary wall positioning in two-dimensional TLM. The
boundary branch which has a length different from Al/2is simply replaced by an eqmva.lent
branch of length Al/2 having the same input admitt This sy
but requires a different characteristic admitt for the boundary branch and hence, 2
modification of the impulse scattering matrix of the boundary node. (see {11}). The
effect of such boundary tuning is shown in Fig. 10 which indicates that the length of the
boundary branch can be continuously tuned over a range of more than one mesh parameter
length Al without appreciable error. This important technique removes the restriction that
di fons of TLM models can only be integer multiples of the mesh parameter.

An alternative method which avoids the modification of the S-Matrix of the boundary
nodes is to replace the extension of a boundary beyond its standard position by an equiv-
alent reactance. The differential equation of that reactance is discretized, resulting in a
recursive formula for the impulse reflected by the boundary. This method is preferrable for
# serial type computer implementation while the former is more appropriate for a parallel
version.

3.2 Moving Boundarier ar2 Time Domain Optimization

Since it usually takes considerable time to build up a quasi-stationnary field in a
structure of high Q-factor, optimization based on a new complete analysis a.fter every
modification 15 extremely time ing. Instead, techni for conti y varying

the boundary position and other cham:censtxcs of a structure during a TLM sxmulmon
will be developed. Two different methods will be investigated. One is to modify the
scattering matrix of nodes situated close to a boundary, the other is to generate the
impulses reflected by moving boundaries using recursive algorithms. In order to implement
automatic optimal tuning these measures will be coupled with appropriate optimization
strategies. Furthermore, if optimization criteria are to be formulated in the frequency
domain, a sliding Fourier transform window will be introduced as well in order to extract
the time-varying frequency domain characteristics from the evolving time domain response.

4 NUMERICAL SYNTHESIS BY REVERSE TLM

It has been shown recently by Sorrentino et al. {12] that the TLM process can be
reversed without modification of the algorithm, yielding the source distribution from the
resulting field by going backwards in time. Direct numerical electromagnetic synthesis is
completely unchartet territory as yet, and the exact procedure and its implementation are
not very clear. The desired charactenstic of a structure or component is usually given for
a limited frequency range and for the dominant mode of propagation. Thxs mformntxon
is insufficient to synthesise the exact topology of the struct Th , the
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information must be generated and added by the designer. Implementation will most
Iikely be an alternate sequence of analyses and syntheses which will converge much faster
than repeated analysis and optimization in traditional CAD.

5 CONCLUSION

Computer time and memory required to model realistic electromagnetic structures
are still obstacles when it comes to practical applications of time domain modelling tech-
niques. Therefore, considerable research efforts are concentrating on ways to reduce the
computation count significantly. In this workshop paper we describe three different ways to
achieve this, namely parallel p ing, Prony-P ko signal p ing, and
error compensation at sharp corners and edges. All these methods can be combined to
accelerate TLM simulations by several orders of magnitude. Since the computation count
for TLM analyses increases faster than the fourth power of the linear mesh density, these
accelerating features enhance our ability to model complex structures to a much greater
extend than the mere memory size and speed of the computer. Procedures for fine tuning
of wall positions have also been described.

Future time domain CAD systems will most likely employ dedicated parallel proces-
sors configured in a 3D array. Furthermore, the specific nature of discrete time domain
algorithms requires optimization and synthesis procedures different from those employed
in traditional frequency domain CAD tools. These include the implementation of mov-
ing boundaries for geometrical tuning during a simulation as well as numerical synthesis
through reversal of the TLM process in time. It is conceivable that at the present rate of
progress in time domain modeling these procedures will equal or surpass the capabilities

of frequency domain CAD tools in the next decade.
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For deriving from continuous-domain ND circuit, the
corcesponding dhiscrefe-domain MD cireuit, apply subshitution:
1. T¢ simple sampling is garried out in original coordinates, ¢ -
B, D — 2 A(27,0,0,T){-}, T=spafial shift
Dy, p’s'_¢ 2 A(0,£T, o,'g){.}, T, = fime shift
DSID—"-—-A(OO *T, 4){} T;:T/‘U‘

4 for canonic

D5 ((e- 4) D) 50,0, OITXZ(E - sampling;
+

‘D4 ( ) ) A(Olololz-‘;){ 5_1_}__4 : } fsirmo\ﬁ?:g'

S.mxlarly for D(€"-4)) = B (&-4)-) -
2. More efficient (densest ball packing!), out less easy,
if simple sampling 15 carried out in rotated coordinates, ¢’

v
R, s - Series connection of
2 @
i
T l 2 n ports (numbered v=11to n).
Y
L e Ry = port resistance
:"Jbl._ VieVyse - avp =0
R t l ! h=ig= =y
1
" Qn bn Qy= Vye Ryty, byzvy-Ryly
A A

Thus, have 3n equations in 4n variables

Ebiminate all v,,1, . Solve for the by -

by=ay-yy(,eay  v@,),  Y,z2R/R+Rye  «R,)

25

I §




v
Rpg w2
b, q, b @
K
i N R, Series adaptor
! —— Q) y St
. o — R| — ,r with n ports
Dy P u— Lo
= b J vzlton
Ry / Rn
Qan bn

{44
o oRn

lbv= ov-yv(q,.qz..;. .o Qp)

et

Yy ZRVI(R" Rye ooz o Ry, Yy Yyt +Yp= 2
Can choose one port as dependent port,
eg. v=1: v,=22-y,-Y3= < ' =¥, Thus, need

n-1 multipliers {not n?) = number degrees of freedom.




Recent Developments of in Numerical Integration
of Differential Equations
Wolfgang Mathis
University of Wuppertal

Abstract
Numerical Integration of differential equahon is a standard discipline in numes-
ical mathematics and b lly for simulating dy 1 systems 1n all areas of

ing. In depend of the kind of modelhng dynamical systems will be
described by ordma.ry or partial differentil equations. In this paper we restrict us
mainly to the former case. The most general type of ordinary dufferential equation
has the impliat form
F(x,%,1) =0, (1)
and s called differential-algebrazc equation (DAE). By means of a suitable trans-
formation the explhat dependence of t can be dropped If F is solvable for x
globally we obtain i
x = f{x); @
we refer this type as ODE B these equations p 2 manifold of solutions
rather than a umgque solution additional conditions must be prescribed to x. If x
is determined at one time ?o this situation is called initial valued problem (IVP)
whereas conditions in different time pomnts are called boundary valued problem
(BVP).
In order to sunulate a dypamucal system we start with a system descnption of
type (1) or (2). In dependence of our interests we formulate a IVP or a BVP. For
calculating the solution x(t) we associate a convement difference equation to (1) or
(2). It 1s obwously to replace the denvative % by a difference approximation with
a step-size h and to construct a discrete sequence of x(f,). The quality of such
approxmations will be charactenzed by consistency, convergency and stabihity.
The theory of numerical integration of ODE (1) and the art of its inplementation
are avaable. In this paper we are interested mainly but not only in multistep
metbods. In most applications, e g. hanics and electrical engineering, most
dynamcal systems are represented by DAE’s in a natural manner. For this reason
we discuss the main aspects of to the theory and implementations of numencal
integration methods for DAE’s and remark that the essential results are developed
during the last ten years.

Furthermore we will discuss the problem of step-size control and switching between
different integration algonthms (order control) from a control theoretical point of
view; this part includes also some results worked out in our corresponding project.
We illustrate this matenal by means of some examples from arcuit sumulation.

The final section contains something about the problem of rounding errors. This
is an essential subject because the development of algorithms (operations) and the
charactenzation of their properties will be discussed in the real numbers IR and
1 other sets, ¢ g. €, R",JR**", which are constructed i 2 ‘vertical manner’. In
classical numencs we choose a swtable finite set (e.g. floating point numbers F)
of IR and associated operations and construct the ‘higher’ sets and operations in
a ‘vertical manner’'m, too Therefore it 1s not clear that the numertcal algorithm
(implemented in F) works in the manner as the algonthm in JR. To circumvent
this problem it seems to be useful to apply a well-defined anthmetic (Kubsch-
arithmetic) and well-adapted algorithms. This approach is close related to the
wave-digital filter method of Fettweis.
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1. D I E for Circuits Sumul

o Step 1 Modebag of the Cirewst = Meswork

wELals

Lgexy

o Step 2 Duscriplion the Metworks = Newwork Equavens

Fusdamestal Retatioushps
» NurckbofSan Equations
¢ Dysanical aad Meodvnarmmal howstitative Refaticas

W Motk - Univartaty of Wappersal - 24 16 1991

Content

1 D E

for Circuit Simul,

2. Some Basic Concepts in ODE’s

3 DE’s from ODE's
~ Some Censtruction Principles of DE's from ODE's
~ Basic Properties of DE's from ODE's

4. Stability Propetties of DE's from Special ODE's

= A Universal Linear Test ODE

= Step Size Control and *Stiffness®

= ‘S ODE"s

Remarks to Implementatiag ODE-Solver

Revised ‘Description Equations for  *

DAE's are not ODE's

Numerical Solution of DAE's

Summary and Outlook

.o e

W Mathe Unses  of Wappertal - 34 10001 4

Example

LR e—

N
. L ' 4
K o
% c.ii Cyas lu, v RS lu,

hirchhoflaa Equations + honstitutive Relatioas

M GO+ - =0 )
N owlet o )0 - -0 [v)]
-

Nonbnear Capacitor (Charge Voltage Relation)

2= Ca(l +be3) )
(= ab e vy )
b
= 20R (v -l - o) 0
Explicit {State Space E )

= e (- G =L + K it - 11+ G = ) -

9= b [ 100k Gt S 2= v
where

[414)
G+ G

st =wa) = (4 A 4 2k (s - )

G= -m%_—') {-rsten - x)g——; +A (406 = 1)+ (G = 50} (2= vy

-
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W Motk - Unnaseay of Wapperssl - 3410 1984

* Type of Network Equations
X' = fx 1}

Expbart Oriaaty Differentsal Equations (ODE's)

2 Some Basic Concepts in ODE's

o ‘Autonomization’, T,y it
()=(5)
() = tem

« Kinds of Problems in ODE's,
= Imtial valve Problem

and with

xaflx) & alt}mx
=~ Tocal wasqueness and ewstence theorems
~ Boundary-value Problem
xaflx) & rx{t)x(t) =0

= global wniqueness and exstence theorem

» Restriction in this Papers
Trtial value Problems

W Maihis Uncsoraiy of Wupparcat 2410 1951

Calculation of Solutions of ODE's

o (Linear) Engineers Interpretation of Solving ODL's
Representation of the General Solution’ of an ODE
by means of Elementary Foncuons
— A General Sulution containa “global Isformation
¢ In the case of nonlinear ODE's:
A General Sclution’ 1s (very oftea) sot avadatle
~— Calculation of agproasmatine solutivas

o Types of Approximation Methods:
- Analytical Methods
- Numernal Metbods

* Restriction i this Paper
Numencal for ODE's

» Main Property of a Computer, Fumts Memory

—a R of Matb Objests

« Generat Approach for Solving ODE's
ODE’s =+ Diffirence Equations (DE)

g o
W Motk = Unnwenty of Woppenal - 3410 2881 L}

¢ Local Theorems for ODE's t“—
~ Existence (~ Canchy Peasc)
1 continvous — x(1) locally exsts
Costractive Method Canchy Euler Method
- Uniqueness (~« Pxard)
£ Lipschutz continvons = x(t) locally vasque
Constructive Metbod Picard lteration

Remark
f1s Lipschatz-contianons 1n D C IR if L € IR, exsta and

Mx) - Ky} < L1x - y§
18 satisfed for all x,y € D
¢ Types of Solutions of ODE's

(O

¢ Restriction in this Paper:
Transient Solutions of ODE's

WO Maths Uncamiy of Wuppariel 2018 1981 &

3 DE's from ODE's

¢ Representation of Functlons:
continscus tave £ e discrete time {xa}1q, (X131,

where x(fa) % X, on the grid {1y, W)

» Therefore

ODE's wm+ DE

. "
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« Exact Replacement ODE — DE
Example
Yenwl §  #(0)=1 o)
Wity e, Jwjsagnd
- Integration form £, = fuyy (Bt @ lyyy = 43}
Taimda= [:‘"(1 - a(r))dr = At~ 2/"" wydr ()
- Amalytical Solavon of (1) 1 [t tyy1)
1 e R
’(l)-i(‘ S PR ] )

- Ssbstitotion of {3} 1n the rstegral of (2) — DE
1

fonm ez m g (1= )
« Approximative DE, if &t < 1
Veath €725 m 1 w 280 + O(AL}) we hare
fua= (12004 08820 = 301 - 142804 OGO
- 2aa w2+ Al - 20,) +O(AT)
iR g L
Evlet Method

* Type of the DE:
~h = Atmcosst foralln
==+ baear DE with constant coelfarents
- Bt vanes for n
~mr Uinear DE with vatying costhcrents

W Maths Universay of Wapportal 24181991 al

Restriction to the 1.di ional case
Let{ty e tvlagndwIC

o Taylor Methods
- Expanoion of 2{t) at t,

rnervorn s A !
Witk 2, = Sz}
s Zaor = 2 B J{2) @
Eapbart Eater Method
= Expavsivm of 21} at 1.,
r."!m-Atz'.,,Oé;—,z:,,o [£))
With 2y, = flr)
— Zun =04 B flta)) (U]

Imphait Culer Method

+ Combinations of Taylor Methods
- Subtraction of (2) and (4)
e net 2 a4 00 )

Craok Macohhon Metbod (*One Step Trapezuadal Rule')

Remark This Method 13 of secord order accutacy'
(Becauseof 24, w2l + AT+ )

W Mation - Uasvarusy of Woppartal = 34101991 10

31 Some Construction Principles of DE's from ODE's

]
H
i
i
i
|

=+ Combinavons
Reducung denvanvey

exphek
implit

— D‘WG
Lunear Mulusiep Methods (LMS$) Domawn
st
P 1 (LMS)

Time Domain \‘
Approsches —
Appraavmated Diffarentianon. Appronmated Inegrauon

BOF famly, Adums o <Mort family
Aduns Mounon famly

¢ Restriction in this Papers
Tinear Maltistep Methods

W Matha Univareny of Wopperial - 434 1901 n
~ Wnting (1) ot times £4.4.0,
-
7. .-t.-At:.*%—:.o
Subtraction from {1)

Zaay @ 204 208 [{2) + O(6F)

Explcit Second Order Nystebm Method (‘Midpornt Rule')

¢ Redurtion of Derlvatives in Taylor Serfes

wink .
e Bzl
and with (1) we obtan
3 gt - )
Taama, + AL+ %L ('—"—ﬁ-l) + %’—r:w

AT'(::'. =7.) +088)
With 2, f(22) and 2, = flEa-n) !

rn et B - e

- w2

As (Explcnt) Adsoes Basblors Method
Remark Thus s a two-step method
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Fy=fx())  fort€fntan)
15 equivalent (1 some sense) with

i
l + Approximated Integral Methods
: alta = at) + [ H Yt = [ ftrar
;

- Replacement
F() » fia(t)) == PH1) Folyoomual Fusction

- Iotegeation of P* 1s casy

-
PR

D . o=
- avar oNE .
; ey
} ’ HE I da
: fasd fapaet L Y
i =~ Represestation of P by weans of differest Basts

i - Taylor Interpolation

. = Lagrange Interpolation
- Newton Interpolation (droded dfferencer)
- Modibed Divided Differesces (hrogh)

W Metka ey of Wopparial 34582901

13

o Definition of the [ocal Truncation Error (LTE) of LMS

(£ of order p and 2{1) a solution of (he ODE)
. '
Galt) = (5 arltacs) = b 30 Bflalta =
= Icl
- =Gy e?i(,) 4 O

Denotations

=Cpath? 17 1) + O{W**1) Local Truncatson Eror (LYE)

~CpaM*iz7i(t,) Prscipst Local Truscation Error
Cpui Error Comstant
€0 = 2t} - 2. Globat Error

Asymptotic Properties

o Consmtency
DF A-¢— ODE

+ Convergence
Sutica(DE) A=tme  Sulutioa{ODE}

W Methe - Usrvmaiy of Wappartal o 24 10 1991 b1

P

3.2 Basic Propetties of DE from ODE
+ Difference Operator of Linear Multistep Methods.
L3 [
Ealx(0) = 2 apx(t=3h)- h 30 B,2(t=3h)
et =t

Denotations i
b Step Suze 1
= k Number of Steps g
Ch, of £, by Pol, 1al: ;

s
LUK DI |

=0
L] :
(1) =3 Bi,? |
= N
}

* Order of £,

1 2{2) snstytically (e g a polywomsal)

— Lrfx{)h e f’c,gm(aw !
Lanoforder p,of '
CimCim =Cm0  and Gyl
+ Linear Multistep Methods assoclated to £y
Eoneseh :.»::'a,/(a..,) -0

where Toot,  (Tosrethe sppronmative valvesef 2(ty 4}, L 2{ta)
Denotations

= B w0 expbot LMS Method

= Bu#A 0 smphot LMS Methed

W Math « Gaiverniy of Wuppartal = 24 141001 18

+ Sources of Errors in Computations:
= Computer Anthmetc — Rousdiag Errors
- Replacerneat of the exact DE = Truncation Errors
= Replacemeat of an ODE by higher order DE
~— extrancoss solutions

Aa Example for Extraneous Solutions:
Apply second order Adams Bashlord

taa w0t 880D = S0 D
(Awconst ) to the haear ODE

2 fla)= -2

- z..;-a.v;(h.-:..n)
Solviag thus DE by means of the charactenatic equation
;’-.(1-;{)-%-0 .
Roots sy mi-h, 5.y =-~b/2
Intezpretstion
=y physical selution
(approx the ODE-sclutin exp{-A) w1 =h+ (1/2 + )
- 4y semerical mode
Condition for a decreasing numerical mode
Isg sl = /21 < 2

o i et et S

. s P ]
4

!
3



A%+ cran b0k <

T

U,

St s

W Mathe = Garmocmty of Rupperiel « 2018 1901

o (Asymptotic) Stability Property of Dahiquist
Bowsded saitsal valves — Bownded Sotutson(DE)
(h sufficient small)

o Theorem of Laxt Richtmeyer and Henrics

Consistency & stababiy ems Convergeace

o Classification of LMS by means of pand ¢

- Consistency
AN=0  Fll)=o(l)
- Stabilny

- AR zeros of #(z) he 1w the closed wont disc
- while those on the boundary of the disc are sumple

W Mide Loveisiy of Wap W

s ldeal Condution
SumC
Example Crask Micolson Metbod

o} 777

7%
+ Dablquist's A Stabihty

Analytical decreasiag sud e dectessing

AN g et e IR L AP st S A nrs L mnmy - e AP

17 W Mathe Uarvarsty of Woppertal = 2019 1991 18

4. Stahility Properties of DE’s from Special ODE's
41 A Universal Test ODE

« Till now only asymptotsc properties are discussed *
thatis, k =+ O

® Very interesting for practical applications:
Grate step size, that 1s, h £ 0 (h £ 0)
* Liseae test ODE (I-dimesnional case)
2w f(z)m-Az

BE S-S r =0 ©
P

© LMS (*) 15 absolut stabll ay ) ,af !
A}~ (hje(1) = 0 .

daarootsfrf <1 imY, Lk

Denotation:
S » {AX € €| LMS method 1 abuslut stadd forhd )

is called Stability Reglon
+ Stability reglon of the test ODE +' m Az,

tolotion 2(A) we'ey where 3 w A

e S 2 {1€CIR(}SO}m

+ Stability zegion of & DE from the test ODE:

approx solution 2) w R{a)zy m ¢'2y

- S, ={1€CIRN) S}

1 W Make Unvary of Wappena 2034100 %

4.2 Step Size Control and ‘Stiffness’

 Accuracy determines the Step Size

Example:
fe-ir, AE€R

- Asalytical Sclution 2(t) w A e (s)
- Unag expbont Evlez method
Zayyw 2o+ AJ{12)
- wz,~hAz,

-— S, 20
Exsmple Tmphent Exler Method

07587
K&
¢ Unfortunately A Statabity restricis Accuracy
Theorem (Dahlquist)
Expbait LMS methods carsot be A stalil

“{l-Alz,
- Prscpal LTE (soisg (*)
W »
LTE = A ()~ ?'\," {ta 1}
- Frror Contred Approach
\
|LrEy~ |"T\u| ne
¢ Tolerance "
2 +
- A= {35) '

e g3l s b osmall

Topbot LMS aetkods with vrder p 2 3 cannot be A statul
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s Stululity determioes h for *Suff* ODE's

Example
2w xr = pl1)) - F(1), 2(0) m 2y
- Solation 2{1) = (29 ~ p(0))e ™™ + p{t)

- Accaracy Posapal LTE for expict Enler methods
1<) Inval Transient

*(#0) - ()

— b small
1> 1 Slow vanations with p

2 v
3 () e eman

~— hlarge
= Stabibty Studying the global error ¢, = 2(t,) = 7,
faaw (1 +AN) e+ LTE,
€a 18 amplified unless
~2<hr <O

Stabuhity restnicts &'
® These tme intersals of ODE's are called ‘suff’

W Matks Unat iy of Wapparsal 2416 1901 kA

o Tha inutial transient s not ‘stiff', because
1431 15 small

Example \as der 'l Equatica

1 F ~ \\l

"t
1
Intisd trannent
* Design Approaches for ‘nonstiff* and I ODE's
- Glbal Error Equation
o = S0+ LTE,
- Desrgn goal 1n nonsthll” cases
L1 £, small as possible
- Denign gual 18 s0ff cases

S, small as possitle
Poce LTE, pot muwimal

W Mathn Univornty of Wapertal - 2018 1991 2

43 ‘Sti’* ODE !
© Ax ODE 35 51 1o be stulf on 0,7, st there ensts a component
of a solvtson that vases large compared to 1/T'
o For bnear time 1nvanast ODE s x' m Ax
Thss ODE’s are ‘stf", 1f

max (A > opa A(A)]

® Remark  The last defmtion 15 1nvabid for baear time vamant
DE's

Example:
m =196+ 60012 1260’6 4 920012 )
=1200°61 4 9/260 82 —1 - 95?6t = Gsin 12t
Eigesvaloes 1a0d 10 (constant’)
Exact Solution

o [ €osBL4 2n6e _,,,(mne(-kossl) :
*t) = Cié (2(0:6(-::1:6! * O smet + cortt

Interpretation exp(~1) and exp{~10t} are not wacloded ,

WA Caarmts of Wappartal - 340 1941 n

Different Stability Concepts for Stiffness
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Further Charactenszations of ‘Stiffness’

® Large Step Suze b
- — Inphct metbods
= == Solving aonlimear e
= = Because of [JA] >
swccesaful

(Sandbergd Shickman, 1968)

quations (sonlinear ODE 1)
1 siople steration methods are not

¢ Stiffaess requires Newton type Methods
= good" s'ariing point for Mewton type methods 13 aeeded
® Preductor smethod deteremaes starhiog point

¢ Preductor Corrector difference

Provides a reasonable LTE estima
tion

W Make Unvety o Wapgetal 341 1991

Classical Step Size Control

|
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B etk Univermty of Wupperial 34 10 1991

S R ks to the Imp)

Problems for implementing « LMS famly
* Sutable Polynomial Representation

* Efcrent Step Size Control

¢ Efficient Order Control

26

of ODE-Solvers

= Vety Usefol Concepts from Control Theory
An Example: Ring Modulator

WOMANL Unvany o Waparnal - 34

Step Size Control with PI Controfler:
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W Han bnvrtty o Wappanal 24201981
Further Remarks to Implementations

» Stffaess Detecuon

 Effisent Neabaear Solver (Newton type Methods)

W MO ety of W gparcal 24019 1591

Fasinple

Lt Huz -~
Ut

13

% - "‘(i:. + i:;)' (','“"‘d: LI Dffsa - vy =0
fa=w)- 2ol

Ao i 68t a

i "“(l:? N %)q(,ﬂl":"” o= 1) {es = wg) 2 0

“

I(us—w)-ﬂ—’%‘d
1 e =)
RO

~ofier = u) =0

u div = v)
R -(,Mu =0

W Mathe Unvernity of Wapperia) - tm
'
6 Revised ‘Desc.iption Equation for ..’
¥

¢ Expbeit ODE ¢ are sot naturatly for Circurt Sumalation
= See Example 10 Section 1 implicit ODE directly obtasned )
* Types of Dilferental/ Algebeasc Equations (DAE)
= lmplait ODE (or DAE) .
F(x,x',{)m 0 b
- Sem expheit DAE H
x' = fx,y) .
0= g(x,y) {
I3
¢ Electrical Networks are described by a muxture of
= Algebraic equations
(Rirchhoflian equations, Lmear and noo
tions, soutce characterzation}
= Differential equations

(baear asd zonbsear cay
tions)

baeas resutive equa

pacitor and inductor charactenna

Descritung Networks by Semt exphit DAE's

W Mahn Lan iy of Wt 310 151
where f(u) = B (e% - 1)
Input signa)
Uidt) = 01 wia{200x1)

Fatameters
Uy 6 (rower supsly)
V=002 am09, Sm10f,
By w1000 Ry w9000 fork w1, 9,
CGimdk W0 'frka, 8

¢ Interpretable as semi exphicat Differential/Algebraic Equa
ton




W Macka Unveracy of Wosgersal - 20 10 114

7. DAE’s are not ODE’s

* Totel form Janda Petzold's Paper in 1982
* Analytical Aspects
- Sems expboit DAE as ODE on manfulds

= Consutent mival conditions

Satisty the DAE (+= on the manfold)
- Selation manfol differs from ODE's
= Classification by ‘Index' Concepts

1) Loesl Index: Linesr DAE with constant Coefbcrents
Examole Bx'wx-g

00 0y /2 n 9(t)
EEIE-G-(7) o
01 0/ \y % 0

W Matha Lnimosy of Wospe w2 14 19wt

2} Global Index

Mivimal wiober of times that a DAE must be differentiated
I 1eEct L0 £ 10 order 10 determine y' ag 2
contiduvus fanction of y and ¢

Example, Sen exphiust DAE

gy (i}
O ple,y) 2}
) = gi4gy w0 3)
Subat (1)1 (3)
¥=-g'at

Conditson g, local savertable
= globalisdex = 1
3) Index Reduction

Example
V= lizy) [CH
O=gy) (8)
®) = Omgy wo Sy Flay "

M Fia,3) 15 bocal isvertabie to 2
= (H6&(6)mindex
=t 106 (3) mandex = 2

W Matha - Unsemay of Wopperat « 24 10 1991

The mteger k with
N0, Nao
15 called local index

==+ (%) bas the local indexd

W Maba Lniven iy of Wappertat 3418 190

* Numerical Aspects

Subeing (*) with impbort Euler metbod

00 0y gz 2y 9t}

E2E)-()-(9)

01 0/ \y 2 3
Tiamg(ty)

Ha=2ian

L2y

1

Les2iq 234 2y be 1econsustent (Nulfils (%))
2in s correct for all a
= F3a 05 incerrest for the fiest step (thea correct)
~ Zan s iacorrect for the Gret tuo steps (thea correct)
Condition h, 15 constaat

1A, 15 sonconstast thea
Haa) - glt) _ glta) -Ap(

Bas [
1nstead of

Htand =~ glt) _ glta) = gtt,.,)

o= ™ . 2

The ertor bebaves ke O(h, ')
= divergence for small A,

e
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Cellular Automata:
Applications and Implementation

Lothar Thicte
Lehrstuht fur Miroslehtronih
Unnsersut des Saarlandes
D 6600 Saarbrucken

Formal Definition

a1 Tel wl ) =ol{alI-dt-1) de D}y

I sie index

1 mndex domamn of CA

« arbitrary function ¢ Sl s

D neighbothood, e g P={J JeZ' Al <r}

S setof states,1c a(l,2) €S

v set of configuranons, 1¢ £ = ST

T global mapping,1¢ ¢ E— X

O set of configurations generated after ¢ nerated
appheanons of ¢, 1¢ Q€ £, 071 = 07 = ot

Definitlon of CA

i
Discrete 1n spaces CA consist 01 a duscrete lattice of sites

\
Prscrete in time* CA evolve in discrete time steps

|
Dhscrete states® Each state takes on a fimte set of possible
\
values ;

Homogeneous All cells are identical anG are amranged n
a regular way

Synchronous: All cell values are updated in synchrony

Determunistic: Each cell 15 undated according to a fined
determimsuc rule

Spatially local* The rule depends only on the values of a
local neighborhood

Temporally local. The rule depends only on values for 3
fixed number of preceding steps

Related Models

Partial differential equations: space, tme and site vatues
are continuous

Finite difference equations: site values are contwuous

Particle models: particles have continuous posiions and
velocines

Neural network models. connection pattems are aibitiary,
sie values are continuous, updates are asynchronous

Cellular neural networhs* site values are contnvous
Iterative arrays: different purpose than CA

Arra) Processors: sites ¢an store extensive mformanon

A, s e




Applications of CA

Physical Modeling

¢ aputation Theory

« sqlf reprodution (J v Neumann 1949, Conway 1970)
« formal language (S Wolfram 1984)
« classification (S Wolfram 1984/1985)

Brological Modeling

« self reproducuon (J v Neumann 1949)
« evolunon (S Ulam 1948)
« mcdels of memory (M Minshy 1969)

Physical Modcling

» calculatng spaces (K Zuse 1940)

+ hydrodynamus (J Hardi 1973, U Fnisch 1986}

o prowth mechamsms (J D Gunton 1983)
attern recognition (K Preston 1984)

« spin models (M Creutz 1980)

« wave models (H Chen 1988)

JB Salem, § Wolfram Thermodynamics and Hydrodyna-
mes with Cellular Awtomata In Theory and Applications

of Cellular Automata World Suieniific, 1987

20 T
N\ \<\W/ ”& V//@//

RIS TSN S,

o

(o
o
e
=
///
(s

-~ =
e e el

Flow past an obstacle {from Salem and Wolfram)

Motivation !

« phenomena are often descnibed by (nontmear) (panm!)

differential equations, two different approaches to suov-
lanon, )
1« deffurcnie cquation on a macroscopte scale

o discrenzation i time and space

2« macroscopic, discretized mode’
« large number of similar components with Jocal m
teractions

« functional homogeneity reflects space and time mvan-
ance, locality refiects finue speed of nformation
|

« cellular are sumple to program and ble to

parallel processing

I
« studies of collective phenomena possible (turbulence,
chaos, fractality, )

Flwd Dynamics

(Hardy Pazzis Pomeau 1972, Fnsch Haslacher Pomeau 1986)

« fluid mcompressible, absence of extemal forces Navier-
Stokes Equanon (NSE)
%‘[—+\’AV = —%Vp+v\72V
17 veloanty
p (constant) density
v viscosity

+ ficunous mcroscopic modelr

« as simple as possible dynamics (not necessanly follo-

wing H ] for g paiticies)

+ reproduces NSE on r roscopic level

« particles and therr scatienng are modeled by reversible
CA rules

o ey




JB Salem, S Wolfram Themmodynamics and Hydrodyna-

nucs with Cellular Automata In Theory and Applications
of Cellular Automata  World Scienufic, 1987

T Toffolr, N Margofus Celtular Automata Machmes MIT

Press 1987

Flow past an obstacle (from Salem and Wolfram)

BN !
r:‘:‘;'}. vy e § € £
T 2 WA i

AIREEN ;i
P I 3 Gy
R AT ARG R
‘:Q-;"{n:{-‘&,dﬁ’h
SRt
e R
R L T RN
NI

Atk

ORI e,
IR 0N A R
Lt R R AT

oA
Alessdiy
"n‘.::v'a‘; x

g towards a concave murror (a) 1s shown nght

A plane pulse travehn,
after the reflection (b) and appeoachug the focal pomnt (c)

Lattice Gas
\

+ Panucles move on a lattice and satisfy certamn symmetry
Tequirements Moving and scattering by reversible rules

* Denvation of macroscopic behavior
+ molecular level motron 15 reversible
* hnetic fevel nonequilibnium statistical mechancs
* macroscopic level continuym approxrmation

+ Wave equations
+ for small perturbations from equibnum: linear elastc
properties of Jattce gas

* Propagation of a dusturbation 1s govemed by wave
¢quation

* study of wave interference, reflection, diffraction, re-
g fracuon

patteras

T Toffolr N Margolus Cellular Automata Machines MIT

Piess 1987

|
|
g
f,
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Modeling of Wave Equations

(H Chen 1988) '
» Lincar wave propagation

2.

« Imvanents

P a 2
energy H= /{(5%) + C'?(V'ﬂ)?}d-r
8 du
momentum P = 2/ {(3-1:) Vu~ uV<E> }dz‘

« Concept
« two hands of photons propagaung on 2 latice o = ;
= =

o N%(z,t): number of photons wih quantum ¢ atja
particular site r and time ¢ moving with velocnty &q

u(a )= Y o NIz
@0

1
|
|
|
i
|

H Chen, S Chen, G Doolen, YC Lee Sunple Lat
uce Gas Models for Waves  Complen Systems 2 (1988)
259-267

Spatal saterference patteen of the wave amj litude v 3 two-
¢ measior ol wave lattice gas doiblo s aapenmert ata ginen snstart

|

i
« Hyugens panciple any spatial pomnt ¢an be thought of
|

2$ & new wave source wath wntensity |
|
I
|

- 1
i(z,t) = ;u(z,t)
+ decay rate of source
glz,t+1) = g(z,t)+za(Ng(z, t) = N2(r + 5, 1))
[ X4

iz, t +1) ='12(x,t) -glz,t+1)

« continuous linear wave equation 1s recovered after ma-
ling an ensemble averaging

+ result can be converted to a fimte difference eauation

Implementation of Cellular Systems

(SY Kung, P Dewilde, E Deprettere § Merher)

Spearfication
+ Cellular automata

(W1 rel a(l,t)y=¢({a(l-dt-1) deD}))

+ Cellular Systems
(7 el

ai() = ¢y{{m{I -d) de Dy},
{ay(I-d} deDn})

av(l) = ({a(I-d) d€ Dy},
{ov(I-d} deDy})

[

e e i
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H Example Target Archilecture ~~ 7~ i e |
1 :ndence graph i * dedicated hardware (CAM-6, CAM-8 (Toffolz)) "
i

* coarse gram parallel systems (MIMD, Transputer)
|

» fine grain paraliel systems (SIMD, Connection Machine)
'

I
Mapping criteria I §

t é))\b’ | . g — p ‘ 3 ;

. ! : . d of pipelmed anti units } g 3
Program + consideration of finte i i

\ * suited for automatic compilation [ .

Applications '

= ¢lam(nt)a b+ 1,6~ 1)) * neural networks

iteratve arrays

cellular automata
solution of PDE !

Juced dependence graph

systohe arra,
&~ ) ysiohe amays

bl
1

Der odre graph

|

Display Unit

B

Rule

Rule

Trnsuiun

Conurol Umit

Coouol Unit

3
Generator #1

Neeghtortiood
Genwator #Q
Nerghborhood
Gencerator #n

Nerghborhood
Generator

_,{

Several plancs are processed together

Memory
Planc #0
Memory

Planc #n

F Bagnoh, A Francescato A Cellular Automata Machine
fn Springer Proceedings mn Physics 46 (1990) 312-318

Scheme of the architecture of CAM 6 like machines

F Bagnoli, A Francescato A Cellular Automata Machine
In Sprmger Proceedings 1n Physics 46 (1990) 312-3°8

[Mcmofy Planc H

P
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implementations

Mapping Problems

nfiguration:

processor array

Partitioning

Projectton,

+ reduce dimension of DG by 1
+ affine projection of DG

ultiprojection®

« reduce dunension of DG arbiranty
+ loop control or flow control
« match /O rate and computation rate

Sequencing Signal flow graph

DG
- = oo

A

Passive Clustering®

» mahe mefficient amay efficient
« mahe use of pipelined umits

% =
—
A
1PCS %ﬁ
(folding) o4 he)

Partitiomng (limited resources)

Synchronization (control path)

consol eircud.

Spectfication of embedding (software)

Partitioning

s o .

Active Clustering.

+ match given number of cells

« match given dimension of amay

« combine multiprojection and passive clustering

I ocal Sequential / Global Parallel (LSGP):
Processor array Clustered anay

T %

Loca! Parailel / Global Sequential (LPGS)

Processor array Clustered array
B ERGE nnn
C-p-8-0-8-4 It A
yHREE Chiaes
o-a-8-0-5-8 Jut

v e,
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Hierarchical Representation of Algorithﬁs

s ima i

Hierarchical Transformations | -
“ « Each node a program g fi defines
+ limg of steration space using tling matnx P mn lower hierarchical levels ‘!

i 1 N
s cor \
g 5 S5 . ; 5 i

‘ S4 Ss Sg
[
i
. e ntroducton of temminals « There are two basic program schemas . ’ ;

% et 2 Straight kine code (set of assignrent statements, nonrégu‘.x §

| w7 . dependence graph) H i
3 H

O
N wewsnoya(3)

temean wys() H

woesswra(l) Y gy
' b Regular algonthm (regular dependence graph)
* program transformation !
‘ always ‘
(1 Tel  aill=Flll-dl})
always
(LAY JEJAKERKAyeD
2 LK) - F{2[J =d =Py n + Py)}
f J~d=-TFyely

Hierarchical Compilation Strategy - Mathematical Tools

+ sequence of provable correct program transformanons * opeiations on index sets

q 3
« specification of parametenzable basic transformations + uling of weration spaces

+ . puimszation « integer hinear algebra

« linear and integer lnear programming

e
spocficaton |
[ ailr e + geometry of numbers

I program |

/

f 1 I v SN Y *‘v—*—— ggo
Jprogram s IR TR T oog

e
bas.c program transformations

« combinatorial algonthms on periodic graphs

N R
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[PEPHOED P

ANALY.SIS OF NONLINEAR MICROWAVE CIRCUITS VIA THE
TIME-DOMAIN VOLTAGE-UPDATE METHOD

H.D. Foltz, *J H. Davis, and T. Itoh?

Although direct transient time-domain solutions of circuit equations (for example, SPICE-type
programs) arc sometimes employed to analyze microwave systems containing nonlinear devices,
steady-state methods (for example, harmonic balance techniques) are preferable in cases involving
high-Q resonant circuits and other narrow-band structures, for which steady-state methods have a
significant advantage in computation nme.

Many steady-state nonlinear techniques, such as (1) the common minimizing-or-optimizing-based
precewase harmonic-balance method and (2) the relaxaton-based voltage-update method, operate
primarily in the frequency domain. Unfortunately, most nonlinear solid-state devices are most
easily treated 1n the time-domain. Analagous steady-state techniques, based on discrete ime
samples, can be formulated: (1) the waveform-balance technique, which is related to the piecewsse
harmonic-balance method, and (2) the ume-domain voltage-update technique, which is relaxation-
based. In this paper, the latter technique will be examined in more detail and compared to more
conventional approaches.

In the time-domain version of the voltage-update, time samples representing the steady-state
voltage waveform are applied to the nonlinear device(s). The resulting current samples are applied
to the linear portions of the system, leading to a new st of voltage samples. Relaxation parameters
are then applied to determine the staring samples for the next iterauon, and the process is repeated
until convergence is obtained. :

Voltage-update techniques have a marked advantage over most other approaches n simplicity and
speed per iteration, when applied to problems in which the frequency 1s known, such as
amphifiers, frequency multiphers, and mxers  They can also be applied, with some modificatons,
to vanable-frequency problems such as oscillators.

Strategies for extending the range and speed of convergence for the relaxanon procedure will be
discussed, along with the relanonship between frequency-domain and nme-domarn relaxation
parameters. The results of several representative applications wnvolving negative resistance devices
and SIS junctions wall be presented.

* The University of Texas, Electrical Engineenng Research Laboratory, Austn, TX 78712
t lgl&;;irsity of California, Los Angeles, Department of Electncal Engineening, Los Angeles, CA
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PERIODIC POWER COMBINER

* Devices nominally halfswavelength apart
* Load impedance « device impedance / N

« Devices resonated with iaductive studs to
be cesistive at oselllation frequency

maaza
VLN

Guan disdes or
other devices hieiod

Open-end Stads

S W A LRt

Grownd plane Mictestelp

LOCKING BANDWIDTH
VERSUS
INJECTION LEVEL

1 Diode

LOCKING BANDIWIDTII (MIlIz)
H

B
LU A N T )
INJECTION CURRENT (mA)

Multiple diode combiners require higher
injection currents 10 obtain a given
locking bandwidth

INJECTION-LOCKED POWER
COMBINER

* MODEL INJECTION WITH CURRENT SOURCE
AT END OF ARRAY

+ NO NEED FOR FREQUENCY UPDATE
FREQUENCY IS KNOWN

- USE TIME DOMAIN UPDATING

+ USE PAIRS OF CANCELLING RESISTORS

AT EACH DEVICE PORT TO IMPROVE -
CONVERGENCE

LOCKED UNLOCKED !

VARIATION OF OSCILLATION FREQUENCY
WITH RESONANCE FREQUENCY OF
INDIVIDUAL DEVICES

1
1
941
4

OSCILLATION FREQUENCY {GHz)
s
-

6 26 93 100 12 M4 106
INDIVIDUAL DEVICE RESONANCE (CHz)

EAs the number of devx_m‘in the combiner

es, tl quency depends
more on the deviges and less on the periodicity
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l TIME-DOMAIN LINEAR |
CIRCUIT DESCRIPTION

E(GH1)

Time domain method blends naturally
with linear circuits described directly
in time domain:

EXAMPLE: Linear structure analyzed
by a periodic FDTD technique. .

DEVICE

Can combine relaxation solution to
FDTD equations with relaxation solution
to nonlinear-liner balance in one

) vamod iteration loop

INDIVIDUAL DEVICES

3496 93 100 102 104 106

VARIATION OF TOTAL OUTPUT POWER
WITH RESONANCE FREQUENCY OF
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i Time Domain Voltage Update Method:
} i - Useful alternative to other
| steady-state methods
I - Has been applied to wide variety
; of circuits
. - Should combine easily with ! !
; electromagnetic structures analyzed ; i
‘ by time-domain techniques ‘
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Efficient Analytical-Numerical Modeling Of Ultra-Wideband Palsed
Plane Wave Scattering From a Large Strip Grating

Lawrencs Carin and Leopold B. Felsen
Weber Research Institute/ Electrical Engineering Department
Polytectmic University
Farpingdale, NY 11735

T e ——— —— S

~
Summary: Ultra-wideband {UWB) pulsed plane wave scattering from a hrée t;ut Enite strip
grating in free space is analyzed in the frequency domain vig decomposition into plane wave
spectra, implemented numerically by the method of moments, and then inverted fato the
time domain (TD). To make this procedure practicsl under UWB conditons, closed forra

" expressions are derived for interaction integrals Involving widely separated expansion and
testing functions. These closed forms are based on a Judicious choice of the basis functions,

and on asymptotic methods for reducing the integrals. Although Jarge separation distances
are assumed, the expressions have been found to be sccurate for separations as small as 0.1
wavelengths. The TD self terms can also be evaluated efficiently, To test the frequency

- domaia algorithm, comparisens are made with available data in the literature for surface

currents and far field scattering from multiple strips, New short pulse TD results are shown
as well,
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Irznsient currents and-fieids of wire antennas with dicdes

e e e e e e e e

N. Scheffer, Telefunken Systemtechnik VR3 ES1, Sedanstr.l0, 7900 Ulm
1. Numerical method

The electric £ield integral equation for a wire antenna can be written in matrix
notation for the.time step to as

(Z+28).7, wEl+Ef, (1) oy

The unknown quantitiy in (1) is the current distribution I a B
of the antenna. The antenna is devided into N segments.
The impedance matrax Z is time independent. ol

Ry 0

R,
2w ? represents a diagonal matrix containing

9 Ry
the noniinear loads. .
The components of E; are the tangential components of the incident electric
field and  Ef are the tangentisl components of the scattered electric field.
Introducing the admittance matrix Yw2-t and
Dall,=Y-@E+E) (2)
equation (1) can be written as ‘
(E+Y-2i) L=l (3)
E repesentc the unity matrix.

For the special case, that the antenna is loaded at exactly two segments m and n
with R, and R, the currents in the loaded segments are

YeuRa £ )18, = YarRalD

RN, (D)
e (FanRe D, = Yo BB, 5
e TR AT YR, (5)

The currents in the unloaded segments ivima are
Ty w0 Iy = YR duy = YuRalus o (6)

2. The time devendent current distribution

The above method of calculation is used to examine a dipole. The dipole contains
two diodes and is centerfed by 2 source voltage with Gausssian pulse shape as
shown in Fig. 1.

The two diodes sre descridbed by resistors o g3

Ra={imin (<o
0n L B20
”"‘{wom 1)

Fig. 2 shows the two current pulses arriving at the antenna ends after passing
the diodes almost undistortedly. The arrows mark the positions of the diodes. In
Fig. 5 the current pulses have arrived at the reversed biased dlodes after they
have been reflected at the antenns ends. Fig. & shows the reflection at the re-
versed biased daodes.

3 _The electric nearfield

It :s possible to reduce the fieldline equation ¢xZao %0 2 potential function

Lay f_:&ﬂ i emyriey? because of the cylinder symmetry.

An electric fieldline is then described by Vmconst . g, is derived in the ap-
pendax. Fig. S shows the electrsc fieldlines located on concentric spheces
around the generator. The pulse has just arrived at the antenna end. In Fig. 6
the reflection at the antenna end is considered: the fieldlines are now located
on concentric spheres around the source and the antennz end. Fig. 7 shows the
reflection at the diode: a nev sphere around the diode is visible. In Fig. 8
rultiple reflections for a late time step can be observed.
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Calculatmg ¥requency Domain Data by
Time Domain Methods

by M. Deliler, M. Dohlus, T. Weilr 18
Techmsche Hochschule Darsstadt Thcorie Elckeromagnetischier Felder (FBIR)

Abstract
We show the caleulation of far ficld patterns nd mmrhg parameters by means of time do-
main methods, fx erder to oltain a mode excl the eigensolutlon of the discrate waveguid
agenvalue problem In comlination with an adequate p g at the boundaries ir used

Far Field Trausforms

In general the electric field o. 1adiating struciures cau be written for Iarge distances as

B0 = E-F0.0) @

where k= w18 the wave number and r, ©,6 denote spherical coordinates,

For the caleulstiou of the far held transforn F(©,6), one necds to determine the complex titne
Larmonic field amplitudes. F(©,8) can be determised by a convolution of Greens function and
tangential electzic and agnetic amplitudes on a closed surface surzounding the radiating structure,

Flo.0)= c""' {r.x(é', x(iix )~ -c, x(nx&)}u , 2

The computation of the complex field amplitudes by a Fast Fourier “Jyansforin requires sampling
aud storage of the tangential eleesric and magnetic field valuey at the integration surface and is
only feasible for small mesh vizes Thesefore these ampliiudec are obtained by using time harmonic
exennation sousces and a direet samphag of the barmonic fields, Another way is to perform a
menochromatie, single frequency founer sransform of the tiine domuin felds.

Filtor Dusign

‘Lhe tranaversal olectric held in a waveginde 1s desenbed for the time huninonic cane by the mode
expansion

Bt = Re{9 T i) ) 0¥ g tr) ) gy
14
which ¢an be formulated for general time dependency with doudle convolutions:
Bzvat) = Zb’,(:,y. ) (a,(t) o P(t,2) +3,(1) ¢ P8, -x)) {4)
L4

with Bo(t, ) being the inverse Fourier tronsforn of exp( v,(jw). The kaowledge of A, (yw) =
,,(;..z) +5,0w) 1 fal for the caleul of the ial boundary field B(2,1,0,5w) at the
:=0, Thest wave g, (fw) is known, but 3, (3w) hiat to be caleulated from

Byju) = g (j)em2r 0N 1 upereios .o
8, (yw) can be obtwned by mode expms:on of thefieldn v.he plane 2 = §3. The modes £, (2,4, 10}
and the lIatued by » 2 lue volver. The case of frequency
dependent E, I problematie bmnu the expausion of nmpled ficlds £(z,v,2,4,) is only possible
in the steady state. In the other case B,{t,) is yielded directly aud

At) =1 = P(1,28:)} s a, (1) + P (1, 62) s Bu(1) )

€an be caleulated by single I This methed 1s apphicable for homogeneowiy filled waveg-
uides and for modes with weak frequeucy dependency. A simplification of the algonthm is possible,
if the 1 can be app 1 in the desired froquency range by a low order digital filter.
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TIME DOMAIN ANALYSIS OF INHOMOGENEOUSLY LOADED
STRUCTURES USING EIGENFUNCTION EXPANSION

Micrat MROZOWSKI
TECHNICAL UNIVERSITY OF GDANSK, TELECOMMUNICATION INSTITUTE
80-952 GDANSK, POLAND, TEL.: +(048 58) 472 549, Fax: +(048 58) 47 10 71

SuMMARY

At present there are two algorithms, namely the TLM and FD-TD, which are used to solve
Maxwell’s equations in time domain. In this ibution we shall present new methods which
may broaden the range of options available in time domain analysis of 2.D and 3-D structures. i
A wave s treated as a superposition of eigenmodes (eigenfunctions) of the homogeneous Laplace i

tion. An inhomogeneity in the structure perturbs the field and causes the coupling of eigen- ' f
modes. Eigenmodes are chosen so that they fulfil the Helmholtz equation either on the entire
homogeneous domain or on homogeneous subdomains. An advantage of this approach is that it
allows to obtain time domain algorithms which, in contrast to TLM and FD-TD methods, do not
exhibit the numerical dispersion.

Outline of time domain eigenfunction expansion algorithms.

Based on the concept briefly descnbed above, 2 number of algonithms can be proposed. We
shall start with an algonthm called a comp pansion {CEE). Let us consider 2
set of coupled differential equations reflecting the form of Maxwell equations

d
;;!=£:9 F9= L/ (1)

where £y, Ly are linear operators.
In the FD-TD algorithm the above equations are discretized both in time and space. In the CEE
algorithm the discretization is only in time. As a result we get

/n = ,n-l + A!C;g"'lh gmﬂlt = gn-llz + A!ﬂzf" (2)

The unknown functions f,g are now expanded into senies of complete set of orthonormal
functions. 5

=Yl 9=3 ba ®

Expansion function are defined on the entire domain, A sensible choice for the electromagnetic

fields is are the eigenfunctions of Laplace equation with suitable boundary conditions. Substi g
{3) into (2) we get :
2
Sarth= Y et a5 0, ) :
Zb:*llzgl = zb?-lhgl +Atl, za:lfu . I
Taking the inner product with the expansion fi results in . {
= aMlE At < Lig™ 2 g, > ® .
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The above equatiqns can be cast into the following matnx form
g" = gn-l + Atékn-lli (6)
kn*lli = én-lﬁ + Atgg"
where g and b are the vectors containing expansion coefficients and 4 and B are dense matrices

with elements
Aj=<ligpfi>  By=<Llafpa> M

Another version of the eigenfunction expansion algorithr. is obtained if the discretization is in
time and one spatial dinate and the expansion is done with respect to two remaining spatial
coordinate. This algorithm we shall call partial eigenfunction expansion (PEE). In this technique
the space is sliced into subdomains and the fields are ecpanded on each subdomain (slice) into
series of local expansion functions. In the PEE method one obtains a set of equations similar to
(6) except that matrices 4 and 3 are sparse.

Compared with the FD-TD method the CEE and PEE algonthms show the time evolution of
the expansion coefficients rather then field components at nodes. Such an approach allows one to
investigate propagation of particular modes and their mutual interactions. Moreover, in contrast
to FD-TD and TLM techniques, both algorithms proposed in this contribution do not exhibit
numerical dispersion.

Efficient numerical implementation of eigenfunction expansion algorithms: CEE.-FFT
and PEE.FFT.

One drawback of the CEE aad PEE algorithms that they may lead to higher numerical cost
then FD-TD and TLM. The CEE involves matnx multiplication hence. ing that expansion is
done using L eigenfuncions, the cost of one time step is of order O(L?), For the PEE this cost is lower
as the matrices involved are sparse. In the FD TD and TLM method with N nodes, the numerical
cost is of order O(N). C: ) ion tech may be regarded av an
alternative to classical time domain a.lgomhm: only when LI~ N, Thxs condition will be fulfilled
n slight'y and moderately perturbed homogeneous structures. Nevertheless, much more efficient
version of CEE and PEE may be obtained if the expansion functions aze sine and cosines. Equations
(6) imply that at each step one evaluates the inner products < Lyg""¥2, f; > and < L3f*,gi >.
For sine and cosine functions the inner product can be puted 1n a very eiﬁciem way using
the technique described in {1]. In this ¢ ch ique the inner products are dina
of inverse and forward FFTs. The numerical ¢ost of such comp\muons is low and therefore the
overall performance of the CEE-FF3 and PEE-FFT algorithms is better than original CEE and
PEE methods.

Conclusions. New algorithms of the time domain analysis of inhomog; ly loaded

structures have been descnbed The methods proposed are based on the expmslon of fields xnto
lete series of orthogonal functions. The resulting equations show the time evolution of the

expansion coefficients and consequemly allow one to mvestiy.te propagauon of separate modes and

their mutual interactions The algorithms proposed in this cont do not exhibit numerical

dispersion and allow coarser time discetization than the equivaleat FD-TD or TLM program.

{1} M. Mrozowski, "IEEM FFT - A fast and efficient tool for rigorous computations of propa-
gation and field distributions wn dielectric guides with arbitrary cross-section and
permittivity profiles”, IEEE Trans. Microwave Theory Tech., vol. MTT-39, Feb. 1991.
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The Hilbert Space Formulation of the TLM
Method

Peter Russer, Michael Krumpholz ? {

Abstract

main computation of electromagnetic fields and the algebraic compu.

tation of the di Green's function are i igated. The comp
field state is represented by a Hilbert space vector. The space and time
evolution of the field state vector is governed by operator equations in
Hilbert space. The di Green's functions may be rep d by a
Neumann series in space~ and time-shift operators. The Hilbert space
reptesentation allows the description of the geometric structures by pro-
jection operators, too. The system of difference equations governing the .
time evolution of the electromagnetic field In configuration space is de-

rived from the operator equation for the field state vector in the Hilbert

space.

!
i
The Hilbert space representation of the TLM method for time do- i
|
|

1 Introduction

The TLM (transmission line matrix) methed developed and first published in
1971 by Johns and Beutle is a discrete time domain method for electroniag-
netic field computation {1,2,3). In this paper, the Hilbert sp;ce tepresentahon
of the TLM method is p ted and applied to the algebrai of
discrete Green's functxons The Hilbert space representation is a vcry general
and powerful concept in field theory [4]. Whereas in the electromagnetic the-
ory Hilbert s>2ce methods are mainly used for solving the field equations as
for example in the moment method {5}, in quantum theory, the fundamental
theoretical concepts have been formulated in Hilbert space [6,7}.

The state of a discretized field can be represented by a vector in the Hilbert
space. The specification of the mesh node connections and the boundary con-

!Lehrstuhl fir Hochfrequenztechnik, Technische Universitat Minchen, Ar- -
cisstrasse 21, D-8000 Munich 2, Fed. Rep. Germany S S

L o on -

B A T



L S—

O

v ¢ et o

2 e A———

SIS AT 5 Pl

e

n——

ditions is done by operators in the Hilbert space. The Hilbert space representa-
¢ion also allows the description of geometric structures by projection operators.
The space and time evolution of the field state vector is governed by operator
equations.

In field theory, the field propagation in spatial domains may be treated using
Green's functions [8]. The pt of Green’s functions may also be applied
to discrete time domain field computation [9]. Discrete time domain Green's
functions allow to model the relation between the field values on the boundaries
if the knowledge of the field in the spatial domains beyond the boundaries is
not required.

In this paper, the algebraic computation of the discrete Green’s function is
investigated. Our approach is based on a Hilbert space representation of the
space- and time discretized electromagnetic field. The discrete Green’s func-
tions may be rep ted by a N series in space~ and time-shift oper-
ators. The system of difference equations governing the time evolution of the
electromagnetic field in configuration space in derived from the operator equa-
tion for the field state vector in the Hilbest npace. First results are presented
for the two-dimessional case.

2 The Two-dimensional TLM Method

The electromagnetic field is discretized within space and time. The space
is modelled by a mesh of transmission lines connecting the sample points in
space. The field computation algorithm consists of two steps:

o The propagation of wave pulses from the mesh nodes to the neighbouring
nodes.

o The scattering of the wave pulses in the mesh nodes.

In the following, we restrict our iderations to the two-di ional case
with the transverse electric ficld. In the shunt TLM model, voltage wave
amplitudes are used instead of total voltage and current. The voltage wave
amplitudes of the incident and the reflected waves are given by i@, and
tbmp The left index k denotes the discrete time coordinate and the right

ok
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indices m and n denote the two discrete space coordinates. We consider the
TLM mesh to be composed by elementary TLM shunt node four-ports as
shown in Fig. 1, where each of the four arms is of length Al/2. The scattering
in this elementary four-port is connected with the time delay At.

The scattering of the wave pulses is described by

bl a4
bs a2 .
=S 1
b o )
k41 - b‘ N k o mn
with the scattering matrix S given by
-1 1 1 1
3 3 3 3
Pl
S=11i 141 @)
: 2 7 3
1 % I 1
H 7 T3

With the scattening, a time delay of At is associated and therefore, the time
index k is incremented by one. The scattered pulses are the incident pulses of
the neighbouring elementary cell. This is described by

Himn = ibz.»\-lm
Bomn = kbymitn )

E3mn = kbemant
$amn = kbymagt

3 The Discrete Field State Space

In the TLM model, the field state at a given discrete time is described com-
pletely by specifying the amplitudes of the tour wave pulses incident to each
mesh node . The space of the voltage wave amplitudes of the incident and the
reflected waves 16, ., and 1b;,, . is the four-dimensional real vector space
R*. In order to develop our formalism in a more general way we introduce the

© s e s i

= = 2 e ———— . =
A B T isniad

e g, w Tee 8N

I R




v e WO

o

R

v e v e ot
———ap L o amn ¥

3 m
Figure 1: A two-dimensional TLM shunt node four-port.

four-dimensional complex vector space C! for representing the wave amplitudes
kG and kbm.n-

In order to describe the whole mesh state, we introduce the Hilbert space Hy,
which atlows to map each mesh node onto an ortonormal set of base vectors of
Hm. The time states are represented by the Hilbert space H;. With each pair
of discrete spatial coordinates (m,n), a basis vector of H,, is associated and
with each k, a basis vector of H,; is iated. We now introduce the state
space K given by the Cartesian product of C*, Hn and H;

H=C'@Ha @ H, 4

The space H is a Hilbert space, too. The complete time evolution of the field
state within the whole three-dimensional space-time may now be represented
by a single vector in H. Using the bra-ket notation introduced by Dirac {6],
the orthonormal basis vectors of # are given by the bra-vectors |k;m,n). The
ket-vector (k;m, n| is the Hermitian conjugate of [k;m,n). The orthogonahity
relations are given by

(kayma, nlka; ma, n2) = 8k, pybmy i Smainy (5)
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The incident and reflected voltage waves are represented by

ay ]
400 00 Feo

W= ¥ = %] lmn) )

kwaoo mmacons-co | 03

R LG4

min
and
b
0 40 4% b?
w=¥ £ ¥ (2] tmn 0
RR=00 ME=~00 B0
k b‘ man

in the Hilbert space H. We define the shift operators X, Y and their Hermitian
conjugates X* and Y by

X[k;myn) = lk;me+1n)
Xtkym,n) = [k;m=1,n) ®
Ylkmn) = lkmn+l)
Yikimyn) = lkm,n-1)

The operators X and Y shift the field state by one interval Alin the positive
m- and n-direction, respectively. Their Hermitian conjugates Xt and Y shift
the field state in the opposite direction.

We define the time shift operator T'. The time siuft operator increments & by
1 i.e. it shifts the field state by At in the positive time direction. If the time
shift operator is applied to a vector Jk; m,n), we obtain

T |k;m,n) = |k + 1;m,n) 9

We introduce the connection operator I" given by

0 X 0 0
Xt o o0

P=1% 0 0 v {10)
6 0 Yl 9

With the connection operator I', equation (3) yields the operator equation

= I'la) a1
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describing the mash connections. The operator I is hermitian and unitary:

r=rt=r (12)

Therefote we obtain from egs. (11) and (12)
lo) =T [b) {13)

We row express ¢g. (1) in the Hilbert space notation by
) =TS lo) (19

This equation describes the simultaneous scattering within all the mesh node
four~ports according to Fig. 1. The scattering by 2 mesh node causes the unit

time delay At.

Fig. 2 shows an example of a spatial domain within a TLM mesb. This spatial
domain is specified by a given set of mesh four-ports. A spatial domain D
in our TLM mesh may be specified by projection operators. ‘We define the
domain projection operator Pp which projects a state vector e > on the

domain D:
Ppla) = lalp {15)

This projection operator may be written in dyadic notation s the sum of the
projection operators on the nodes belonging to the domain D:

Pp=Y, ¥ lkim,n)(kim,nl (16)

meDn€D

in projection operator Py and the

In the same way, we define the inner d
boundary projection operator by

5 Pile) = la) (1) :
: Psla) = la)s (18) f
1 with o
P, = P/Pp (19) i ;
Pg = PgPp (20) § '
Pp+P; = Pp 21) €
3
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e !
e I
R e o s A S b S * ;*‘;‘r";mt .

€l 7

PO

e

1 e s APV

»«l




A maweanindile o Lol

At PN 13y,

eI Ty e At e e -
; 7
I
1
L and
1
)
1
i
Figure 2; A spatial domain within the TLM mesh.
;
The inner domain projection operator projects the circuit space H on the inner

ports of the domain D. Since the projection operator Py and the connection
operator I' are commuting, i.e.

{Pr,I)=0 (22)

we obtain
18 =Tla), (23)

Applying diakoptics to TLM structures requires the computation of the wave
pulses scattered at the domain boundaries. The imtial conditions or boundary
conditions are given by the wave pulses incident on the boundary ports. We
apply the projection operators P;Pp and PgPp in order to seperate the field
states |a) and |b) into the inner field states |a), and [b), and the boundary states
la) and [b)5. From eq. (14) we obtain

I8 =T S5z la}g + T Sa: la); (24)
16); =T Sip la)g+ T Sur la);
with

Spp=PpS P

Spi=PpSP;
25
Sip=P;SPp *)

Su=PS P
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Figure 3: The inner ports of a TLM domain.

Using eqs. (23) and (24), we eliminate the inner domain states a); and [b),
and obtain

[6)5 = [TSss +TSss (1~ ITSy)™ I'TS15)l0)s {26)

This is the relation between the incident and scattered boundary state. It
describes the evolution of the boundary field state without knowledge of the
inner field state. It has to be idered that the operator equation (26}
is nonlocal with respect to both space and time. We expand the operator
(1=I'TSy)™ nto a Neumann series (10,11} and obtain

0
(1 =rrsyy' =Y 7 (rsy @ .
=0
Inserting this into eq. (26) yields the boundary state evolution equat
b)p =Gla)p (28)
with the boundary field evolution operator G given by §
o0 ¥ ;
G= [TSga +8p; (Z:T“2 (I'sll)’) I‘S;s] (29) N .
=0

The boundary field operator G gives the relation between the boundary state
vector |a)p representing the wave pulses incident on the boundary and the
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boundary state vector {b) representing the wave pulses reflected through the
boundary. Eq. (28) is the general formulation of the boundary element probl
in the Hilbert space. Since the Neumann series is an infinite geometrical series
in space- and time-shift operators, the boundary field operator is nonlocal
with respect to space and time.

4 The Discrete Two-dimensional Green’s
function

As an example, we derive the discrete Green’s function for the half-plane. The
discrete Green's function for the half-plane is given by the projection of the
boundary state evolution operator equation (28) onto configuration space for
2 point~like imtial state |a} 5. The half-plane (Fig. 4) is defined by the, domain
projection operator Pp given by

Pp=3%, i Je;m, n) (kim, n} (30)

kn mnl

As in the shunt TEM-model, voltage wave amplitudes instead of total voltages
are used, a new Green’s function for wave amplitudes has to be defined. For
a boundary problem, the Green's function in discrete formulation is given by
the convolution

kbn=3Ga ¥ row ()]

where , ay is the column vector of the incident impulse functions at the time
kAt and at the boundary node number n. j by is the coltmn vector of the
scattered output wave impulses at the time kAt and at the n* boundary
node. ; Gy is the discrete Green's function for an arbitrary boundary with
n boundary nodes. It describes the relation bet the incident ane the
scattered wave amplitudes in the boundary ports.

For the half-plane, the boundary is given by m = 0 and n =
«00.:0.y=1,0,1,...00. Therefore eq. (31) yields

0 o0
k b,,: Z E Y Gn-n’ &k Gn? (32)

nm=c0 k'm=-0
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Figure 4: The homog two-di ional half-space.
’ The boundary state evolution equation (28) may be expressed by the discrete
' Green's function, eq. (32), via
B)p =Gla)s (33)
where the boundary field evolution operator is given by
1000
o0 00
G=|2 000 S B GOm0, (38
00 0 0,55 i,
0000
In order to calculate the Green's function for the boundary of the half-plane,
we start from an impulsive excitation at n' = 0, ¥ = 0 given by
; 1
’ 0
Wageo= | o 1100 (39)
0
Mapping egs. (28) with (29) ard (35), (33) with (34) and (35) to configuration
space by multiplying both equations from the left side with (k;0,n|, we obtain
]
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a system of partial difference equations which can be solved by transforming
it to frequency~ and momentum-space.

We obtain an algebraic expression for the Green’s function
1 1 1 1
£Ga = §5k.n+x - '6I:.n-l +3 w1da = 3 ke3ln

1

+ E 8 k-l-:In+2+; - z k—l-]In+)

=0

1
+3 ke1=3Jn-24;

A2y 1
+ Z ketmylnproy = = k-z-,ln-x-,

=08

1
+ g FRPYRY ST (36)

withn =0,1,2,...00; k= 2,3,4,...00 and

k G-n =) G,. (37)
forn 0.
The function 1, is given by
k W3} k=t _
sho= 233 3 (-3 )%,-..( ) (21 , 2,)
10 +20 r=0
or\ (k=14r\[ 2 -4s42r
X(r)( or )(l—2s+r-n) (38

In Fig. 4, x Gnis depicted for n = =9...,~1,0,1,...9; k =1,2,..10.
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Figure 5: Values of the Green’s function
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Solving eigenvalue and steady-state problems
using time-domain models

Gunnar Nitsche
Lehrstuhl fiir Nachrichtentechnik
Ruhr-Universitit Bochum
D-4630 Bochum 1
Germany

Time-domain modelling of partial differential equations has become
popular in the last years for several reasons. The detailed time-domain
behaviour, however, is often not of pritnary concern, but one is more inter-
ested in the eigenvalues and eigenfunctions of o system or its steady-state
response to a sinusoidal excitation. These kinds of problems are usually

approached by methods based on the discrete Fourier transform.

A new alternative approach Lo efficiently compute the low frequency
eigeutnodes of a time-domain model approximating a physical system will
be proposec. The method is based on principles known from digital signal
processing, in particular from parametric spectrum estimation, so it is not
surprising that the achievable accuracy is much higher than the accuracy
of the non-parametric Fourier transform approach. The algorithm works in
the general lossy case even for a very large number of unknowns and can
easily be extended to calculate steady-state solutions for several different

frequencies simultaneously.
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Restaurant Guide
Near the TU there are some restaurants and coffee-houses were you can go to. Some
of these are listed below. The number is related to the numbers on the map. So you

1, CANTON chinese restaurant, Theresienstr. 49

2. BEI MARIO pizzeria, italian restaurant, Luisenstr.

3. BELLA ITALIA pizzerta, itolian restaurant, Tirkenstr.

4. HIEN Vietnamese food, Schellingstr. 91

5. CAFE ALTSCHWABING coffee house, bistro, Schellingstr.
6. WEINSCHATULLE restaurant, Theresienstr.

7. MC DONALDS fast food, Augustenstr,
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On thursday evening there is a social event consisting of a Song Recital with Piano
and dinner for all . workshop participants at the restaurant “Seehaus”, Englischer
Garten (see the map below). We recommend you to reach the Seehaus by car or taxi
coming from the Mittlerer Ring.
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