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Design and Analysis of Double-Layered Microwave Integrated Circuits
Using a Finite-Difference Time-Domain Method

Ming-Sze Tong*, Hyeong-Seok Kim T and Yinchao Chen**

Abstract - In this paper, a number of double-layered microwave integrated circuits (MIC) have been
designed and analyzed based on a developed finite-difference time-domain (FDTD) solver. The
solver was first validated through comparisons of the computed results with those previously published
throughout the literature. Subsequently, various double-layered MIC printed on both isotropic and
anisotropic substrates and superstrates, which are frequently encountered in printed circuit boards
(PCB), have been designed and analyzed. It was found that in addition to protecting circuits, the added
superstrate layer can increase freedoms of design and improve circuit performance, and that the FDTD
is indeed a robust and versatile tool for multilayer circuit design.

Keywords: double-layered MIC, FDTD.

1. Introduction

The finite-difference time-domain (FDTD) method has

been shown to be a powerful technique in solving

Maxwell’s equations related to boundary value problems
[1-3]. The algorithm has been extensively applied to solve
a broad variety of electromagnetic problems due to its great
flexibility in modeling arbitrary shaped structures with
complex media and broad frequency band computation
without any matrix operations [4-7].

In this paper, the FDTD algorithm is applied to design
and analyze various planar double-layered microstrip-line
circuits. Such circuits play an important rule in applications
of microwave integrated circuits (MIC), owing to their
remarkable features of easy fabrication, high integration,
and sound performance. They can be frequently
encountered in various printed circuit boards (PCBs) for
computer and communication applications, e.g., in the
central PCB of mobile telephone handsets or laptop
computers. In this research, a FDTD computer solver has
been developed for the purposes of circuit design and
analysis. To validate the solver, some representative
structures were first analyzed by comparison with those
previously published in the literature, and a good
agreement has been observed in all cases. Subsequently,
different MIC were designed and analyzed, including a
double-layered branch line coupler, a cascaded band stop
filter, and a stepped-impedance low pass filter. It has been
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found that the circuit characteristics can be accurately
predicted and the dimensions of designed structures can be
easily tuned for improving their performance with the
developed FDTD tool.

2. Design Procedures and FDTD Setup

In this research, a Blackman-Harris window function [8]
is excited at the input port of the structures for broadband
computations. All supporting substrates and superstrates
used are lossless dielectric materials with u=1. All
conducting strips as well as the ground plate, are assumed
to be perfect electric conductors (PECs) and infinitesimally
thin. In most cases, a 4-layer anisotropic perfectly matched
layer (APML) medium [9] is employed as the absorbing
boundary condition (ABCs) for all side and top walls,
while an 8-layer APML medium is adopted for the
boundaries at the two ends in the direction of wave
propagation. The computational stability is ensured by the
Courant condition [10], and a steady state time domain
response is used to extract the corresponding frequency
domain characteristics.

2.1 Double-Layered Branch Line Coupler

Figs. 1a and 1b, which are similar to the one described in
[11], depict geometry and dimensions of a double-layered
branch line coupler, whose main transmission line has a
characteristic impedance of Z, It is a 3dB directional
coupler whose function is to equally divide the power
between ports 3 and 4 from either port 1 or 2 at a particular
operating frequency fo.
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Fig. 1 Configuration of a double-layered branch line coupler
{with g,=Filled PTFE, and g,=Polyimide}. (a) Top
view; (b) geometry and dimensions.

Theoretically, for the structure shown in Fig. 1a, the
relationship between the operating frequency f; and the
center-to-center distance in the middle of the square-
shaped coupler, say 4, can be expressed as

<

4 4oy

where A,(fp') is the guided wavelength of the structure, v
denotes the speed of the wave in free-space, and eeff is the
effective relative permittivity of the transmission line.

By locating the ratio of the strip width w and the height
h between the strip and the ground plate, ie., w/h, the
characteristic impedances, Z, and ZoN2, can be determined
for the specified transmission line segments as shown in
Fig. 1b. As an industrial standard, the characteristic
impedance is set as Zg=50.

For this coupler design, two supporting materials are
used. One is the anisotropic filled PTFE cloth, with
£,=16.64, £,=6.24, and £,=5.56, as the substrate, while the
other is the isotropic Polyimide as the superstrate, with
E=1€,=¢,=3.3. Both layers are assumed to be 1/32 inch
(0.794mm) in thickness. The branch-line conducting strips
are sandwiched at the connecting interface of these two
layers. The configuration and dimensions of this printed
circuit are displayed in Fig. 1b. It has been found that
£474.6 and Zy=50Q when wth=1.4, while Zo/\/2535.36$2

d= lg(fo) v (1

when w/h=2.435. The distance d is chosen to be d=5.282mm.

Hence, the corresponding operating frequency is predicted as

v, 3Ix10° (2)
= G e = = 6.62GHz
& dd fe, 4(5.282x107)4.6

A set of grids of Ax=Ay=0.278., and Az=0.265mm is
used. The heights of both layers are modeled at 3Az, and
the center-to-center distances in the middle of the square-
shaped coupler become 19Axx19Ay. The total mesh
dimensions are set to be 55Axx115Ay=x24Az with the time
step, A#=0.524ps, and the total number of time steps,
N=6000. Excitations are applied at port 1, which is used as
the reference port for all S-parameter calculations.

2.2 Double-Layered Cascaded Band Stop Filter

A band stop filter can be realized in a cascaded manner
as shown in [11]. Fig. 2 presents a double-layered
configuration of such a filter, where it is assumed that all
conducting strips are sandwiched by a substrate and a
superstrate. By retaining the electrical length between any
two adjacent stubs as fBl=m2 with respect to the central
stop band frequency f;,

7C/2=2~g(fo) (3)

l=—r

B 4

where B and A, (fy) are, respectively, the propagation
constant and the guided wavelength at f;, and the stub
length is a quarter-wavelength at the central stop band
frequency.

&p= {RT-Duroid)

[ ] &= (Boron Nitrate)

Fig. 2 Configuration of a cascaded stop band filter.

In general, each stub has its own characteristic
impedance Zy, where i indicates the ith stub of the
structure. Herein, for simplicity, all stubg are chosen to
have the same width w as that of the main transmission line
with Zy=Z¢=5082. Again, the ratio of w/h determines the
value of Z, for the transmission line.

In this filter design, another two sets of materials are
used. An anisotropic material, the Boron Nitrate, with
£,=15.12, £,=34, and £,=5.12, is employed for the
substrate, and an isotropic RT-Duroid with g,=lg,=
&.:=2.32, for the superstrate. Both layers have a height of
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h=h,=0.64-mm. If y is the direction of propagation, the
transmission line is characterized with €,4=4.0 and Zy=50€2
for w/h=1.6.

A uniform discretization grid is used with Ax=Ay=
0.256mm, and Az=0.16mm, and the main transmission line
is modeled to have 4 cells on w, A, and h,. The stub length
is chosen to be 8 cells counted from the edge of the main
transmission line. When considering the central point of
the main transmission line as the starting point, the quarter-
wavelength is

A
%@ =10x0.256 = 2.56mm €]

or A.(fo)=10.24mm. The corresponding central stop band
frequency is

£y =Y ~14.65GHz )

XA

A set of cascaded filters is considered as shown in Figs.
3a-3d up to four cascaded stub sections. The maximum
mesh dimensions for the four sub-sections are
48Axx130Ayx30Az, while Az=0.398ps and N=8000.

2

by

(d

Nitrate, &,=RT-Duroid, and 4,=h,=0.64mm. (a) One stub;
(b) two stubs; (c) three stubs; (d) four stubs.

2.3 Double-Layered Stepped-Impedance Low Pass Filter

A stepped-impedance low pass filter is made of
alternating sections of very high and very low
characteristic impedance lines, which are specified with Z;
and Zy, respectively. The advantage of this type of filter is
low cost, and easy implementation. It should be noted that
each of the alternating sections has to be short enough in

order to satisfy the condition of Bl<m/4 at the critical
frequency w,. In such case, sections of Z; and Zy can be
approximated as capacitive and inductive, respectively.

In this research, a double-layered stepped impedance
low pass filter is designed to satisfy the following design
criteria: 0.5dB equal-ripple low pass filter; critical
frequency at @=2.5GHz; greater than —20dB attenuation at
6.5GHz; characteristic impedances used for alternating
sections are Z;=I116Q and Z,=1140Q.

In theory, the ratio of Zy/Z; should be as high as possible
$0 as to obtain superior low pass property. In practice, the
ratio of w/h can be tuned in order to change the values of
Zy and Z;. For instance, the ratio can be set as w/h>>1 to
reduce the value of Z;, while w/h<<l to increase Zy. In
addition, it is found that the smaller the substrate value &,,
the higher the ratio of Z,/Z;. In particular, one way to
increase the ratio of Zy/Z; is to use a double-layered
structure, where Z; is realized by placing the conducting
strip at the central interface of the two layers, and Zy is
realized by printing the conducting strip on the top surface
of the superstrate layer.

In the design, two isotropic substrates are cascaded: the
substrate layer is made of Telfon with €,,=2.0, whereas the
superstrate layer is made of Polystyrene with £,=2.54 and
hi=h,. Using the approach described, it has been found that
wih=13 for Z;, w/h=0.25 for Zy, and w/h=3.0 for Z, of both
cases in which the strip is located between the layers, or on
top of the cascaded layers. For both Z, cases, the effective
dielectric constant has been found to be £5~¢€,,=2.0.

Next, the normalized frequency, | /e, ~1 |, is calculated
to obtain the element values g;., where i is the order of the
designed filter [11]:

2—1’=’§£—1\=1.6 (6)
, 2.5

and @ is the frequency with the specified attenuation
requirement.

Fig. 4 displays the relationship between the normalized
frequency and the attenuation for various orders of the
0.5dB equal-ripple low pass filters. Herein it can be
deduced that when the filter is in the third order, i.e., n=3,
the attenuation requirement would be satisfied. Table 1
gives the values of element g;, for the first five orders of
the low pass filter. The graph and the table are both
reproduced from [11]-[12].

By referring to Fig. 4 and Table 1,

:=1.5963, g,=1.0967, and g;=1.5963 %)

These are the capacitive or inductive parameters of the
stepped sections.
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Fig. 4 Attenuation versus normalized frequency for

various orders of the 0.5dB equal-ripple low pass
filters.

Table 1 Element values for 0.5dB equal-ripple low pass
filters (@.=1, n=1 to 5).

n g ¥} 83 84 85 £s
1| 0.6986 | 1.0000 .

2 {14029 | 07071 | 1.9841

3] 1.5963 | 1.0967 | 1.5963 | 1.0000

4 | 1.6703 | 1.1926 | 23661 | 0.8419 | 1.9841

S 11.7058 | 1.2296 | 2.5408 | 1.2296 | 1.7058 { 1.0000

If the filter starts with a capacitive element, ie., a
section with Z;, for a third order filter, the alternating
sections are in the order of Z-Z;~Z;~Z;~Z,. The length for
each alternating section then becomes

R R AL ) D AP
B,y 'z, 2 Zq

e g B V) 2 e
Bla) Zy 2r Z,

- -g3-~—azv/(f" ) g 2t =690mm (8O
Blw,) Zy a

Note that the maximum length allowed is determined by
the relation fl,,.=7/4 and can be calculated as

_ars_x v/l ‘/_)—lo.mmm )

Tax )B((U ) 4

Obviously, all sections satisfy the requirement Sl<n/4.

Two different filter configurations have been constructed
for this design. One is to realize Z, by sandwiching the
conducting strip between the substrate and superstrate
layers as shown in Fig. Sa, and the other is to place the

strip on the top surface of the superstrate as depicted in Fig.

5b. The conducting strips of two adjacent alternating
sections are connected through vertical vias. In the design,

a uniform grid is used with Ax=0.20mm, Ay=0.267mm,
and Az=0.20mm. The heights of the substrate and
superstrate, i, and /,, are both 4Az, and the areas in the x-y
plane for sections of Z, and Zy are 52Axx26Ay and
2Axx20Ay, respectively. The strip width of Z, is modeled
with 12Ax for the sandwiched case and 24Ax when the
strip is on top of the two layers. The total mesh dimensions
are 80Axx 165Ayx24Az, Ar=0.4148ps and N;=5000.

ys
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w=2.4mm  &y=Telfoa fiy= 0.80mm
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&= Telfon hy= Q.80mm

(b)
Fig. 5 Geometry and dimensions of double-layered
stepped-impedance low pass filters {with &,=Telfon,

and g,=Polystyrene). {a} Sandwiched main
transmission line; (b) topped main transmission line.

|-~

3. Numerical Results

In order to verify the developed computer solver, two
planar printed MIC structures that were previously studied
in the literature are analyzed. The first one is a single-
layered branch line coupler [13], whose configuration is
depicted in Fig. 6a. The supporting substrate is the Duroid
with £=2.2. To test for the capability of the developed
solver in handling double-layered circuits, an imaginary
superstrate of £=1.0 has been placed over the Duroid with
the same height. The computed volume is discretized into
the mesh sizes of Ax=0.406mm, Ay=0.406mm, and
Az=0.265mm, with the total mesh dimensions of
60Axx 100Ay=16Az. The height of the substrate & is 3Az,
and the center-to-center distances in the middle of the
square-shaped coupler become 24Axx24Ay. The first order
Mur’s absorbing boundary conditions (ABCs) [14] are
used in truncation of every opening area. All frequency
responses in terms of the S-parameters are plotted in Fig.
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6b and compared with those published in the literature. It is
found that the computed results are in good agreement with
those given in [13]. In particular, the input power has been
transmitted into ports 3 and 4 uniformly at f,, which is
approximately at 6.5GHz.

ey

L 2,0 e=10 / hy= 0.794mm

v T = 2.413mm &= Duroid hi=0.794mm
(a)

Branch Line Coupler
10 T T T T - r T

oF 85l 1S5 b

----- Sheen et al
-40 - —— FDID solver b

Magnitude of S-parameters (75)

B S R BT
Frequency (GH2)
(b)
Fig. 6 (a) Geometry and dimensions of a single-layered
branch line coupler covered by an imaginary

superstrate; (b) magnitude of the S-parameters.

Another validation structure is a single-layered meander-
line low pass filter, whose original structure was discussed
by Wolff [15] as illustrated in Fig. 7a. The structure is
composed of two U-shaped strips connected side-by-side
with a 46Q microstrip line. The circuit is printed on the
aluminum trioxide, AL O3, with £=10. Again an imaginary
superstrate of £=1.0 has been placed to test for the
capability of the solver. Herein a spatial resolution of
Ax=Ay=0.1525, and Az=0.15875mm, and A#=0.296ps.
The results between this method and the ones reported in
[15] are given in Fig. 7b. An excellent agreement is again
observed in terms of the magnitude of Sy;(f).

Next is the analysis part of the proposed designs. The
first structure to be analyzed is a double-layered branch
line coupler, whose geometry and dimensions are given in
Figs. 1a and 1b. The plots of all frequency dependent S-
parameters are provided in Fig. 8. Through Fig. 8, it is
found that the computed operating frequency is
approximately 6.7GHz, which is well in agreement with
the expected fy accounted theoretically.

o &= 1.0 / ha= 0.635mm
t! w=0.61mm £n= ALOs hy=0.635mm
(@)

Meander-Line Low Pass Filter

—— FDITD solver

Magnitude of 5| (dB)

0 é 1‘0 1‘5 ZID
Frequency (GHz)
(b)
Fig. 7 (a) Geometry and dimensions of a single-layered
meander-line low pass filter covered by an

imaginary superstrate; (b) magnitude of S);(f).

Branch Line Coupler
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Magnitude of S-parameters (d@5)
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Frequency (GHZ)
Fig. 8 Magnitude of the S-parameters for a double-layered
branch line coupler.

Next, the double-layered cascaded band stop filters
given in Figs. 3a-3d are analyzed, and the S-parameters for
all structures are presented in Figs. 9a and 9b. When only
one stub is considered, the central frequency turns out to be
15.4GHz, which is about 5.2% off the predicted one. As
more stubs are connected, it is observed that both the f; and
the depth of S,(f) are gradually improved, and when it
comes to a 4-stub case, f; is found at 14.8GHz, which
agrees very well to the theoretical value.

Finally, the two proposed third order stepped-impedance
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low pass filters as shown in Figs. 5a and 5b are designed, and
Figs. 10a and 10b indicate the corresponding frequency
dependent S-parameters of the designed filter. From the curve
of 8,(f), it is observed that its attenuation requirement, i.e.,
more than —20dB at 6.5GHz, as well as its pass band ripple,
i.e., at 0.5dB variation, match the design criteria. The filter
acts as a low pass structure with the critical frequency ac:,
also known as the 3dB cut-off frequency, at 2.5GHz.
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Fig. 9 (a) Geometry and dimensions of a single-layered
branch line coupler covered by an imaginary
superstrate; (b) magnitude of the S-parameters.
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Fig. 10 Magnitude of the S-parameters for a double-
layered, stepped impedance low pass filter. (a)
Sandwiched main transmission line; (b) topped
main transmission line.

5. Conclusion

The finite-difference time-domain (FDTD) algorithm
has been successfully applied to systematically design and
analyze diverse double-layered microstrip integrated
circuits, which are broadly utilized in PCB applications.
The validation data match excellently with those published
throughout the literature, while the results in circuit design
present satisfying performance when compared with the
design prediction. It is observed that the FDTD is
doubtlessly a robust, versatile and powerful tool for
accurate prediction of characteristics of multilayered planar
MICs associated with complex media.
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