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The finite difference time domain (FDTD) method is used to calculate the
S-parameters for two coplanar line filters intended for use at
submillimeter wavelengths. The analysis is compared with
experimental measurements made on microwave models of the two
filter structures. In addition, the FDTD method is used to determine the
embedding impedances of a simple post-gap waveguide mounting
structure with a single backshort tuning element. The analysis results
are presented as a function of backshort setting and are compared both
with experimental measurements and with the results of an established
theoretical model [1] of such a mounting structure.

1 Introduction

Although the finite difference time domain (FDTD) method was introduced in 1966 by
K. S. Yee [2], it was not until the more recent advent of faster, more powerful
computing environments that this technique has found a wide range of applicability.
One of the first problems Yee considered with the FDTD method was the scattering of
fields caused by conducting cylinders in free space. Now the method is being applied
to the analysis of many problems including, but not limited to, microstrip filters
le.g., 3] and antennas [e.g., 4, 5], waveguide discontinuities [e.g., 6, 7], and dielectric

resonators [e.g., 8].

In this paper, we demonstrate the applicability of the FDTD method to several

types of problems of interest in the submillimeter wave region. First, a coplanar strip
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filter designed for use at 2.5 THz is considered, and FDTD analysis is compared with
scale model measurements as well as with data from Hewlett Packard’s commercial
program, Microwave Design System (MDS). Next, the FDTD method is used to
examine a coplanar waveguide filter designed for the same purpose, and the
computations are compared with the MDS calculations. Finally, a simple waveguide
post-gap mounting structure with a single backshort is examined. The input
impedances measured on a microwave scale model are compared to the computed

values for various backshort settings.

2 Coplanar Transmission Line Circuits

Coplanar strip transmission line (twin-lead fabricated on a dielectric half space) and
coplanar waveguide are ideal media for feeding a wide range of planar integrated
antennas. For applications where more than one frequency will be present at the
antenna terminals or where resistive or reactive matching is important it may be
necessary to incorporate distributed filter elements with the feed line. Unfortunately,
the limited realizable impedance range associated with twin lead makes standard
high-low impedance filters difficult to implement. In cases where the size of the feed
line may be an issue [e.g., 9] it is helpful to have a filter design with minimal projected
area. Using the FDTD analysis in conjunction with scale model measurements we
have designed distributed line band-reject filters in both coplanar stripline and
coplanar waveguide. Both filters exhibit extremely narrow cross section and can be
used at frequencies where the realizable thickness of the deposited metallic

conductors contributes significantly to the filter characteristics.
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2.1 Coplanar Strip Filter

The basic coplanar strip filter is detailed in Figure 2.1 and consists of quarter-wave
high and low impedance sections which are contained within the confines of the 200Q
coplanar strips fabricated on a thick fused quartz substrate. The smallest proposed
dimension is the 1 pm gap of the low impedance sections which, when combined with
the 3 um gap of the 200Q2 line, gives approximately 2:1 impedance change. The filter
is intended to reject the signal band centered at 2.5 THz and to pass the intermediate
frequencies from 8-12 GHz in a 2.5 THz mixer. The thickness of the conducting lines
(¢ = 1.0 um) is a significant portion of their width so as to minimize skin effect losses
for the IF. The FDTD technique was used to analyze the effects of the metal line
thickness, width and air-gap as well as to determine the radiative losses, the
characteristic line impedance, the effective dielectric constant, the open-circuit

reference plane and the transmission properties of the coplanar strip filter. The
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Figure 2.1 Coplanar strip filter (not to scale): (a) Cross section showing filter metal thickness on a
dielectric half space; (b) Top view showing metal pattern. Dimensions (in um) are: t = 1.0,

w1 = 1.0, wo = 2.0, w3 = 3.0, 1 = 22.113, I9 = 18.711, I3 = 23.814, g = 1.0.
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analysis was verified using a 1680x scale model of the proposed 2.5 THz filter with a
thick brass sheet to form the metallic lines and stycast ey = 3.8 to model the quartz
substrate. In Figure 2.2 the FDTD calculations of the Sg1 magnitude are compared
with the available scale model measurements made on an HP8510 vector network
analyzer. The large standing waves present in the measurements are primarily due
to a mismatch between the HP8510 50Q test cable and the ~200Q coplanar strip
line, and no correction for this has been made. Although the agreement with the
measurements is not perfect, the computations accurately predict the pass band

ripple pattern and the cutoff frequency as well as the radiation loss in this structure.

The filter structure of Figure 2.1 is also analyzed with the FDTD method for the
case where the thickness of the metallization is ¢ = 0.5 um. In Figure 2.3 the Sg;

magnitude responses for filters with metal thicknesses of 0.5 and 1.0 um are

compared. Although the effect of the metal is not enormous, the figure clearly shows
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Figure 2.2 S5 response of the coplanar strip filter of Figure 2.1. Measurements were performed
on a 1680x scale model. Scaled signal reject band is centered at 1.49 GHz and IF passband is from
4.7-7.2 MHz.
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Figure 2.3 FDTD analysis of filter of Figure 2.1 with metal thicknesses of 1.0 and 0.5 pm.

that the reject bandwidth is reduced by about 10% when the metal thickness is
reduced by 0.5 pm.

The coplanar strip filter was also simulated using MDS for the case where the
metal thickness is 1.0 um. In Figure 2.4, the FDTD and MDS calculations are
compared. With only a small shift in the frequency response and a small difference in
the magnitude, they both predict the same ripple pattern in the pass regions as well
as the same cutoff frequency. The growing discrepancy in magnitude in the region
beyond 4 THz is largely due to radiation loss present in the FDTD calculations but not
present in the MDS simulation. This example shows that, at least for this simple
filter, both the FDTD method and MDS can be used to provide useful design
information about the coplanar strip filter; however, the FDTD method is able to

provide more quantitatively accurate results.
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Figure 2.4 Comparison of FDTD and MDS analyses of filter of Figure 2.1

2.2 Coplanar Waveguide Filter

The good agreement obtained with the FDTD analysis and measurements on the
coplanar strip filter gave us confidence to apply the FDTD method to the design of the
coplanar waveguide filter shown in Figure 2.5. The function of the filter remains the
same; that is, it rejects the signal band and passes the intermediate frequencies for
the 2.5 THz mixer. The filter is fabricated on a GaAs (e, = 11.7) substrate rather
than on quartz and is meant to be used with a dual slot antenna mixer design [10]
similar to that described in [11]. The final filter section lengths and widths are given
in Figure 2.5. In Figure 2.6, the FDTD and MDS results are compared with fair
agreement for the case of zero metal thickness. The MDS simulation does not include
the radiation loss or the effect of the capacitive discontinuity between adjacent filter
elements and these factors are the most likely causes of the discrepancies between

the two analyses.
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Figure 2.5 Coplanar waveguide filter (not to scale): (a) Cross section showing coplanar waveguide
metal on a dielectric halfspace; (b) Top view showing metal filter pattern. Dimensions (in um) are:
t=0.0,7=12.0,w; =3.25 wg =6.0, wg = 0.5, wg = 0.5.
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Figure 2.6 Comparison of FDTD and MDS analyses of filter of Figure 2.5.



Fifth International Symposium on Space Terahertz Technology Page 707

104
O ; R i

-10 : m’/\—.\\\_\
S 4 / \
— -30 -
m&’ . “
— -404

-50 ] —— 1.0 micron

-60 0 micron —

‘70 : T T L N T T T T T T T T T ST T T T T

0 1000 2000 3000 4000 5000 6000

Frequency (GHz)

Figure 2.7 FDTD analysis of filter of Figure 2.5 with metal thicknesses of 1.0 and 0.0 um.

The coplanar waveguide filter is also considered for the case where the metal
thickness is 1.0 pm. In Figure 2.7, the FDTD calculations for the same filter with
different metal thickness are compared. The effect of increasing the metal thickness
is to shift the cutoff up in frequency by 10% as well as to increase the width of the
stop band by about 20%.

3 Post-Gap Mounting Structure

Typical millimeter wave mixer (or multiplier) mounting structures combine
waveguide and microstrip circuits for coupling energy into and out of a nonlinear
device. The design and characterization of these structures is complicated by the
often complex geometries and by the multimodal nature of the structure. Often, low
frequency scale model measurements are employed to derive the impedances which

the mount can present to the nonlinear element (such as a Schottky diode) over the
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frequency range of interest. These impedances must be known at the LO and RF
frequencies as well as at all relevant higher harmonic sidebands. Analytical methods
[1, 12, 13] can be used to calculate the driving point impedance and derive equivalent
circuits for simple waveguide mounts; however, the accuracy of the results is limited

by the simplifying assumptions underlying the methods.

The FDTD method is an ideal technique for analyzing such structures. A single
simulation can provide impedance information over the entire frequency range of
interest, and the flexibility of this method allows for easy modeling of a wide range of
mount designs. As a first step in applying the FDTD analysis to a complex waveguide
mount, the simple mount of Figure 3.1, composed of a set of shorted square posts
protruding towards the center of the E-plane wall of a full height rectangular

waveguide, is analyzed. One end of the waveguide is terminated with a backshort
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Figure 3.1 Post-gap waveguide mounting structure. Dimensions (in e¢m) for the 8 GHz scale model
are: a =254, b =1.271=0.762, g = 0.381; dgg has settings of 0.4, 0.8, 1.2, 1.6, 2.0 and 2.4 cm.
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tuning element while the other end is considered to be matched to free space. The
impedance is calculated at the centered gap in the posts where a non-linear device
might be located. The analysis is supported by experimental measurements on an 8
GHz mount model. In addition to the measurements and FDTD modeling, the mount

is also characterized by the method developed by Eisenhart and Khan [1].

3.1 Measurement Technique

The embedding impedance of the post-gap mount of Figure 3.1 is measured on a an
8 GHz scale model using the buried coaxial probe technique of Eisenhart and
Khan [1]. A small UT85 (0.085” outer diameter) coaxial cable extends through a
small hole in one of the protruding posts with the outer conductor and dielectric cut so
they are flush with the face of the post. The inner conductor of the coax extends
across the gap and is electrically connected to the second post. The opposite end of
the cable is then connected to an HP8510 network analyzer for measurement.
During the calibration of the HP8510, the reference plane is moved to the face of the
first post. On one side of the post-gap mount, the waveguide is terminated with a
contacting sliding backshort. On the other side the waveguide is terminated with a
tapered absorber to simulate a matched condition. Measurements are taken in the
frequency range 8-13 GHz for six different backshort settings: dgs = 0.4, 0.8, 1.2, 1.6,

2.0 and 2.4 cm where dpg is as shown in Figure 3.1.

3.2 FDTD Analysis

The structure is numerically modeled using space step sizes Ax = Az = 0.9525 mm
and Ay = 0.5080 mm. The waveguide cross section is 264Ax x 254y, while the posts
are 8Ax x 84z and centered in the x direction of the waveguide. The six backshort
settings of 0.4, 0.8, 1.2, 1.6, 2.0 and 2.4 cm are modeled, respectively, as 44z, 84z,

134z, 174z, 214z and 264z. The gap size of g = 0.254 cm is modeled as 54y.
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The waveguide walls and the backshort are modeled as perfect conductors so the
electric fields tangential to these surfaces are forced to be zero. The remaining
boundary, representing the open ended waveguide, is located far from the posts so
that no reflections from this boundary can reach the points of interest during the
computation, thus simulating a matched waveguide condition. This step was
necessary to avoid the small amount of reflections caused by first order absorbing

boundaries which can adversely affect the frequency domain results.

Fields are excited between the centers of the faces of the two posts by using a
matched source condition [14]. Since the post faces are separated by five nodes, a
source conductance of o = 56.0 (Qm)-1 is chosen to simulate a 50 Q source. The fields
are excited as Gaussian pulses in time with T = 1/2f;,x = 35.71 ps chosen to cover up
to 14 GHz. The time step is chosen to be A¢ = 1.02 ps and the simulation is performed
for 4300 time steps. At each time step the voltage and current between the two
posts is calculated and after the simulation the impedance is found by taking the

ratio of the Fourier transform of the voltage to the Fourier transform of the current.

The input impedance of the post-gap mount is calculated as a function of
frequency in the range 8-13 GHz for each of the six backshort positions. Figures 3.2a
and 3.2b compare the computed and measured real and imaginary parts of the input
impedance for backshort settings of 1.6 and 2.4 cm, respectively. In Figure 3.3, the
measured and computed input impedance as a function of backshort position at

f = 8.5 GHz are compared.
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Figure 3.2a FDTD and measured real (R) and imaginary (X) parts of the input impedance for the
mount of Figure 3.1 with dgg = 1.6 cm.
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Figure 3.2b FDTD and measured real (R) and imaginary (X) parts of the input impedance for the
mount of Figure 3.1 with dgg = 2.4 cm.
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Figure 3.3 FDTD and measured post-gap mount input impedance as a function of backshort
setting at f = 8.5 GHz.

Figures 3.2 and 3.3 show good agreement between the computed and measured
input impedances for this mount. The slight difference between the measured and
computational values of the impedance at resonance is attributed to an uncertainty
in the exact position of the shorting plane of the sliding backshort in the model. The
phase difference in Figure 3.3 is attributed to the effects of fringing capacitance at
the end of the probe cable, which is not present in the calculations, and to the fact

that the experimental and computational reference planes are slightly different.

3.3 Theoretical Analysis

A theoretical expression for the embedding impedance of a post-gap mounting
structure has been derived by Eisenhart and Khan [1]. The analysis is strictly valid
only for flat strips. As such, the three-dimensional posts are approximated by
equivalent flat strips of zero thickness. Also, this method imposes restrictions on the
normalized gap size (g' = g/b < 0.25, where g is the gap size and b is the waveguide
height) and the normalized strip width (w' = w/a < 0.25, where w is the strip width and

a is the waveguide width). The derivation of the impedance expression involves the
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dyadic Green’s function for a waveguide and the expansion of the electric field and

current density into sets of orthogonal functions.

In testing their theoretical expression for the mount impedance, Eisenhart and
Khan considered posts which are circular with a diameter, d. These posts are
subsequently replaced by equivalent flat strips of effective width, w = 1.8d. In this
same vein the square posts of the mount in Figure 3.1 are substituted with circular
posts of the same cross sectional area, or of diameter, d = 2//V/x. Then, the strip width

is approximated as w = 1.8d = 1.548 cm.

This Eisenhart and Khan analysis is applied to the post-gap mount for each of the
six backshort settings over the frequency range 8-13 GHz. In Figures 3.4a and 3.4b
the theoretical and measured mount impedances are compared as a function of
frequency for the backshort settings of dgg = 1.6 and 2.4 cm, respectively. Figure 3.5
compares the theoretical input impedance with the FDTD calculations and the

measurements as a function of backshort position at f = 8.5 GHz.

Figures 3.4 and 3.5 indicate a considerable amount of error in the theoretical
impedance. However, this is not unexpected as the posts are rather large and, in fact,
the normalized strip width used to approximate the posts is larger than what is
allowed by the analysis (w' = w/a =0.61 > 0.25). Nevertheless, this method still does a
decent job of predicting the resonant frequency of the structure if the uncertainty of
the experimental backshort setting is taken into account. However, this example
points out that although the FDTD method requires more computer time and
memory to run, it does an excellent job of properly calculating the impedances and at

the same time offers much greater flexibility in the structures which can be analyzed.
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Figure 3.4a Theoretical {1] and measured real (R) and imaginary (X) parts of the input impedance
for the mount of Figure 3.1 with dgg = 1.6 cm.
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Figure 3.4b Theoretical [1] and measured real (R) and imaginary (X) parts of the input impedance
for the mount of Figure 3.1 with dgs = 2.4 cm.
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Figure 3.5 FDTD, measured and theoretical [1] post-gap mount input impedance as a function of
backshort setting at f = 8.5 GHz.

4 Conclusions

We have demonstrated the utility of the FDTD method for problems in the millimeter
and submillimeter wave bands. Good agreement between the FDTD calculations and
scale model measurements and/or MDS simulations has been achieved in the
analysis of the coplanar filter structures and the simple post-gap waveguide
mounting structure. We are currently employing the FDTD method to analyze a

coplanar waveguide fed twin-slot antenna, and preliminary results are encouraging.

Although the ability to accurately simulate the above mentioned structures is in
and of itself a useful and important capability, more often these structures are only a
part of a larger system whose characterization is desired. For example, the coplanar
waveguide filter studied in this paper must be carefully designed to perform the
proper signal separation; however, it must also interface properly with the antenna
and active device structure it is meant to feed. The memory and speed available in

modern computing environments allow us to begin to consider extending the FDTD
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method to the analysis of much larger problems. An example which would be of
interest to many researchers working with millimeter-wave mixers and frequency
multipliers would combine waveguide tuning and coupling circuits with microstrip
filter circuits to analyze the complete mounting structure. In addition, some
researchersare also considering active device characterization [15, 16] as part of the
FDTD analysis which would allow not only passive mount parameters to be
determined, but also the complete nonlinear system to be characterized. Over the
next several years, the FDTD method will continue to increase in importance as a

unique tool for the characterization of millimeter and submillimeter wave structures.
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