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An Equivalent Electric Field Source for Wideband
FDTD Simulations of Waveguide Discontinuities

Shumin Wang and Fernando L. Teixeira

Abstract—Transparent sources are often used in wideband
finite-difference time-domain (FDTD) simulations of waveguide
discontinuity problems. Direct implementations of transparent
sources may not correspond to the original hard source spectrum,
or elserequire auxiliary simulation steps for correction purposes.
In this letter, we propose a more direct approach to construct
FDTD transparent electric field source—models for waveguides.
We also provide an explanation for a “spectrum distortion”
phenomenon recently reported for FDTD sources in waveguide
problems[9]. Themain findings areillustrated by meansof FDTD
simulations of waveguides operating at Ku-band.

Index Terms—FDTD methods, sour ce, waveguide.

I. INTRODUCTION

HE finite-difference time-domain (FDTD) method [1] has

been widely used for wideband waveguide discontinuity
simulations. In order to increase the efficiency and accuracy of
the method, various source excitation schemes to couple en-
ergy into the FDTD grid have been proposed. For waveguide
problems, these can be roughly classified into four basic types:
1) hard sources, 2) total field/scattered field (TF/SF) sources,
3) matched modal source boundary condition, and 4) transparent
sources.

Hard sources [2], [3] are implemented by enforcing a
particular value for the transverse field at excitation points
in the FDTD grid. For an incoming wave, these grid points
behave as scatterers (e.g., a PEC wall [4]) and, therefore,
enough buffer space must be placed between the excitation
region and any waveguide discontinuities to prevent reflections
from contaminating the solution. TF/SF sources [5] employ the
same approach as the homonymous sources used in scattering
problems. In this case, an auxiliary simulation step of an empty
waveguide is needed to obtain the incident transverse magnetic
and electric fields separated by half a cell. Matched modal
source boundary conditions [6], [7] introduces the source and
an absorbing boundary at the same location. To numerically
exactly absorb one or more modes, an auxiliary simulation step
is again needed to obtain the impulse response of the wave-
guide (analytical solutions do not work well [7]). Transparent
source excitations [8] modifies the field update equations by
introducing source terms. Since there is no interaction between
the source and the reflected wave from the discontinuities,
transparent sources are often the most adequate type of FDTD
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excitations for waveguide discontinuity problems. However, if
proper care is not exercised on how to define the transparent
sources, the resulting fields coupled to the FDTD grid may
not correspond to fields of an equivalent hard source [4]. In
order to construct a transparent source which couples into the
FDTD grid the same field as a hard source, Schnider et al.
[4] have proposed a pre-simulation step to obtain the impulse
response of the source PEC wall. During the actual simulation,
a convolution is then applied at each time step to make the
transparent source yield the same spectrum as the equivalent
hard source.

Recently, there have also been reports[9] that the use of some
FDTD source excitations for waveguide problems may lead to
large “ spectrum distortions” in the field spectrum at the obser-
vation point. These so-called distortions produce alarge peak in
the spectral energy near the cutoff frequency.

In this letter, we consider a simple transparent source ex-
citation approach for waveguide problems which avoids any
convolutions and couples the same field (and hence the same
spectrum) as a hard source. We shall also provide a simple
explanation for the “spectrum distortion” phenomenon as re-
ported in [9]. For simplicity, a dominant 7°E;o mode in an
rectangular waveguide will be considered as an example.

Il. EQUIVALENT CURRENT/FIELD SOURCE MODELS

Considering a waveguide whose broadsi de extends along the
y-axis direction and the z-axis direction is the propagation di-
rection, the spatial distribution for the sourcewith a7’ E;, mode
can be expressed as

Fore\
Sx (jsrc) = sin <7U%:h> (1)

where « is the broadside dimension, Ah is the cell size, and
Jsre iNdicatesthe spatial location along the i-axis. At this point,
we choose to be deliberately ambiguous as to which particular
type of source (i.e., current or field, magnetic or electric) this
term would represent. First we consider the electric field update
equations with the above source included asin [8]

. N S o
E;H—l(]Src) :E:): (]Src)""?VXH +é+5w(‘7src)'p + (2)

where the superscripts denote the time step and p™*1! isthetime
domain pulse evaluated at time step (n + 1).

To examine the effect of such an excitation, we sim-
ulate a TE.;c wave in a Ku-band waveguide (WR62:
15.799 x 7.899 mm?). A uniform grid with cell size
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Ah = 0.6522 mm is used. The cutoff frequency of the wave-
guide is around 9.494 GHz. A differentiated Gaussian pulseis
used with an frequency range of 12—20 GHz. The observation
point islocated 10 cells away from the source plane and amode
extraction technique [6] is used to extract the modal voltages
[7]. Thefirst 300 time steps of the FDTD simulation are shown
in Fig. 1 and the frequency domain results obtained by a dis-
crete Fourier transform (DFT) using 1700 time steps are shown
in Fig. 2 (denoted as FDTD H source). Theoretical results in
the time domain are also generated by inverse DFT from the
theoretical results in the frequency domain and denoted as
Theoretical in these figures. Aswe see, large oscillations occur
in time domain and the spectrum has a peak near the cutoff
frequency (somewhat smeared out in Fig. 2 because of the
limited resolution of the DFT).

The key to treat this problem is to understand the effect of
the source S,.. Because of the way it couples into the electric
field update, it can not be treated as an electrical field source,
as donein [8]. Instead, it must be treated as a current source,
cf.[4]. In this case, (2) effectively adds an electrical current .J,.,
whichdoesnot giveriseto T E. waves. Consequently, themodal
voltage depicted in Fig. 1 is understandably different from the
theoretical TE.. result. Analogously, one should not conclude
that by adding a magnetic current source M., a TE,. wave
would be excited. The scaled time domain result for such a
sourceisalsoincludedinFig. 1 and denoted asFDTD M source,
where large oscillations are also present.

The peak onthe FDTD H source curvein Fig. 2 isdue to the
fact that thisfigure actually refersto the electric field produced
by amagnetic field source. As such, the wave impedance of the
TE mode in a waveguide needs to be properly taken into ac-
count [10]. Near the cutoff frequency, the waveguide acts as a
strongly dispersive system and the TE wave impedance actually
exhibits a singularity at the cut-off frequency. It is this singu-
larity which causes the oscillations shown in Fig. 1 and the phe-
nomenon reported in [9].

The multiplication of the theoretical spectrum by the wave
impedance yields the result denoted as Theoretically modified
in Fig. 2. Thisresult closely resembles the spectrum of the ob-
servation field £, (the discrepancy is caused by the limited res-
olution of the DFT).

I11. EQUIVALENT ELECTRICAL FIELD SOURCE

In order to excite the structure with the correct frequency
spectrum for the electric field, care must be exercised in
choosing the proper excitation. Note that the correct location to
add amagnetic field source would be (2), where we can assume
an equivalent magnetic field H’ such that

V x ﬁ/n-{—% = Sa:(jsrc) (3)

is added at each time step. Similarly, the H,, update equations
would be the correct location to add an equivalent electric field
source for £, in this case. For a source located on a norma
cross-section of the waveguide, this can also be understood by
invoking image theory (the field being periodically mirrored
along the two directions of the cross-sectional plane) and the
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Fig. 1. Comparison of time domain results.
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Fig. 2. Comparison of frequency domain results.

free-space equivalence principle, whereby the tangential elec-
tricfield source E,. becomes equivalent to atangential magnetic
current source M, [10]. Thisyieldsthe following H,, update at
the source location

H;H—E (jsrc) = H;L—E (jsrc) - %V X En +S$(JS’IC) pn (4)

Because we add an equivalent electric field and observe the
eectric field, the correct spectrum is observed. This is again
illustrated by Fig. 1 and Fig. 2, where the time domain FDTD
simulation result by applying such a transparent source and
its frequency response are denoted as FDTD E source. The
small discrepancies from the theoretical prediction is mainly
caused by numerical dispersion. In the frequency domain, the
numerical dispersion and DFT finite resolution together cause
the cutoff frequency to shift toward high frequencies by a
small amount.

Asnoted in [4], for applications where one is interested only
in the spectral response of adevice (e.g., determination of .S pa-
rameters) and nonlinear materials are not present, the particular
spectrum of the source is often not of primary importance (as
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Fig. 4. Comparison of frequency domain results.

long as sufficient spectral energy is present at the frequencies
of interest), because the spectral response eventually gets nor-
malized. However, acorrect choice of excitation source not only
avoids any ambiguities as those reported in [9], but also allows
oneto terminate the FDTD simulation at earlier times since the
fields may converge to zero much faster, as shown in Fig. 1.

IV. NUMERICAL VERIFICATION

We use the equivalent electric field source to calculate the
return loss of amitered E-plane bend [11] for the same Ku-band
waveguide considered before. The geometry isshown in Fig. 3.
Theuniform FDTD cell sizeis0.2468 mm and ani sotropic PML
[12], [13] is used to terminate the waveguide.

The result is shown in Fig. 4 adong with a boundary con-
tour mode matching (BCMM) result [11]. Due to the fast con-
vergence of the time domain response, the FDTD simulation
can be terminated shortly after all reflected waves have passed
through the observation plane. Fig. 4 shows that the FDTD re-
sult matched the BCMM result well. The residual error can be

attributed to the staircase approximation of the diagonal portion
of the bend, the residual reflections from the PML termination,
and numerical dispersion.

V. CONCLUSION

In this letter, we have introduced a transparent electric field
source for FDTD simulations of waveguide discontinuities
which couples the same field (and spectrum) into the FDTD
grid as a hard field source. This avoids the need to run an
auxiliary simulation followed by time-domain convolutions.
We have also provided a ssmple explanation for the “spectrum
distortion” phenomenon reported in [9] in terms of the fre-
quency dispersive characteristics and singular behavior of the
waveguide impedance near the cut-off. Numerical experiments
have been used to illustrate the main findings.

REFERENCES

[1] A. Taflove, Ed., Advances in Computational Electrodynamics: ehe Fi-
nite-Difference Time-Domain Method. Norwood, MA: Artech House,
1998.

[2] X. Zhang, K. K. Mei, and Y. Liu, “Calculation of the dispersive char-
acteristics of microstrips by the time domain finite difference method,”
|EEE Trans. Microwave Theory Tech., vol. 36, pp. 263-267, Feb. 1988.

[3] D.M. Sheen, A. M. Ali, M. D. Abouzahra, and J. A. Kong, “ Application
of the three-dimensiona finite-difference time-domain method to the
analysis of planar microstrip circuits,” |EEE Trans. Microwave Theory
Tech., vol. 38, pp. 849-856, July 1990.

[4] J. B. Schneider, C. L. Wagner, and O. M. Ramahi, “Implementation of
transparent sourcesin FDTD simulations,” | EEE Trans. Antennas Prop-
agat., vol. 46, pp. 1159-1168, Aug. 1998.

[5] D.H.RoperandJ. M. Baird, “Analysis of overmoded waveguides using
the finite-difference time domain method,” in IEEE MTT-S Dig., May,
1992, pp. 401-404.

[6] T.-W. Huang, B. Houshmand, and T. Itoh, “Efficient modes extraction
and numerically exact matched source for a homogenous waveguide
cross-section in a FDTD simulation,” in IEEE MTT-S Dig., 1994, pp.
31-34.

[7] F Alimenti, P. Mezzanotte, L. Roselli, and R. Sorrentino, “A revised
formulation of modal absorbing and matched modal source boundary
conditionsfor the efficient fdtd analysis of waveguide structures,” IEEE
Trans. Microwave Theory Tech., vol. 48, pp. 50-58, Jan. 1998.

[8] A.P Zhao and A. V. Réisdnen, “Application of a simple and efficient
source excitation technique to the fdtd analysis of waveguide and mi-
crostrip circuits,” |IEEE Trans. Microwave Theory Tech., vol. 44, pp.
15351539, Sept. 1996.

[9] W. B. Dou and E. K. N.Edward K. N. Yung, “An interesting phenom-

enon in the finite difference time domain simulation of a gaussian pulse

propagation in waveguide,” Radio ci., vol. 36, no. 6, pp. 1307-1314,

Nov.-Dec. 2001.

C. A. Baanis, Advanced Engineering Electromagnetics. New York:

Wiley, 1989, p. 359.

F Arndt and J. M. Reiter, “A full-wave Boundary Contour

Mode-Matching Method (BCMM) for the rigorous CAD of single and

cascaded optimized H-plane and E-plane bends,” in IEEE MTT-SDig.,

1994, pp. 1021-1024.

Z.S. Sacks, D. M. Kingdand, R. Lee, and J. F. Lee, “ A perfectly matched

anisotropic absorber for use as an absorbing boundary condition,” |EEE

Trans. Antennas Propagat., vol. 43, pp. 1460-1463, Dec. 1995.

F. L. Teixeiraand W. C. Chew, “General closed-form PML constitutive

tensors to match arbitrary bianisotropic and dispersive linear media,”

|EEE Microwave Guided Wave Lett., vol. 8, pp. 223—-225, June 1998.

[10]

(11]

[12]

[13]



	MTT025
	Return to Contents


