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TFDTLM—A New Computationally
Efficient Frequency-Domain
Transmission-Line-Matrix
Method

Iman Salama and Sedki M. RiagBellow, IEEE

Abstract—in this paper, a new computationally efficient fre- trying to synthesize an equivalent time-domain model. For
quency-domain transmission-line matrix (FDTLM) approach is these reasons, some work has been devoted to the development
introduced. The new approach combines the superior features of of a frequency-domain transmission-line matrix (FDTLM).
both the time- and the frequency-domain transmission-line matrix . .

(TLM). It is based on a steady-state analysis in the frequency One of these_ methods was developec_i by Vahldlecl_< In 19_92 [2]
domain using transient analysis techniques and, hence, is referred for the selective5-parameter computation of three-dimensional

to as the transient frequency-domain transmission-line matrix (3-D) waveguide discontinuities. Another FDTLM method
(TFDTLM). On the contrary, of all other frequency-domain tech-  was introduced by Johns and Christopoulos in 1992 [3], [4].
niques, the TFDTLM has the advantage of being able to extract |, hoth approaches, the simulation has to be repeated at every

all the frequency-domain information in the frequency range f int in th f tf d .
of interest from only one simulation. This special feature of the requency point as In thé case o most irequency-domain

TEDTLM makes it computationally more efficient as comparedto  Methods, to compute the response over the frequency band of
any other FDTLM method. The TFDTLM employs digital filter interest. The two FDTLM approaches mentioned above are
approximations for modeling wave propagation in inhomogeneous different in their natures and abilities. The first one [2] was,
frequency dispersive media. The filters can be thought of as SOMe i fact a time-domain transmission-line matrix (TD TLM)

e of compensation equivalent to the stubs in a time-domain . . L . .
1lE)r/a?nsmissionlf-)line matrix ?TD TLM), yet more accurate and more dealing with a s_teady-state analysis in the t|r_n€ dor_naln_. The
Capab|e of mode"ng a wide Variety of frequency_dependent ma- method was C|a|med to I’educe the Computat|0na| time |f the
terial parameters. In addition, the TFDTLM has proven to have response is only required at distinct frequency points. The
superior dispersion behavior in modeling lossy inhomogeneous second approach [3], [4] was a true FDTLM with a steady-state
media as compared to the TD TLM. analysis in the frequency domain. In this paper, a novel FDTLM
Index Terms—Computational efficiency, frequency-domain approach is introduced based on a steady-state analysis in the
techniques, TLM. frequency domain using transient analysis techniques and,
hence, will be referred to as the transient frequency-domain
I. INTRODUCTION transmission—line matrix. (TFDTLM). In this approach, the 'Iink
line parameters are derived in the frequency domain, as in [4],
T HE transmission-line matrix (TLM) method was initially o satisfy all the medium parameters, including frequency-de-
formulated and developed in the time domain. One k&yendent parameters as well as electric and magnetic losses.
issue in a time-domain analysis approach is the computatiofgle scattering matrix is derived in a way similar to any 3-D
efficiency where a single impulsive excitation could yieldr| \ node [5]. The connection between two adjacent cells,
information over a wide frequency range. Also, it may be Mo pressed in the form of delay in the time domain, is accounted
natural and realistic to model nonlinear and frequency dispggy through multiplication by a propagation facter72¢,
sive properties in the time domain rather than in the frequenwhere,y is the propagation constant in the medium ahd
domain. However, in some circumstances, frequency-domainihe equivalent cell dimension. The steady-state solution is
analysis may be more appealing. This might be due to the fgjtained through a process described in Section II. To make
that traditional electromagnetics emphasizes frequency-domgig TEDTLM approach computationally efficient as compared
concepts as frequency-dispersive constitutive parametg§fsihe other FDTLM approach in [4], it was critical to maintain
complex frequency-dependent impedances, and reflectighine relationship between the mesh response at one frequency
coefficients. It might be even easier and more direct to be al?jgmt and any other frequency point. The goal was to be able
to model these parameters in the frequency domain rather thgnexiract all the frequency-domain information in a wide
frequency range by performing only one simulation. To achieve
Manuscript received August 20, 1998. this, the connection between two adjacent cells expressed
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digital filter approximations that can be implemented iteratively o) 1
in the TLM mesh. The filters can be thought of as some type of
compensation equivalent to the stubs in a TD TLM, yet more
accurate and more general in modeling frequency-dependel
material parameters. In Section Il, the TFDTLM will be de-
rived. Section Il will discuss the technique used to overcome
the problem of inhomogeneous media, multiple propagatior
factors, and frequency-dependent reflection coefficients. Ir fa -
Section 1V, the dispersion behavior of the TFDTLM will be
analyzed and compared to the hybrid symmetrical condense R ""'_’;;_»
node (HSCN) and the symmetrical super condensed nod | .. -
(SSCN). In Section V, the TFDTLM will be implemented in «

a 3-D mesh and a lossy rectangular cavity will be simulated.
Section VI will discuss the intensity of computations and
memory storage requirements in the TFDTLM as compared tc,

. s %
TD TLM schemes. Section VII will include a summary and ! Time delay =T 2
conclusions.
() (b)
Fig. 1. (a) Bounce diagram in the time domain. (b) Equivalent
II. DERIVATION OF THE TFDTLM frequency-domain model.

The TFDTLM was originally inspired by the concept of ) o
bounce diagram in the time domain and the equivalent frgnly one homogeneous medium or one transm_lssmn—llne sec-
quency-domain bounce diagram. The time-domain bountin the frequency response atany frequency point can be calcu-
diagram is a representation of the back-and-forth travel ofl@€d from only one simulation. This can be done as f0||°VZ51 the
pulse through a structure with discontinuities causing refleg¢attering coefficients, given in this simple problem(byp»)",
tions. The bounce diagram representation can be demonstr@stored at every iteration of only one simulation, then the fre-
by the following example. Consider a section of transmissiH/€ncy response at any frequency point can be calculated by
line with characteristic impedanc& and length/ having Summing up the produgts of the sgzatte_r|ng coefficient at itera-
discontinuities at both ends, as shown in Fig. 1. An impuld®n & and the propagation facter ’”" raised to the powezk.
incident at timet = 0 andz = 0 propagates to the end of The TEDTLM is basically inspired from the same concept dis-
the line in timeZ’. When it reaches the end discontinuity, i€uSSed in the above simple example. However, the special fea-
reflects back and propagates toward the excitation point, Higé€ of the TEDTLM approach introduced in this paper is that it
the discontinuity and reflects again, and so on. The steady-st3{@kes it possible to extract all the frequency-domain informa-
positive-going waveform at the source position can be glion of interest over a relatively wide frequency range by per-

pressed as forming only one simulation even if the reflection cogfﬁcignt;
are complex frequency dependent and/or when dealing with in-
V(1) = 8(t) + prpabd(t — 2T) + (p1po)?6(t — 4T) homogeneous media with different propagation constants. In

3 a TFDTLM mesh, the link-line impedances are derived in the

Horp2) 8t = 6T) 4+ (1) frequency domain as in [4] and zfre chosen to model the fre-
wherep; andp are the reflection coefficients at the two end disduency-dispersive material parameters. The electrical proper-
continuities shown in Fig. 1. It is important to note that in (1)ties of each line are indicated by three subscripts: the first sub-
the reflection coefficients are assumed to be frequency indep&ftiPtd indicates normalized quantities per unit length and the
dent. Otherwise, all the multiplication operations in (1) shoufvo following subscripts indicate the line direction and polariza-
be converted to convolution operations. The bounce diagram &), respectivelyL, R, ¢, andG represent series inductance,
also be formulated in the frequency domain by expressing evép}istance, shunt capacitance, and conductance, respectively. In
delay by the appropriate propagation faetof?‘ wheref isthe t€rms of these quantities, the characteristic impedance of a line
length of the line ang® is the wavenumber or propagation con&long they-direction carrying an: polarization is given by
stant. The frequency response of the positive-going waveform

can then be expressed as 3)
Vi(jw) =1+ prp2(jw)e” 20 4 (p1p2(jw))2@—f4r‘” + ... and the propagation constant along the line is given by
k=00
oWk ok — Ryye + jwLay: ) (Gaye + jwCayz). 4
_ Z (ppo(]w)) o J2kBL. @) Ty \/( . dy JwLay:)(Gay J dy- ) (4) .
k=0 The overall capacitance and conductance of all lines responsible

. L for an £, polarization should satisfy the medium permittivity
The frequency-domain expression in (2) holds whether 9hd conductivity as follows:

not the reflection coefficients are frequency dependent. In this . . .
problem, it appears from the above expression that if the refléd&dys + jwCayz) Ay + (Gaze + jwCazn) Az = (0 + jwe)Sy
tion coefficientsp; andp- are frequency independent and for (5)
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whereS, = (AyAz/Az) substitution from (3) and (4) into (5) the medium permeability and permittivity, but the electric

yields and magnetic losses as well. The above set of equations can
sy enlz be satisfied in more than one way. One way is to choose the

L2 2 = (04 jwe)S,. (6) link-line impedances to satisfy (11a) with no open-circuited

Zux Lz stubs, thereby exactly modeling the medium permittivity and

Setting the condition conductivity. Compensating short-circuited stubs with complex

characteristic impedance in (11b) are then used to compensate
the deficiency in satisfying the medium permeability and mag-
=YDz = Yy Az = AL (7)  netic losses. This would be the frequency-domain equivalent

The condition in (7) is equivalent to the synchronization cor®l yPe Il HSCN [6]. Another alternative is to satisfy (11b)
dition in the TD TLM, ~ is the propagation constant in theWith no short-circuited stubs for the medium permeability and

medium, andA/ is an equivalent cell dimension, substituting"@gnetic losses and the deficiency in satisfying the medium
from (7) into (6) gives permittivity and electric losses can then be compensated by

open-circuited stubs of complex characteristic impedance
1 + 1 - e . (8) in (11a). A third alternative is to satisfy the six equations
Zye  Lea  IAL simultaneously in a way similar to the SSCN, as in [7] and
Z is the intrinsic impedance of the medium given by8], with no compensating stubs. This alternative is always
jwp/(o + jwe), and the permeability, can be complex in recommended in the TFDTLM to reduce computations. It
case magnetic losses exist. Similar expression for the chisrworth mentioning that for a uniform cell, the normalized
acteristic impedance of lines responsible forBnor an £.  impedance of all link lines will be identical and equal to unity.
polarization can be obtained using expressions similar to (8joreover, the equivalent cell dimensiafa? will be equal
The inductance and resistance of all the link lines responsibte 0.5Az = 0.5Ay = 0.5Az, the factor of 1/2 confirms
for an /., current must satisfy that the velocity of the bulk waves on the transmission-line
mesh is one-half the velocity of the waves on the individual
transmission lines, which agrees with the slow-wave nature

’Ya;yA-T :’Ya;zAx = ’Vyasz = ’Vysz

(Rdyz + JWLdyz)Ay + (Rdzy + jWLdzy)AZ = qusw (9)

substituting from (3), (4), and (7) into (9) yields of a TD TLM mesh that was also demonstrated for John’s
S FDTLM [4]. Irrespective of the method used to solve for
Zyzt 2oy = ZA—“; (10) the link-line impedances, (11a) and (11b) show that, for one

homogeneous medium, the link-line normalized impedances

o . _ are all frequency independent and, consequently, so is the
similar to (10) can be obtained. Equations (11a) and (11b) r “attering matrix of the TFDTLM. The scattering procedure

resent a general formulation of the set of equations that nee 9 be identical to the TD TLM. In the connection procedure
be satisfied in order to completely model all the constitutive PRowever transition from one node to the next is accountéd
rameters of the medium. The following equations include com- throu’gh multiplication by the factor—2¢, which means
pensating open-circuit stubs added to equations similar tor{ﬁgt from one iteration to the next, the sc’attered pulses are
and short-circuit stubs added to equations similar to (10): modified by the factor—"2¢ to beco;ne incident on the next

similarly, for the link lines responsible fdy, and!., expressions

1 n 1 LY. - Sa neighboring cell. In a TFDTLM node, the multiplication by the
Zyl, Zow iV propagation factor is not actually performed at every iteration.
1 1 . S Instead, only the scattering coefficients at the observation point
2y . . ) .
s—t Z t Yoy = AJ are stored at every iteration. The scattering coefficients are
I‘“ 1“” g equivalent to the impulse response of a TD TLM mesh at the
—+=—+Y,. = A—” (11a) same position and the corresponding iteration, except for the
Zrz  Ly: ¢ fact that these coefficients in the TFDTLM can be complex.
The TFDTLM frequency response at the observation point at a
Ayz + Zzy + Do = & particular frequency can then be obtained from these scattering
%g coefficients as follows: the value stored at the first iteration
Dot Ze+ Gy =22 is multiplied by e="4¢. The value at the second iteration is
%g multiplied by ¢=272¢, and so on. The final result can then be
Zyw + Zpy + 2 = A_z (11b) obtained by summing. Itis important to note that the frequency

dependence of the frequency response at the observation point
where Z denotes an impedance normalized to the compléx only contributed by multiplication by the factors*7A¢,
intrinsic impedance of the medium. The equations above aerocedure that is only done at the end of the simulation to
similar to the set of equations for the link-line inductancesalculate the response at a particular frequency. This indicates
and capacitances required to satisfy the medium permeabitityat even though the TFDTLM is a frequency-domain method,
and permittivity, respectively, in a TD TLM node. The onlyperforming only one simulation is enough to calculate the
difference is that the link-line impedances as well as those foéquency response at any frequency of interest as long as there
the compensating stubs, if any, in the TFDTLM are allowed is only one homogeneous medium. Even in case of problems
be complex. In addition, the equations above not only satidfiaving inhomogeneous regions with different propagation
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Direct Form I Direct Form I1

Fig. 2. Implementation of the approximation filter in a TFDTLM mesh.

constants in different regions as well as frequency-dependéirect form Il was chosen to be implemented in the TFDTLM
reflection coefficients, the TFDTLM approach can still bescheme. Consider a link line in medium 2 between cebsd
applied to extract all the frequency information of interest frol. In a TD TLM mesh, the connection between the two adjacent

only one simulation. This will be discussed in Section lll.  cells is implemented as follows:
lll. TFDTLM IN AN INHOMOGENEOUSMEDIUM U"((k + 1)At) = U (kAD). (13)
The technique used to overcome the problem of inhomod@-the TFDTLM, the equivalent expression will be in the form
neous media, multiple propagation factors, and frequency-de- R i U4 (14)

pendent reflection coefficients involves approximating all prop-

agation factors in each and every medium in a TFDTLM med}{1€€% IS the iteration number. Assuming medium 1 s the ref-
in terms of the propagation factor of some reference medidfFence medium, the propagation constant in medium 2 is ap-
chosen to be the medium with the least propagation delay. c&ieximated in terms of that of medium 1. Fer= 1, then from
sider having two media 1 and 2 with propagation constants direct form Il realization of (12), the incident voltage at ndde
andn,, respectively, and effective cell dimensiané; andA s atiterationt+1 can be obtained in terms of the reflected voltage

respectively, and medium 1 has the least propagation delay. A godeq at ilterationk as follows:
propagation constant in medium 2 is then approximated in terms wh == [kvar — by — bowhk - — bnwﬁ} (15)

of the propagation constant in medium 1 as bo

ap +aje” "0 4 g e A0 kt1y7i At k k k k
by + bie— 1AL . 4 b AL Vy=e o [aowo + a1wy + apws + - + anwn]

m=0,1,2,---; n=1,2 ---. (12) (16)

C—"/zAéz ~ e—"l"h Ady

The filter coefficientsa,, andb,, are then obtained by mini- In an actual simulation, the multiplication by the factof 24,
mizing the mean square error between the actual propagatiamich accounts for the transition from one iteration to the next,
factor of the medium and the approximated propagation facternot performed at every iteration. Instead, only the term in-
over the frequency range of interest. It is important to note thsitle the bracket in (16) is stored at each iteration. It is impor-
the filter coefficients can be complex, but are not frequency d&nt to note that this term can be complex, but is not frequency
pendent. The integen is chosen to provide extra phase changdependent. Again, the frequency dependence of the frequency
(increase filter order) that can be implemented with significanthgsponse at the observation point is only contributed by muilti-
fewer computations than by increasing the integehssuming plication by the factors —*72¢. These multiplications are only

m = 1, this technique is implemented in a TLM mesh in a waglone at the end of the simulation, where the frequency response
similar to the implementation of a digital filter in a digital filter at the observation point at a particular frequency is obtained by
processing application [9]. Fig. 2 shows two possible ways ofultiplying the value stored at iteration 1 lay ¥2¢ and that
implementing the filter. Direct form Il involves less computaat iteration 2 bye=272¢, etc. These terms are then summed to
tions than direct form | and less storage as well. For this reasabtain the overall frequency response at the frequency point of
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interest. The values of the intermediate variahlesare first 0.8 —— I
T . . . de:dy:dz st 4
initialized to zero and then updated at each iteration by pushing [e-4 TEDTLM [* order 5
them one step downwards to simulate the multiplication by the ' T HSCND :
factor e 744 r ]
F
ot =wi_y wit = wi_, o wiT = wf (17)

By the same token, complex frequency-dependent reflection co-
efficients at the interface between two different media can also
be approximated by a similar filter and implemented the same
way.

IV. DISPERSION INTFDTLM

The dispersion behavior of the TFDTLM scheme can be an-
alyzed in the same way as in TD TLM [10]-[13], where the :

dispersion characteristic of a general TLM mesh can be derived % 7"~ T T T Ty
by solving an eigenvalue equation given by 0 in degrees
det[I — PST]| = 0. (18) Fig. 3. Comparison between the dispersion properties of the TFDTLM and

HSCN Il for a uniform cell withe,. = 4.
The matrix? has a similar form to that in the TD TLM, except

for the fact that propagation constants or wavenumbers along 6904 and an average of 0.21%. Hence, it appears that even
three coordinate directions can be complex for a lossy mediugy, 5 |ossless medium, the TFDTLM scheme still showed some
These propagation constants are written,as,, andy. forthe  jmprovement over type-1l HSCN. It is worth mentioning that,
a-,y-, andz-directions, respectively. The matfixis a diagonal i, the results predicted in Fig. 3, the fact that the dispersion be-
matrix with nonzero elements equaldo¢ whereyis the ap- payior for stub-loaded TLM nodes is polarization dependent,
proximated propagation constant of the medium. To simplify,q has not been taken into consideration. For stub-loaded TLM
the analysis, (18) is solved numerically for a two-dimensionglyqes, different modes of propagation will be associated with
(2-D) propagation case in they-plane and only for the modes yiterent dispersion errors. For the case considered, we have
a;socgted W|th.the three f|eld'componeH;s E.,andE,.The |goked into the three field componerts, E,, andH. and be-
dispersion relation of conventional stub-loaded TD TLM nodes,;se type-1l HSCN employs short-circuited stubs that directly
can be derived from the general condition in (18). The dispefffect the #-fields, it is expected that, for the three field com-
sion equation is solved numerically for both the TFDTLM and,nents chosen, the error associated with this node should be at
TD TLM and the error in the propagation vector is compared. minimum. On the other hand, for the modes associated with
The dispersion error refers to the error between the mesh prep- H,, andH,, the error should be at a maximum. Hence, the
agation constant and the actual propagation constant of thg,erage error should be higher than that predicted in Fig. 3. On
medium,. The dispersion error is calculated at a frequUengye other hand, because the TFDTLM in the above analysis did
where the cell dimension is 0.1 times the corresponding wavgst employ any stubs, the dispersion error is unique irrespective
length. of the mode of propagation. This property as in the SSCN would
make it easier to correct for the dispersion error [8]. Fig. 4 shows
similar results to those in Fig. 3, but with = 16. The filter

The cell is assumed to be uniform havidg = d, = d. = approximation used with the TFDTLM has the same form in
2A¢ = 0.5 cm. In the TFDTLM, a first-order approximation (19). This figure shows that the behavior of the HSCN continues
filter is used. The reference medium is considered free spaoedegrade by increasing the relative dielectric constant. The
with 71 = jw,/Hoco. The filter coefficients are optimized in aTFDTLM, on the other hand, almost maintains the same order
frequency range where the maximum cell dimension is less thefraccuracy. It is worth noting that even for such a relatively high
or equal to 0.125 times the corresponding wavelength. The filtedative dielectric constant, a first-order approximation filter in

A. Dispersion in a Lossless Inhomogeneous Medium

is denoted byF; and has the form the TFDTLM can still provide almost the same order of accu-
An racy as with lower relative dielectric constants. This conclusion
Fy = —mah <%) ) (19) can have asignificant effect on improving the computational ef-

bo +bre=mah ficiency of the TFDTLM.

Fig. 3 compares the percentage dispersion error calculated for o i

a type-Il HSCN and the TFDTLM in a lossless medium wit: Dispersion in Lossy Inhomogeneous Medium

¢ = 4. The dispersion error is plotted versus the angle from In this section, the dispersion behavior of the TFDTLM in a
the z-axis (¢). From Fig. 3, it appears that dispersion error dbssy inhomogeneous medium with a uniform cell is analyzed.
the TFDTLM has a minimum of 0% and a maximum of 0.42%irst- and second-order approximation filters are used. The ref-
and an average of 0.1%, whereas that of the type-1l HSCN harxence medium is free space and the filter coefficients are opti-
a minimum magnitude of 0.2% and maximum magnitude afiized in a frequency range where the maximum cell dimension
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0.8 - — — ] TABLE |
dx =dy =dz TEDTLM 1 %" order ] COMPARISON BETWEEN THE DISPERSIONPROPERTIES OF THETFDTLM,
E,=16 — — — HSCNII - HSCN Il, AND SSCNIN A LOSSY INHOMOGENEOUSMEDIUM WITH €, = 5

1

ando = 0.2 S/mFOR A UNIFORM CELL

€=5,06=028/m| min|err||maxlerl | avg | erl
SSCN 142% | 1.82% | 1.62%
= HSCNTI 041% | 098% | 0.72%
. 1% order TFDTLM| 05% | 082% | 0.64 %
= 2% order TEDTLM| 001% | 043% | 02%
=
4.0 — — .
Pdx=dy=dz TFDTLM 27¢ order |
[ €,=8 c=1s/m o~ HSCN
30F . o
0in degrees A L ]
Fig. 4. Comparison between the dispersion properties of the TFDTLM and = b AN /’
HSCN Il for a uniform cell withe,. = 16. ootk . S 1
4.0 RN e = N L
[ dx=dy=dz .. SSCN [ S
| €,=5 c=02s/m L
I — — TFDTLM I5torder r
" TFDTLM 204 order 1.0 1
30 F - - - HSCN ] .
& b ]
C20F . 6in degrees
£ ¥ [ ) 1
- Fig. 6. Comparison between the dispersion properties of the TFDTLM and
F HSCN Il in a lossy inhomogeneous medium with = 8, ¢ = 1 S/m for a
r 1 uniform cell.
1.0 F-~ -]
: T e :
0.0 L L LT~ and HSCN Il. Table | compares the minimum, maximum, and
"o 30 60 90 average magnitude error in the SSCN, HSCN II, and first- and

Oin degrees

second-order TFDTLM.
Fig.5. Comparison between the dispersion properties ofthe TFDTLM, SScN, Fig. 6 shows a comparison of the dispersion behavior of the
and HSCN Il in a lossy inhomogeneous medium with= 5,0 = 0.2 Simfor HSCN Il and a second-order TFDTLM for a higher loss tangent.
a uniform cell. The relative dielectric constant is chosen to be eight with a con-
ductivity o of 1 S/m, aloss tangent of about one, at the operating
is less than 0.125 times the corresponding wavelength. The ffequency. This figure shows that the behavior of the HSCN is
ters are denoted h¥, andF; for a first- and second-order ap-sjgnificantly degraded. The TFDTLM, on the other hand, almost
proximation, respectively, and are given by maintains the same order of accuracy as in a lossless homoge-
ao + are—M A0 neous medium with a very slight degradation. Another impor-
— i AE 0 1 . . . .
Fy =—mab <m> tant conclusion can also be derived from the results in Fig. 6.
0T PLe ) ) It has been shown that a second-order approximation filter can
N R e L id i -
F, = s < ) provide an acceptable order of accuracy for a lossy inhomoge
bo + brem 128 + bye2 A0 neous medium with relatively high losses. This conclusion was
Fig. 5 shows a comparison of the dispersion characteristicsVéfified for different combinations of medium parameters with
the SSCN, the HSCN II, and first- and second-order TEDTLNglatively high loss tangents.
in a lossy medium witl,. = 5 ande = 0.2 S/m (a loss tangent
of about 0.3 at the considered frequency). This figure sho P
that the SSCN has a relatively poor dispersion characteristii@nuniform Cell
for a lossy inhomogeneous medium. The first-order TFDTLM In this section, a lossy inhomogeneous medium with a
provides significant improvement over the SSCN, and a littieonuniform cell will be considered. The TFDTLM can handle
improvement over the HSCN Il. A second-order TFDTLM, onhe situation of a nonuniform cell in a simple and direct way.
the other hand, has a superior performance over both the SSEdiations (11a) and (11b) are functions of the normalized

(20)

Jrs Dispersion in a Lossy Inhomogeneous Medium with a
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w0t ‘ TABLE I
"""" SSCN b COMPARISON OF THEPERCENTAGE ERROR IN THE (-FACTOR ESTIMATION
— — TEDTLM 2Monder Al = dxi4 ] OBTAINED FROM THE HSCNAND TFDTLM FORe,. = 5,0 = 0.05 S/m
[ TFDTLM 2Mdorder Al = AL, 1 HSCN TFDTLM
3.0 F - - - HSCN ]
[ ] £, e (GHD)| £ Q |%err| f Q |%er
dx = 2dy = 2dz ]
s I €r=8c=02sm 1.9 1881107 ] 24 | 1.9 | 104 -0.98
a0k ] 3 299 [ 176 | 6.1 [299] 166 0.1
:f o~ T T ] 4.24 4241267 13 | 42 |242] 34
SN ] 484 | 475|315 21 |478[279( 53
] 553 | 56 | 38 | 22 [552[293] -3
dispersion behavior, followed by the HSCN. The TFDTLM

shows significant improvement over the HSCN even when
both are operating at the maximum permissible equivalent cell
dimension, the maximum equivalent cell dimension that would
Fig. 7. Comparison between the dispersion properties ofthe TFDTLM, SSCH|, ; ink_ling i it
and HSCN Il in a lossy inhomogeneous medium with= 5, ¢ = 0.2 S/m for &uar.antee all no.rm.allzed “r.]k line |mped_ance§ are. positive. The
a nonuniform cell. maximum perm|s§|ble equwglent ce!l dimension in t_he HSCN
is simply the maximum permissible time step multiplied by the
speed of light in air. It is worth mentioning that the maximum
permissible equivalent cell dimension in the TFDTLM is equal

link-line impedances (normalized by the complex intrinsit® @lmost 1.2 times that required by the HSCN, i.e., the number
impedance of the medium) and the equivalent cell dimensighiterations required by the TFDTLM is less than 85% of that
AZ. In order to account for nonuniform cells, the set of equagauired by the HSCN. When the equivalent cell dimension is
tions are solved simultaneously with no stubs as in the SSEkPPPed to 0.25l,, which is the same as that required by the
for the normalized link-line impedances and the equivaleRtSCN, Fig. 7 shows that the dispersion of the TFDTLM is
cell dimensionA#. The reason they are chosen to be solvetignificantly improved.

the same way as in the SSCN is that the SSCN proved to have

superior dispersion characteristics in a homogenous lossless V. SIMULATION RESULTS

medium with nonuniform cells [8]. The set of equations can, p lossy cavity of size 5 crx 5 cmx 5 cm was simulated with

in general, be solv_ed as in a general symmetrical _Conde_n%legniform grid using the TFDTLM. The cavity is filled with a
node (GSCN), as illustrated in [14], for optimum dispersiojg|ectric withe,, = 5 and conductivity equals 0.05 S/m. The

behavior in a nonuniform cell. The solution of (11a) and, ajity factors are calculated for the HSCN and the TFDTLM
(11b) implicitly assumes that the propagation delay along,,oach and compared with the theoretical values. A second-
any cell dimension is equal to the propagation delay in thgqer annroximation filter was used for the TEDTLM. The filter

medium. The role of the TFDTLM becomes significant in.,eficients were optimized up to a frequency where the max-
approximating the propagation constant in different media wifly,;m cell dimension is in the order of 0.18 times the wavelength

different frequency-dependent material parameters in terms;0f. - <4ium withe, = 5. This range is guaranteed to cover

the propagation constant of some reference medium. Figyg foquency range over which the TLM is always operated for
compares the dispersion behavior of a second-order TEDTLM yien cell dimension. Table 1l shows a comparison between

SSCN, and the HSCN in a lossy inhomogeneous mediygl, accuracy of the type-Il HSCN and TEDTLM. The results in
havmg_c,, =5 Qnda = 0.2 S/m. The cell is a_SSl_Jmed to beTable Il prove that the TFDTLM provides improved accuracy
nonunlf(_)rm havingd, - 2d, n 2d~ = lcm. Itis important calculating the quality factor and, consequently, in modeling
to mention that there is no limitation to the use of a gradefl, |osses in the medium. Both the TEDTLM and HSCN have
mesh in the TEDTLM. In the TFDTLM, the set of link-line 5, 5cceptable order of accuracy in the low-frequency range, al-
impedances are chosen to account for the nonuniform cgll, 4 the TFDTLM is still better. As the frequency increases,
dimension by solving the set of equations in (11a) and (11f)s ysCN significantly degrades, whereas the TFDTLM almost

with no St_UbS' A secondforder approx_lmanon f||t_er is then useflintains the same order of accuracy with very slight degrada-
to approximate the medium propagation factor in terms of t

of the reference medium. The reference medium is taken to be -
free space. The filter coefficients are optimized in a frequenc
range where the maximum cell dimension is less than 0.12
times the corresponding wavelength. In the SSCN, the link-linelt has been mentioned earlier that as compared to a FDTLM
impedances are chosen to account for the nonuniform cell ssaheme, where the intensity of computation per frequency is ap-
satisfy the medium dielectric constant. Lossy stubs are addegtoximately of the same order, the TFDTLM would be compu-

account for losses. The SSCN, as shown in Fig. 7, has the waegtonally more efficient. The reason is that, in the TFDTLM, all

6in degrees

. ON THE COMPUTATIONAL EFFICIENCY OF THETFDTLM



1096 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 7, JULY 2000

c TABLE Il the TFDTLM makes it computationally more efficient as
OMPAR'SONTOJE\END“SEE?_iﬁﬁ”é;ﬂ;ﬁ‘;%ﬁf;”}%é?ﬁ&"’“g'“”D compared to any other FDTLM. The TFDTLM was found
to have less dispersion error than the TD TLM in modeling
___TFDTLM lossless as well as lossy inhomogeneous media with uniform
TD TLM | 1*order | 2*order and nonuniform cells. For the TFDTLM, it has been shown that
#of real multip. 18 126 222 a first-order approximation filter can perfectly model lossless
# real add./sub. 54 180 276 inhomogeneous media, whereas a second-order approximation
filter can provide an acceptable order of accuracy even for
a lossy inhomogeneous medium with a relatively high loss
the frequency-domain information in the entire frequency ranggngent. The TFDTLM was tested in a simple lossy cavity
of interest can be extracted from only one simulation. In a trgimulation and was able to better estimate the quality factors
ditional FDTLM, on the other hand, the simulation has to rehan traditional TD TLM. The computational intensity and the
peated at every frequency point. As compared to a TD TLMtorage requirement of the TFDTLM were also estimated. It is
scheme, the TFDTLM is less efficient. The reason is that, ini@portant to note that one interesting property of the TFDTLM
TEDTLM, all the computations must be complex. Also, morgs that it can easily be interfaced with any TD TLM method.
complex computations are used for the implementation of thgerefore, in lossless regions with relatively low relative
approximation filter. In what follows, the number of multiplica-dielectric constants and/or permeabilities, a traditional TD
tions and additions in the TFDTLM will be compared to that refLM technique can be used. The TFDTLM can then be used
quiredina TD TLM. The storage requirement will be compareghly for regions with frequency-dependent material properties,
as well. The following calculations for a TD TLM will be basedrelatively high permittivities, permeabilities, and/or high loss
on a general node having six different link-line impedances feingents. This would consequently save a lot of computations
different coordinate directions and polarizations, six stubs, agéld help improve the overall computational efficiency of the
six lossy stubs. For the TFDTLM, six different link-line imped-TEDTLM.
ances are considered with neither lossy, inductive, nor capacitive
stubs. For the TFDTLM, all the filter coefficients are normal-
ized tobg in (12), i.e.,bg is taken to be unity. It is important to
note that, in the following calculations, every full complex mul- [1] I. Salama and S. Riad, *A new computationally efficient frequency do-
tiplication, i.e., multiplication of two complex numbers, is con- m:wy%'\cﬂt’. in 2nd Int. TLM Theory Applicat. WorkshoHunich, Ger-
verted to four equivalent real multiplications and two equivalent [2] H. Jins and R. Vahldieck, “The frequency domain transmission line ma-
real additions. On the other hand, multiplication of a real and a gg;AzgiWancelity"gEE Trans. Microwave Theory Teofol. 40, pp.
complex number is eqUival_ent to two real mUItipl_ication_s' The 3] D. (I)D.TJohn? Aej V\?Igdércyzk, A. Mallik, and C. Christopoulos, “New
complex class developed inHG- could actually differentiate TLM Technique for steady state field solutions in three dimensions,”
between these two types of multiplications and, hence, improve  Electron. Lett, vol. 28, no. 18, pp. 1692-1694, 1992. _
the computational eficiency of a TFDTLM code. Table fl sum- 14 . P: Joins and ¢, Chvisopoulos, *A nw freauency domain 1L
marizes the total number of real multiplications and additions  problems,”Proc. Inst. Elect. Eng.vol. 141, no. 4, pp. 310-316, July
for a first- and second-order TFDTLM as compared to a TD 1994. ) .
TLM. The numbers for the T TLM are based on the effiient (¥ - 127K, . hrisopoulos and .. Benson, Simpleandlegantfor
computation algorithm for the GSCN given in [15]. Sept. 1993.
It is important to note that, in the region that is treated as[6] P. Berinj and K. Wu,_“A pair of hybrid symmetrical condensed node,”
a reference medium in a TFDTLM, the connection procedurep, (ot Wierowave Guded Wave Letiol & pp. 246 216,y 1994,
does not involve any approximation filter. This would drop the super condensed node for TLM methodlectron. Lett, vol. 30, no.
equivalent number of real multiplication in this regionto 30 and ___ 4, pp. 329-330, Feb. 1994. , ,
the number of equivalgnt. reql additions tq 54. Co_nsequently, thd® @;;E@Zﬁﬁ{{%ﬁ%ﬁ 2,‘5 sf,‘o‘_‘i'g,gpt,?_e 7?/5n_1;nge7t,nlf/|ﬂ; L{ngzondensed
overall number of multiplications and additions will be reduced. [9] A. Oppenheim and R. W. Schafemiscrete-Time Signal Pro-
Concerning the memory storage requirement of a TFDTLM, a__ cessing Englewood Cliffs, NJ: Prentice-Hall, 1089. _
first-order TFDTLM will require 24 complex memory locations [10] ibﬁr'i gﬂzlsrﬁgdaegdo\]fv'sz F;n::°3eff§r’TL?Ae?oermfaet?oifgéréﬁpaﬁgéI,\),'”S_'S and
per node, as opposed to 18 real memory locationsina TD TLM  crowave Theory Techvol. 11, pp. 2207-2218, Aug. 1993.
with six stubs. A second-order TFDTLM, on the other hand, will [11] ——, “A complete dispersion analysis of the condensed node TLM

. . mesh,”IEEE Trans. Magn.vol. 27, pp. 3982-3985, Sept. 1991.
require 36 complex memory locations per node. [12] J. A. Morente, G. Gimenez, J. A. Porti, and M. Khalladi, “Dispersion

analysis for a TLM mesh of symmetrical condensed nodes with stubs,”
IEEE Trans. Microwave Theory Techol. 43, pp. 452-456, Feb. 1995.
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