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Abstract—We present two approaches to extract the broad- modes exist. The works described in [2] and [3] employed
band flﬂummOdf? ,Paéa}frfneters of gU'éjed YVa\(/EDSTtBJ)CU{YESI from a two-dimensional (2-D) FDTD method to obtain multimode
a single-pass finite-difference time-domain simulation. ; ; i ;

They include a two-dimensional (2-D) Fourier transform (FT) dlsperS|vedF:haracterlstlcs. S:jncf] only those frequsncybdatad
algorithm and a super-resolution estimation of signal parameters corresponding to an _assu_me phase constant can_ eo _talne
via rotational invariance technique (ESPRIT) algorithm. Com- from one FDTD run in this approach, the FDTD simulation
parison is made to show the superiority of the super-resolution itself must be repeated many times to generate broad-band
approach. As a typical application, a three-line coupled mi- information. Paulet al. [4] presented a technique combining
crostrip structure is studied. After a single-pass FDTD simu- o rvo methods above to extract multimode broad-band
lation, broad-band multimode parameters such as propagation . h hod i d
constants, modal-field templates, and modal impedances are ex-Parameters. First, the 2-D FDTD method is used to generate
tracted and verified against published data obtained by the the field template for each mode at a single frequency. This
spectral-domain method. The main feature of this parameter- field template is then used as an excitation to maintain single-
extraction methodology is that it decouples the computational mode propagation, as required by the method of [1]. The

electromagnetics engine (in this case, the FDTD simulator) from i isation of this method is that the field templates are assumed
the post-processing parameter-extraction algorithm, thus provid-

ing more flexibility and connectivity among the various simulation (@ P€ frequency invariant.
tools. In this paper, we present two approaches to extract broad-

band multimode parameters of guided wave structures from a
single-pass FDTD simulation. The first approach is a 2-D FT
method. We demonstrate the effectiveness of this approach by
extracting the multimode information in the—3 plane for a
. INTRODUCTION single-conductor microstrip line. While this method is simple
HE finite-difference time-domain (FDTD) method hasind straightforward, it is limited in resolution by Fourier
been extensively used as a flexible and accurate wegnstraints. For example, this approach fails to resolve the
to predict the electromagnetic behaviors of various guidédree quasi-TEM modes of a coupled three-line microstrip
wave structures in monolithic microwave integrated circuitwhere the dispersion curves are very close to each other.
(MMIC's). The most important feature of the FDTD methodAccurate values of the dispersion characteristics cannot be
is that broad-band frequency information can be provided @btained due to the Fourier limit, unless an extremely long
a single-pass simulation. Since the results directly producgithulation domain is used. In the second approach, a super-
by an FDTD run are time-domain data, which contain mufesolution algorithm is employed in the spatial dimension in
tiple frequency and mode contents, the extraction of desirpthce of the Fourier engine to overcome this difficulty. In
frequency parameters from these data becomes an importhet past, super-resolution algorithms such as Prony’s method
issue. have in fact been used to extract the scattering parameters
The earliest work of using a single-pass FDTD for guidefibr discontinuity problems and to correct the errors due to
wave problems is that of Zhanet al. [1], who proposed a imperfect absorbing-boundary condition [5], [6]. Here, we
simple Fourier transform (FT) method to obtain the dispefellow the same spirit, but extend this technique to extract the
sion curve of a microstrip line for its dominant quasi-TEMmultimode parameters for general multiconductor transmission
mode. However, this type of processing method is limitdihes. Instead of Prony’s method, the estimation of signal
to single mode data and is no longer valid when high@arameters via rotational invariance technique (ESPRIT) [7]
algorithm is used because it is considered to have more stabil-
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Fig. 1. FDTD model for an open single-line microstrip withi/h = 2.0,
h = 1.0 mm, &, = 13.0.

Preguency {Crilx)

to verify this approach. In addition, we generate the broa..
band modal-field templates to obtain further insights into they. 2. Thew—3 spectra obtained by using the 2-D FFT algorithm.
underlying physical phenomenology.

If we assume that only discrete guided modes are present in
Il. 2-D FT MeTHOD the signal,f(¢, z) should take on the form
We shall present the first approach through an example

which extracts the multimode characteristics of an open single- f(t, 2) = / Z ai(w) StAIA] g, 2)
line microstrip. The structure is shown in Fig. 1 with pa- -y
rametersw/h = 2.0, h = 1.0 mm, ande, = 13.0. In \here the summation is taken over all the discrete modes and

our FDTD simulation, Berenger's perfectly matched Iayecgi(w) is the frequency-dependent amplitude of each mode.

(PML) absorbing-boundary condition [8], [9] is implememedfherefore, by taking the 2-D FT of the signlt, z), we

on both the sidewalls and the endwall of the problem domaif, 14 obtain the discrete—3 spectra in the form of
to simulate the open microstrip structure. We find that the

side absorber must be carefully chosen to make the reflection Flw, )= Z a;(w)8[B — Bi(w)]. (3)

as small as possible, as it can have strong influence on the i

compu_ted dispersion param.eters..AIthough the error due tq m%‘w) versusw is the desired dispersion curve for moddo
reflection from the end of microstrip can be corrected by usingy; this ideal dispersive curve with infinite resolution, infinite
the method of [5] and [6], the side absorber reflection must gy and infinite long simulation domain are required. For
carefully minimized. A perfectly magnetic conducting (PMC)yncated time and longitudinal data, a fuzzy image for the
wall is used along the symmetry plane when considering tB?spersion curves is obtained by using a 2-D fast FT (FFT)
even modes. To properly excite all the higher order mOdeSéﬁborithm, where the resolution are limited By = 27 /#1ax,

the FDTD simulation, a spatially singul@rsource is placed AB = 21/ zmax. To avoid aliasing, the-direction sampling
just beneath the strip. The input signal is a Gaussian puls€ifieryal must be smaller than half of the minimum waveguide
time. The total FDTD mesh consist of 66 46 x 176 cells, \yayelength. Moreover, in order to reduce the sidelobe caused

which includes the PML absorbers. _ by the truncation, a windowing operation should be applied to
As we have mentioned in Section |, the simple Ongpe |ongitudinal data prior to the FFT.

dimensional (1-D) FT method proposed in [1] is not applicable iy 2 shows the dispersion curves obtained using the 2-D
to the multimode case, because the resulting data are not Qafyr approach. From it, we can clearly see five mode spectra
frequency mixed, but also mode mixed. One solution is igsing revealed in thes~3 plot. The intensity of these dis-
utilize the whole collection of time data taken along thgersion curves is dependent on the spatial distribution of the
z-direction and carry out a 2-D FT to obtain the desitedl gycitation. The nearly linear dispersion curve starting from
spectra. Note that the signal simulated by the FDTD algprlthgéro frequency corresponds to the dominant quasi-TEM mode.
can be expressed g&t, x, y, z), wherez is the propagation The other four lines represent the four higher order even modes
direction. By choosing a fixedxf, yo) observation along j, the microstrip (since the problem is simulated using a PMC
every cross sect_|0n of the wav_egw_de, we can define the S'ggﬁlnmetry plane). Their cutoff frequencies are 43, 52, 84, and
as a 2-D functionf(t, z), which is expressible as a 2-D124 GHz. If we repeat this operation at all the grid points over
Fourier integral as follows: the cross section, the field-distribution template for each mode
RO e lwt— B can also be obtained. Both the effective dielectric constant
1t 2) = /_Oo /_Oo Flw, )P dwdf. (1) for the dominant TEM mode and the modal templates for the
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Fig. 3. The spatial field distribution extracted for the first four even modes. (a) Dominant mode at 20 GHz. (b) First higher order even mode at 46 GHz

(cutoff = 43 GHz). (c) Second higher order even mode at 54 GHz (cutof2 GHz). (d) Third higher order even mode at 87 GHz (cutefB4 GHz).

higher order modes have been reported earlier in [10] andrves in thes—3 plane can be seen. The 2-D FFT algorithm
[11]. Here we plot the modak, -field templates for the four fails to resolve the closely spaced spectra. One solution is to
lowest even modes in Fig. 3. We observe that the modal fieldsse a much longer simulation domain, which means a large
distributions are fairly well confined under the microstrip andmount of computer resources is required. Next, we present a
exhibit the characteristic spatial variations of the higher ordeuper-resolution algorithm to overcome this difficulty.
modes.

As a second example, we study an asymmetric three-line IIl. SUPERRESOLUTION ALGORITHM

coupled microstrip. Th? geometry is shown in Fig. 4..We order to overcome the Fourier resolution limit, we shall
choose the same phys!cal parameters as those used in %%)Tace the Fourier engine by super-resolution processing in
for later comparison, vizV, = 0.3 mm, 5, = 0.2 mm, the spatial dimension to better resolge We first take the
Wz =0.6 mm, 55 = 0.4 mm, W_3 - 1'_2 mm, A ~ 0.635 mm, 1.p FT signal f(¢, z) with respect to time to generate the
e, = 9.8. The total FDTD simulation domain consists Offunction F(% 2). As we can readily see from (3)?(% 2)

24 x 59 x 816 cells, including 8, 16 (two sides), and 1§, pe expressed as a discrete sum of exponentiadsfam
layers of PML absorber cells in the-, y-, and z-directions, 5 guided wave signal

respectively. A Gaussian pulse is used as excitation which

only exists spatially beneath the first line. Theg plot of . B

using the 2-D FFT algorithm is shown in Fig. 5. According Flw, 2) = Z ai(w) e Q)

to the electrostatic theory, there must be three quasi-TEM =1

modes for a three-conductor transmission line. However, dubered is the number of modes in the signal. Any number
to the limited resolution of the 2-D FT algorithm, only twoof super-resolution algorithms can now be used to determine
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Fig. 6. Super-resolved—3 spectra obtained by using the ESPRIT algorithm
for the same structure as in Fig. 5.
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Fig. 5. Thew-3 spectra obtained by using the 2-D FFT algorithm for an
asymmetric three-line coupled microstrip with; = 0.3 mm, Sy = 0.2 mm,

Wy =0.6 mm, Sy =04 mm, Wy = 1.2 mm,h = 0.635, &, = 9.8.

. 5 T T T T
Bi(w) from spatial samples of’ in z. Note that this should 0 20 40 60 80 100
be done for each frequency to map out the entire disper- Frequency (GHz)

sion spectra. We will choose the super-resolution algonth

7. The effective dielectric constants versus frequency plots for the
ESPRIT due to its robustness in the presence of noise. It Wﬁ’%e quasi-TEM modes in the asymmetric three-line coupled microstrip from
originally developed for direction-finding applications and haSg. 6.
been used by us for radar feature extraction [13]. ESPRIT is
based on the data model as follows:

p Fig. 5, we see that the three dominant quasi-TEM modes

B Bk B are now clearly resolved by the super-resolution approach
Flan) = Z ¢ +nlak), 2 =212 ZN ing the same set of simulation data. The effective dielectric
=1 (5) constant curves are also generated from the dispersion curves

and are shown in Fig. 7. They agree well with the spectral-

wheren(e) denotes additive white Gaussian noise. If the datbomain results of [12]. It is worthwhile to point out that

sequence obeys this ideal model exactly and the number&8PRIT still has difficulty extracting the parameters at very

the sampling pointsV > 2d + 1, ESPRIT can estimaté and low frequencies. We believe this is due to a combination of
resolve eachs; and a; without any error. two reasons. One reason is that the FDTD simulation data
After running ESPRIT for each frequency, the values of there not noise-free, and numerical error does not necessarily

modal amplitude:;(w) and phase constafi(w) can be calcu- behave like white noise. Thus, the resolution of ESPRIT is not

lated to construct the dispersion spectra over a broad frequemdynite anymore, but rather becomes limited by the length of
band. Fig. 6 shows the results for the asymmetric three-littee simulation domain and the signal-to-noise ratio. The other
coupled microstrip discussed in Fig. 5. Comparing Fig. 6 t®@ason is that the propagation constants of all modes approach
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Fig. 8. The effective dielectric constant versus frequency plots for the (b)

three quasi-TEM modes in the symmetric three-line coupled microstrip
(H’H — 51 = ﬂ’rz = 52 = I"VJ = 0.6 mm, h = 0.635 mm, e, = 9.8). min - 5 W o T, Sl

zero when frequency tends to dc. Thus, resolving these clos*=
spaced modes becomes quite challenging for ESPRIT at I**
frequencies. One effective way to improve the results in tt "
low-frequency range is to divide the total frequency range in *
two or more subbands and running FDTD for each subbar ~
For the low frequency band, a coarser FDTD cell division cz |
be used. This way, the simulation domain can be lengthened ©

without increasing the memory requirement. _ _ _ _
Next, we will extract other important parameters includir:)%g' 9. The E, field templates for the three quasi-TEM modes in the

. . . mmetric three-line coupled microstrip & = 28 GHz. (a) Mode A
modal-field templates and modal impedances of the multicof)- — ). (b) Mode B (+p0 -). (©) Mog’eé + + 4. ®

ductor line. To determine the modal-field templates, we can
simply run the ESPRIT algorithm at every positign, i) on

the cross section of the waveguide to finglw, «, y)—the polarity by observing that there are two zero crossings in the

modal-field distribution for theith mode at frequencyw. gap regions for modet, while there are no zero crossings in

However, this is time-consuming and not necessary onw gap regions fqr mode'. These field yariationg are ;imilar_
the propagation constant(w) are known. Instead, we cant© those reported in [15] for a symmetric three-line microstrip

simply set up the linear system of equations for each pofif & 10SSy semiconductor substrate. For this example, the
(, y): FDTD simulation time is approximately 10 h on a single-

node SGI R8000 workstation. The post-processing using the
~ N ‘ i)z super-resolution algorithm takes only a few minutes on the
Flw, 2, y, zj) = Z ai(w, z, y)e ’ same workstation. Thus, compared to the electromagnetic
=t i=1,23 - (6 simulation time, the computer time for post-processing is
JT A nearly negligible. The 2-D FFT post-processing algorithm
and use a minimum least-square algorithm to solve fdescribed earlier takes even less time than the super-resolution
a;(w, x, y). To demonstrate the extracted modal-field disscheme. However, it requires a much larger simulation domain
tribution using this procedure, we will use the more intuitivéo achieve the needed resolution, and, therefore, would lead
example of a symmetric coupled microstrip instead of thhe a much longer electromagnetic simulation time.
asymmetric case discussed thus far. Fig. 8 is the effectiveTo determine the modal impedances of the multiconductor
dielectric constant curve for a symmetrical three-line coupldithe, we must properly define their meaning. Unlike the static
microstrip withW; = 5; = Wy = So = W3 = 0.6 mm, case, the voltage and current definitions in a full-wave model is
h = 0.635 mm, e, = 9.8. The modal templates for thi, field ambiguous and there are several different definitions presented
at f = 28 GHz are shown in Fig. 9(a)—(c), which corresponth the literature. A simple voltage—current definition for the
to modesA, B, and C, respectively. We can identify theimpedance where the voltage is defined as the line integral
“+ — 4" variation for mode A, “+ 0 —" variation for of electric field in the center of strip and the current is the
mode B, and “++ + +” variation for modeC. Although total z-directed conduction current is used in [14], and [15]
these figures show only the intensity plot, one can identify tlamd [16] also used a voltage—current definition. However,
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Fig. 10. (a) Line impedances versus frequency for mdda the asymmetric three-line coupled microstrip. (b) Line impedances versus frequency for mode

B in the asymmetric three-line coupled microstrip. (c) Line impedances versus frequency folChiadde asymmetric three-line coupled microstrip.

instead of arbitrarily choosing a line integral as the voltage, tioé impedance that allocates the power flow to individual
line—-mode voltage matrix is derived by solving the followingtrips. Definitions one and two are expected to give similar
linear equations: impedance estimates when the frequency is low. Indeed, our
P, = %Vk oI} results in Fig. 10 show this trend. For high frequencies, the
0=V, eln,(l£m discrepancies between the two definitions become much more

In [7], P is the power flow of théth mode. The first equation obvious, as expected. .Note .that the results using definition
represents the power condition, and the second equation arlts\f\é% alwa)_/s_ appear a litle bit smaller than _those F:omputed
from the reciprocity properties of the multiconductor syste Sing definition one—even for Iow.frequenues. This can be
Since the modal power flow and the totadlirected current are understood from our FDTD modeling. In the FDTD model,

both uniquely determined quantities from the modal fields, tHig® PML absorber is placed close to the side of the strip
definition is considered to have a clearer physical meaningt© Simulate the open structure while keeping the computation

Here, both the definition in [14] (definition one) and thaflomain as small as possible. Thus, when we integrate the field
in [15] and [16] (definition two) are utilized to compute thedistribution over the cross section, we tend to underestimate
modal impedances. The modal impedance curves are plottedfi@ total power flow since we have no access to the actual field
Fig. 10(a)—(c) for the asymmetric geometry discussed earlieutside the computation domain. Although this is relatively
Also plotted for comparison are the results from the spectraimall compared to the total power flow, it makes the calculated
domain calculation of [12], which uses yet a third definitiommpedance smaller than the correct value.

)}, k‘, l,mzl, "',Nmodes- (7)
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field templates, and modal impedances are easily obtained by
using the ESPRIT algorithm as the post-processing engine.

In view of the flexibility of the FDTD method, there
should be no intrinsic limitation to extend this methodology
to general multimode guided wave systems. The main feature
of this methodology is that it decouples the computational
electromagnetic engine (in this case, the FDTD simulator)
from the post-processing parameter-extraction algorithm, thus
providing more flexibility and connectivity among the various
simulation tools. On the other hand, the drawback of this
method is that it requires large computer memory to store all
the 3-D nodal field values from the FDTD simulation. For the
case where the dispersion characteristics are very close to each
other for different modes, a relatively long simulation domain
is needed, which also makes the computation more intensive.

ACKNOWLEDGMENT

The authors would like to thank Prof. J. Fang of the
State University of New York (SUNY) at Binghamton, for
information on the PML absorber. The ESPRIT algorithm was
provided by Dr. L. C. Trintinalia, formerly of The University

LT

=|
| o

|
L & oo
ma

-
! nna
- e

FI = m T
@)

i f - [ ]

va
a

val
o

1z
o | | mm
= i LT

g -

| - 1

"

i i i ) ] ™ i Py

Fig. 11. The field templates for modd in the asymmetrical three-line
coupled microstrip at (af = 42 GHz and (b)f = 64 GHz.

One interesting phenomenon is observed from Fig. 10(d}!
when the frequency is higher than 40 GHz. The values of
the three line impedances for mode based on definition
two dramatically increase, while the results using definitior?]
one—the simple voltage—current definition—do not show this
strong upward trend. It is hard to determine which one is morél
reasonable until further information is provided. To explore the
underlying physical phenomenology, we plot the mo#at
field templates for model at both f = 46 GHz andf =64 (4]
GHz in Fig. 11(a) and (b). Unlike the other two modes, these
two modal-field templates for modé look very different from
each other. The field structure & = 64 GHz obviously
can carry much more power than the onefat= 46 GHz
with the same magnitude of currents. Hence, the observde]
strong frequency variation of impedances using definition two
can be attributed to the strong frequency dependence of the
field templates for moded. For the simple voltage—current [7]
definition (since the centers of the strips are not where fields
are concentrated), it fails to properly reflect this frequency
variation. Therefore, we can conclude that definition twds8]
employed in [15] and [16] is more representative of the actual
physical phenomenology. [9]

(5]

IV. CONCLUSIONS

Two approaches to extract the broad-band multimode p[é(—)

rameters of guided wave structures from a single-pass FDTD
simulation have been presented. They include a 2-D FT algé!
rithm and a super-resolution ESPRIT algorithm. As a typical
application, a three-line coupled microstrip structure is studied.
Comparison is made to show the superiority of the supdi?]
resolution approach. After a single-pass FDTD simulation,
those multimode parameters such as propagation constants,

of Texas at Austin.
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