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Abstract

By employing the elementary property (i.e., the
frequency shifting technique) of the Fourier trans-
form, a simple and efficient spectral estimation
technique is developed. With this technique,
extremely accurate and detailed frequency do-
main scattering parameters of general microwave
integrated circuits can be obtained, without incre-
asing any additional computation and programm-
ing efforts in the original FDTD simulation.

Introduction

Since the finite difference time domain (FDTD)
method was introduced by Yee in 1966 [1], it has
been proven to be one of the most prominent
computer tools for investigating the characteris-
tics of microwave integrated circuits. In the
conventional FDTD method, the frequency
increment used in the Discrete Fourier Transform
(DFT) is given through the condition Afy =
1/(NAt), where At and N are the time increment
and number of iterations used in the FDTD
simulation, respectively. Because of the above
condition, a quite large number of iterations is
often required to investigate the resonant beha-
vior of narrow-band microwave circuits. This
certainly results in a major drawback to the
conventional FDTD implementation, i.e., enor-
mous computation time and computer memory
are needed. To overcome this drawback, the
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following spectral estimation approaches have
been developed: the Prony’s method [2], the
auto-regressive method [3], and the adaptive
sampling technique combined with the Prony’s
method [4]. Among the above approaches [2-4],
the implementation of the approach proposed in
[4] is easier. However, this approach [4] has the
following two disadvantages: (i) the scattering
parameters obtained with this approach at the
additional frequency points are less accurate
because a relatively small number of the temporal
samples, compared with the number of iterations
needed for reaching the ‘numerical’ steady-state
of the system, is used in the DFT operation; (ii) it
cannot be used to improve the accuracy of the
scattering parameters at frequencies lower than
3Afy due to the convergence condition required
by the approach [4].

To overcome the above disadvantages of the
approach [4], in this paper an accurate and
detailed FDTD solution technique (based on the
elementary property of the Fourier transform) for
improving the efficiency of FDTD analysis of
general microwave integrated circuits is deve-
loped. With this technique, very accurate and
detailed scattering parameters in the whole fre-
quency range of interest can be simply obtained
by giving an initial frequency shift in the fre-
quency domain. The accuracy and efficiency of
the proposed technique are demonstrated by
applying it to a strongly resonating narrow-band
MiCrowave circuit.
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Theory

Suppose that the discrete time series supplied by
the FDTD simulation is Xx(nAt), where n = 0, 1,
2, ..., N-1. This discrete time series is trans-
formed into the frequency domain as:
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where i = /=1 is the imaginary unit and f, = jAf,
is the frequency points in the frequency domain.
From the elementary property of the Fourier
transform [5], Eq. (1) can be rewritten as the
following after giving an arbitrary Initial fre-
quency shift, fu, in the frequency domain:
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Assume that, to achieve a desired spectral reso-
lution in the whole frequency range of interest, M
( 2 1) additional frequency points are needed
between the original frequency points jAf, and
(j+1)Afy. Therefore, the m-th frequency shift,
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where m = 1, 2, ..., M; and the frequencies (f, +
1) are the additional frequency points created

by the frequency shifting technique. Combining
Egs. (3) and (2), one obtains:
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Eq. (4) is the final formula for calculating the S-
parameters. Comparing (4) with (1), one can see
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that with the frequency shifting FDTD technique
the S-parameters at the additional frequency
points f; + mAfp/(M+1) can be obtained, although
with the conventional FDTD/DFT method they
can be obtained only at some certain frequency
points f,. Moreover, it can be seen from (4) and
(1) that the scattering parameters obtained at the
additional frequency points with the frequency
shifting FDTD technique have the same accuracy
as those obtained at the certain frequency points
with the conventional FDTD/DFT method, be-
cause (for both cases) at all frequency points the
same number of the temporal samples (i.e.,
x(nAt)) is used in the DFT operation. Therefore,
in contrast with [4], not only detailed but also
accurate results can be obtained by the frequency
shifting FDTD technique. In addition, it should be
noted that (4) reduces to (1) when m = O for any
given M. This means that in this case the
frequency shifting FDTD method becomes the
conventional FDTD/DFT method.

In summary, to obtain the accurate and detailed
numerical results with the frequency shifting
FDTD method, the following steps are involved:
(a) Run the conventional FDTD simulation until
the ‘numerical’ steady-state of the system under
consideration is reached; (b) Divide the original
frequency interval (JAfo, (j+1)Af,) into M+l
segments to create the additional frequency
points in the frequency domain; (c) Perform the
DFT operation (M+1) times, i.e., perform the
DFT for each m (where m =0, 1, 2, ..., M), and
store the data; (d) Plot the completed scattering
parameters against frequency using the data
obtained from all the DFTs.

Numerical Results

To wvalidate the proposed frequency shifting
FDTD technique, we apply it to a strongly
resonating narrow-band structure - the microstrip
low-pass filter [6,7]. The discrete time series (i.e.,
x(nAt)) used here for calculating the scattering
parameters is taken from case | in [6], and the



important parameters used in the FDTD simu-
lation of the microstrip low-pass filter were [6,7]:
the time increment At = 0.441 ps, the number of
iterations N = 4000, and thus the frequency
increment Afy = 0.566893 GHz. Fig. 1 shows the
numerical results for M with different values, and
the numerical results with m = 0 is obtained from
the conventional FDTD/DFT method. As shown
in Fig. 1, more accurate and detailed results
within the whole frequency range of interest can
be obtained when M is increased. In addition, it
can be seen from Fig. | that the accuracy of the
results (particularly for 1S,l) obtained with the
conventional FDTD/DFT method (i.e., m = 0) at
frequencies below 3Af, (= 1.7 GHz) also need to
be improved because of the sharp variation in the
S-parameters. How the accuracy of IS;l (also
IS»;1) within the frequency range of 0 ~ 3Af, is
improved with the frequency shifting FDTD
technique is also shown in Fig. 1. As mentioned
before, however, no improvement on the results
within such a frequency range (i.e., 0 ~ 3Afy) can
be achieved by the approach proposed in [4]. To
confirm the accuracy of the results obtained with
the proposed technique, a comparison between
the results obtained with the conventional
FDTD/DFT method (N = 24000 and m = 0) and
the proposed technique (N = 4000 and M = 5) is
shown in Fig. 2. As shown in Fig. 2, the maxi-
mum difference between these two calculations
appears in ISyl at f = 7.55858 GHz, and it is
0.36912 dB. However, at this frequency the
relative difference is less than 1.0%. In addition,
to further demonstrate the convergence behavior
for the S-parameters in the frequency range of
6.708 GHz to 8.22 GHz, the results for M with
further increments are shown in Fig. 3. The re-
sults plotted in Fig. 3 indicate that extremely
accurate and detailed results can be obtained by
simply increasing the value of M.

Conclusions

By introducing the elementary property (i.e., the
frequency shifting technique) of the Fourier trans-
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form into the conventional FDTD/DFT method, a
simple and efficient spectral estimation technique
has been developed. With this technique, very
accurate and detailed scattering parameters
within the whole frequency range of interest can
be easily obtained by giving initial frequency
shifts in the frequency domain. The validity and
efficiency of the proposed spectral estimation
technique have been confirmed in this paper.
Compared with other existing techniques for
enhancing the efficiency of the conventional
FDTD method, the capability and efficiency are
strongly enhanced, in a very simple manner, by
the proposed technique. Therefore, the proposed
approach would provide a very efficient, general-
purpose EM simulation tool for characterizing
general microwave integrated circuits, including
strongly resonating narrow-band systems.
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Fig. 2 Comparison between the results obtained with the

conventional FDTD/DFT method (N = 24000 and m = 0)

and the proposed spectral estimation technique (N = 4000

and M = 5), where in both cases the frequency increment

is the same and it is 0.094482 GHz.



