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Abstract

The frequency-dependent characteristics of microstrip planar circuits have been
previously analyzed using several full-wave approaches. All those methods directly give characteristic
of the circuits frequency by frequency. Computation time becomes important if these planar circuits
have to be studied over a very large bandwidth. The transmission line matrix (TLM) method
presented in this paper is another independent approach for obtaining the frequency-domain results
for microwave circuits through time-domain results, followed by Fourier transform. The advantage of
this method is obtaining characteristics versus frequency over the whole band with a single
simulation. The method is shown to be an efficient tool for modeling microstrip planar circuits as
well as rectangular microstrip antennas and filters. The frequency characteristics calculated with the
3D-TLM method show excellent agreement with measured values and results obtained by other
methods.
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ﭼﻜﻴﺪﻩ ﺭﻭﺷﻬﺎﻱ ﺗﺤﻠﻴﻞ ﺗﻤﺎﻡ ﻣﻮﺝ ﻣﺘﻌﺪﺩﻱ ﺑﺮﺍﻱ ﺑﺪﺳﺖ ﺁﻭﺭﺩﻥ ﻣﺸﺨﺼﻪ ﻓﺮﻛﺎﻧﺴﻲ ﻣﺪﺍﺭﺍﺕ ﻣﺴﻄﺢ ﻣﺎﻳﻜﺮﻭﻭﻳﻮ
 ﺗﻤﺎﻣﻲ ﺍﻳﻦ ﺭﻭﺷﻬﺎ ﻣﺸﺨﺼﻪ ﻓﺮﻛﺎﻧﺴﻲ ﻣﺪﺍﺭﺍﺕ ﺭﺍ ﺩﺭ ﻳﻚ ﻓﺮﻛﺎﻧﺲ ﺧﺎﺹ ﻣﻲ ﺩﻫﻨﺪ ﻭ ﺍﮔﺮ ﺑﺨﻮﺍﻫﻴﻢ.ﻭﺟﻮﺩ ﺩﺍﺭﺩ
 ﺷﺒﻴﻪ ﺳﺎﺯﻱ ﺭﺍ ﺑﺎﻳﺪ ﺑﺮﺍﻱ ﺗﻚ ﺗﻚ،ﻣﺸﺨﺼﻪ ﺍﻳﻦ ﻣﺪﺍﺭﺍﺕ ﺭﺍ ﺩﺭ ﻳﻚ ﺑﺎﻧﺪ ﻓﺮﻛﺎﻧﺴﻲ ﻭﺳﻴﻊ ﺑﺪﺳﺖ ﺑﻴﺎﻭﺭﻳﻢ
 ﺭﻭﺵ ﻣﺎﺗﺮﻳﺲ ﺧﻂ ﺍﻧﺘﻘﺎﻟﻲ.ﻓﺮﻛﺎﻧﺴﻬﺎﻱ ﺩﺍﺧﻞ ﺑﺎﻧﺪ ﺗﻜﺮﺍﺭ ﻛﻨﻴﻢ؛ ﺩﺭ ﻧﺘﻴﺠﻪ ﺯﻣﺎﻥ ﺷﺒﻴﻪ ﺳﺎﺯﻱ ﺧﻴﻠﻲ ﻃﻮﻻﻧﻲ ﻣﻲ ﮔﺮﺩﺩ
 ﺷﻴﻮﻩ ﻣﺴﺘﻘﻞ ﺩﻳﮕﺮﻱ ﺍﺳﺖ ﺑﺮﺍﻱ ﺑﺪﺳﺖ ﺁﻭﺭﺩﻥ ﭘﺎﺳﺦ ﻓﺮﻛﺎﻧﺴﻲ ﻣﺪﺍﺭﺍﺕ ﻣﺴﻄﺢ،ﺍﺭﺍﺋﻪ ﺷﺪﻩ ﺩﺭ ﺍﻳﻦ ﻣﻘﺎﻟﻪ
 ﺍﺯ ﻣﺰﺍﻳﺎﻱ ﺍﻳﻦ ﺭﻭﺵ ﺑﺪﺳﺖ ﺁﻭﺭﺩﻥ ﻣﺸﺨﺼﻪ.ﻣﺎﻳﻜﺮﻭﻭﻳﻮ ﺍﺯ ﭘﺎﺳﺦ ﺯﻣﺎﻧﻲ ﻣﺪﺍﺭﺍﺕ ﺑﺎ ﺍﺳﺘﻔﺎﺩﻩ ﺍﺯ ﺳﺮﻳﻬﺎﻱ ﻓﻮﺭﻳﻪ
 ﺩﺭ ﺍﻳﻦ ﻣﻘﺎﻟﻪ ﻧﺸﺎﻥ ﺩﺍﺩﻩ ﺷﺪﻩ.ﻓﺮﻛﺎﻧﺴﻲ ﻣﺪﺍﺭﺍﺕ ﺩﺭ ﻛﻞ ﺑﺎﻧﺪ ﻓﺮﻛﺎﻧﺴﻲ ﺗﻨﻬﺎ ﺑﺎ ﺍﺳﺘﻔﺎﺩﻩ ﺍﺯ ﻳﻚ ﺷﺒﻴﻪ ﺳﺎﺯﻱ ﺍﺳﺖ
 ﻓﻴﻠﺘﺮﻫﺎﻱ،ﺍﺳﺖ ﻛﻪ ﺍﻳﻦ ﺭﻭﺵ ﺑﺮﺍﻱ ﺗﺤﻠﻴﻞ ﻭ ﻣﺪﻟﺴﺎﺯﻱ ﻣﺪﺍﺭﺍﺕ ﻣﺴﻄﺢ ﻣﺎﻳﻜﺮﻭﻭﻳﻮ ﺍﺯ ﻗﺒﻴﻞ ﺁﻧﺘﻨﻬﺎﻱ ﻣﻴﻜﺮﻭﺍﺳﺘﺮﻳﭙﻲ
 ﻣﺸﺨﺼﻪ ﻫﺎﻱ ﻓﺮﻛﺎﻧﺴﻲ ﻣﺤﺎﺳﺒﻪ ﺷﺪﻩ ﺍﺯ ﺍﻳﻦ ﺭﻭﺵ ﺗﻄﺎﺑﻖ ﺧﻮﺑﻲ ﺑﺎ. ﺭﻭﺵ ﺑﺴﻴﺎﺭ ﺳﻮﺩﻣﻨﺪﻱ ﺍﺳﺖ... ﺷﺒﻪ ﻧﻮﺭﻱ ﻭ
.ﻧﺘﺎﻳﺞ ﺍﻧﺪﺍﺯﻩ ﮔﻴﺮﻱ ﺷﺪﻩ ﻭ ﻧﺘﺎﻳﺞ ﺑﺪﺳﺖ ﺁﻣﺪﻩ ﺍﺯ ﺩﻳﮕﺮ ﻣﻘﺎﻻﺕ ﺩﺍﺭﺩ

1. INTRODUCTION
Up to 1985 mainly analysis techniques in the
frequency-domain have been used for the design
of planar microwave circuits. All those methods
directly give characteristic of the circuits
frequency by frequency, so computation time
becomes important if these planar circuits have
to be studies over a very large bandwidth.
During the last decade, different time domain
methods such as FD-TD and TLM have become
very popular in the analysis of arbitrary microwave
structures. The two major advantages of time
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domain numerical methods such as the
Transmission Line Matrix (TLM) and Finite
Difference-Time Domain (FDTD) method are the
ability to analyze complex structures with arbitrary
geometry, and obtain the frequency characteristics
over a wide frequency spectrum with a single
time domain simulation. The frequency
characteristics are calculated using a Gaussian
pulse source and applying the Fourier transform
to the transient response of the circuit. The
transient time record may be required over tens
of thousands of time steps in order to obtain
accurate frequency domain scattering parameters
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via Fourier transformation.
In this paper an overview shall be given on
TLM simulations of electromagnetic fields and
application of this method to planar microwave
circuit design. It will be shown that this technique
is a powerful analysis technique for microstrip
planar circuits as well as microstrip antennas
and filters. The frequency dependent scattering
parameters have been calculated for several
printed microstrip circuits, specifically for a
line-fed rectangular patch antenna, a low-pass
filter, and a side coupled band-pass filter.
Good agreement between theory and measurement
is obtained.

2. 3D-TLM ELECTROMAGNETIC
MODELING
The symmetrical condensed node (SCN) TLM
was used in this study. It is more powerful than
other TLM nodes because the boundary
description is easier, all six-field components
can be defined at a single point in space, and
there is less dispersion in axial directions.
Figure 1 shows schematically the arrangement
of the transmission line mesh in the 3 dimensional
space. The ports 1-12 are associated with the socalled link line while the ports 13-18 are
associated with stub-transmission lines. The
role of these stub-transmission lines is two
folds.
In the regular mesh they are used to model
dielectric and magnetic properties of the
transmission media. In the variable mesh
approach they also add capacitance or inductance
in order to assure time synchronism in the
irregularly graded mesh. The TLM algorithm
consists of the scattering process that can be
described symbolically as:
Vin +1 = C n .Sn .Vi n + C n .Vr n

n

impulse, S

i

loaded S-matrix is 18×18 [1,2].
In order to truncate problems, boundary
conditions have to be established. Some boundary
conditions that can be used in TLM simulation
are electric and magnetic walls and absorbing
boundaries. Electric and magnetic walls simulate
terminated link-lines with reflection coefficient
ρ L = 1 and ρ L = −1 respectively. The ABCs
modeled by an impulse reflection coefficient are
realized by terminating the link-line, of
characteristic impedance ZL , with reflection
coefficient ρL = ( Zb − ZL ) /( Zb + ZL ) where Z b
is the medium characteristic impedance. This
technique works well at all frequencies for TEM
waves. However, for dispersive structure such
as microstrip, the termination is totally absorbing
only at one frequency since the guide impedance
is a function of frequency. Many other solutions
have been proposed recently to improve the
simulation of absorbing layers [3,4]. In this
simulation, we used second order Higdon’s ABCs,
which uses only the fields at the neighboring,
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“j” and cij = 0 , otherwise. The size of the stub-

(1)

Where Vin +1 is an incident voltage impulse
at time step “n+1” and Vr

matrix and Cn is a connection matrix with
elements cij = 1 , if port “i” is connected to port

Figure 1. Symmetrical Condensed Node (SCN).
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Figure 2. Effect of coefficients (a , b) and (ε1 , ε 2 ) on the second-order ABCs (ε eff 1 = 7.5, ε eff 2 = 8.5) .

space and time nodes. The TLM voltage impulse
incident on the absorbing boundary at the mth
space step and the nth time step, Vmn , can be
expressed in terms of it’s immediate neighbors
along the normal to the boundary as follows:

[a ij ]

 0

=  βs
− β p


αs
γ s − αβ sp
− βγ sp

αp 

− αγ sp 
− γ p 

and
2

2

Vmn = ∑ ∑ a ijVmn −− ij
i = 0 j= 0

Where
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(2)

α s = α1 + α 2 α p = α1α 2 αβ = α β + β α
sp
1 2
1 2
βs = β1 + β 2 β p = β1β 2 βγ sp = β1γ 2 + γ1β 2
γ s = γ1 + γ 2 γ p = γ1γ 2 αγ sp = α1γ 2 + γ1α 2
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The interpolation coefficients α i , βi and γ i are:

− a − gib
γi =
a − 1 − g i (1 − b) − εi ∆l
a − 1 + gib
βi =
a − 1 − g i (1 − b) − εi ∆l
αi =

a − g i (1 − b)
a − 1 − g i (1 − b) − ε i ∆l

Where g i = cos θi ∆l . The parameter g i can also be
c

respectively, by:

V( t ) = e

−

(t − t 0 )2
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. cos 2πf 0 ( t − t 0 )

(3)

Where σ is the standard deviation. The parameters
of V(t), (σ, f 0 , t 0 ) are such that the signal
spectrum covers the antenna response. In order to
satisfy causality, V(t) must be close to zero at t =0.
In discrete form, V(t) can be written as:

V (n ) = e

−

(n −n 0 )2
2s 2

. cos 2 πf 0 ( n − n 0 ) ∆t

(4)

∆t

written in terms of the effective dielectric constant
of the guide and for the symmetrical condensed
node g i = 2 ε effi . The choice of the effective
permittivity forces the ABCs to absorb incident
waves with a limited range of propagation
velocities.
Figure 2 shows a propagating E z pulse at
microstrip line on RT/duroid substrate of
thickness 0.635mm and strip width 0.635mm.
The effective dielectric constant of the substrate
is 9.6. It is seen in Figure 2 that adding the
damping factors (ε1 , ε 2 ) slows down the buildup of oscillations for the coefficients a = b = 0.5 .
But for the coefficients a = b = 0.25 , it does not
have any appreciable effect. Hence, we have
used a = b = 0.25 and ε1 = 0.1 / ∆l , ε 2 = 0. in our
analysis and to avoid instabilities for boundaries
placed 20 cells away from the circuit edges.
In particular, the TLM method has the
capability of impulse excitation and is stable
under this condition. However the impulse
excitation is avoided in practical structures
for various reasons:
• Strong dispersion at high frequencies.
• Excitation of spurious modes in the TLM mesh.
• Longer convergence time.
• The lack of high quality (broadband and stable)
absorbing boundary conditions.
We have used a cosine-modulated Gaussian
pulse to excite only the frequencies of interest.
The time and frequency characteristics are given,

2σ 2

Where the standard deviation is given in terms of
the time step, such that σ = s.∆t . The offset
iterations are chosen so that the negative tail of the
pulse is not significantly truncated. If the value of
V (− n 0 ) is to be 10 −7 , then n 0 ≥ 5.7s . The
standard deviation is chosen so that a significant
signal injected at the highest frequency of interest
and this signal falls off rapidly as the frequency is
increased further. If the value of F (ω ) at
ω = 2πf max is to be 10 −7 , then s ≥ 3.7 . For most
of the work in this paper a standard deviation of
33∆t with an offset of 330 interactions were
found to be convenient.
To compute the scattering parameters, we must
compute the incident, and reflected current waves
at the input (I inc , I ref ) and the transmitted current
wave at the output port (I tran ) . By assuming that
the tangential electric field is negligible at nodes
adjacent to the strip conductor, the time domain
current waves are defined as a loop integral of the
magnetic field around the strip as:
I(t) = ∫ H.dl

(5)

As in the input ports, the incident and reflected
waves cannot be separated to compute the field of
the incident waves I inc , we discretize a short
section of uniform microstrip line with absorbing
boundaries on all sides of the computational
domain. Then, we include the patch under study in
IJE Transactions A: Basics

the computational domain, and compute the field
of the transmitted waves I tran at the output port
and total field I tot at the input port. The reflected
field is obtained by subtracting the incident field
from the total field (I ref = I tot − I inc ) [5]

I (ω)
S11 = − 1ref
I1inc (ω)
S21 = S12 = −

I (ω)
S22 = − 2ref
I2inc (ω)

(6)

Zo2 (ω)I2trans(ω)
Zo1(ω)I1inc (ω)

Where Z o1 (ω) and Z o 2 (ω) are the characteristic
impedances of the line connected to ports 1 and 2
respectively. I(ω) is the discrete Fourier
transformed current given by:
I ( m∆ f ) = ∆ t

N DFT −1

∑ i(n∆t ) exp(− j2πmn / N DFT )

n =0

(7)

; m = 0 ,1, 2 ,...., N DFT − 1

Where ∆f is the frequency resolution of the
frequency domain calculation, m is the frequency
index, ∆t is the sampling period of the DFT and
N DFT is the length of the DFT summation
( N DFT = 1 / ∆f .∆t ) .
Thus, the TLM method simulation is
summarized as follows:
1) Filling computational space with SCN meshes.
2) Truncating the computational space with low
reflection absorbing walls.
3) Placing structure in the computation volume.
4) Exciting the structure with Gaussian pulse
whose width is chosen to cover the frequency
bandwidth of interest.
5) Observing the transient waveform in the timedomain at a proper location.

6) Extracting the scattering parameter in the
frequency domain by using Fourier transform.

3. NUMERICAL RESULTS
Figure 3 shows a rectangular microstrip antenna
and filter that have been measured [7,8] and
analyzed by the three-dimensional FDTD method
by the author’s [9]. The substrate thickness (h) and
dielectric constant (ε r ) , the space steps (∆x , ∆y, ∆z)
and total mesh dimension ( N x , N y , N z ) in the x, y,
z direction and time step (∆t ) used in simulation
for this simulation are given in Table 1.

3-1. Line-Fed-Rectangular Microstrip
The edge-fed rectangular patch
Antenna
antenna and actual dimensions is depicted in
Figure 3a .In order to model the dimensions of
the antenna and the substrate thickness
correctly ∆x = 0.400mm , ∆y = 0.389mm and
∆z = 0.265mm have been chosen, thus the total
mesh dimensions are 120×70×30 in the x, y
and z directions, respectively. The rectangular
antenna patch is 40∆x × 32∆y . The length of
the microstrip line from the source plane to the
edge of the antenna is 60∆x and the reference
plane for port 1 is 20∆x from the edge of the
patch. The microstrip line width is 2.33mm and
modeled with 6∆y . The time step used is
∆t = 0.4295p sec . The simulation is performed for
10,000 time steps. The reflection coefficient
results, shown in Figure 4, show good agreement
with the measured data [7]. The calculated first
and second resonance are alternately 7.54 GHz and
18.22 GHz, while the measured values are
7.6GHz and 18.37GHz. Thus, good agreement
obtained between operating resonance and

TABLE 1. Substrate Characteristic And Mesh Dimension For Structures Shown In Figure 3.

Geometry

h(mm)

εr

∆x

∆y

∆z

Nx

Ny

Nz

∆t

1

0.794

2.20

0.400

0.389

0.265

120

80

30

0.4295

2

0.794

2.20

0.423

0.406

0.198

86

86

20

0.3143

3

1.272

10.0

0.212

0.212

0.212

120

60

20

0.3533
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16mm
7.9mm
12.45mm
2.46mm

the two principal plane axis and diagonal plane at
7.5GHz is plotted in Figure 7. Because the feedline
and the radiating patch are on one surface, the
spurious radiation from the feed degrades the side
lobe levels or increase cross-polarized radiation.

3-2. Microstrip Low-Pass Filter The low
(a)

2.54
17.08mm
2.41mm
5.65mm

(b)

pass filter analyzed is shown in Figure 3b.
The space steps used are ∆x = 0.4233mm ,
∆y = 0.4064mm and ∆z = 0.1985mm and the total
mesh dimension are 86×86×20 in the x, y and z
direction, respectively. The long rectangular patch
is thus 6∆x × 50∆y . The distance from the source
plane to the edge of the long patch is 50∆x , and
the reference planes for port 1 and 2 are 20∆x
from the edges of the patch. The strip widths of the
ports 1 and 2 are modeled as 6∆x . The time step
used is ∆t = 0.3143 p sec . The simulation is
performed for 10000 time steps. The scattering
coefficient results - shown in Figures 8 and 9 - and
again good agreement is obtained.

3-3. Side-Coupled Microstrip Line
6.36mm
1.272mm
1.272mm
12.72mm

(c)
Figure 3. Configuration of microstrip planar circuits.

experiment.
The input impedance of the antenna may be
calculated from the S11 calculation by
transforming the reference plane to the edge of the
microstrip antenna. Figure 5 shows the input
impedance calculation near the operating
resonance, compared with FDTD simulation. [9]
Figure 6 shows the electrical surface current
distribution on the patch and feedline at 7.5GHz. It
illustrates that the microstrip line feeds at the no
radiating edge. The x directed current is dominant
by the current on the feedline.
The copolar and cross-polar radiation pattern in
152 - Vol. 15, No. 2, June 2002

The
configuration of the analyzed microstrip
line is shown in Figure 3c. The net size of
the equivalent circuit used here is
∆x = ∆y = ∆z = 0.212mm . The space steps used
are ∆t = 0.353 p sec , and the total mesh
dimension are 120×60×20 in the x, y and z
direction, respectively. The scattering parameters
calculated are shown in Figures 10 and 11
compared with measurement [10]. The computed
results show excellent agreement with the
measured data.

4. CONCLUSION
The TLM method has been used to perform time
domain simulations of pulse propagation in several
printed microstrip circuits. In addition to the
transient results, frequency-dependent scattering
parameters and input impedance of rectangular
patch antenna have been calculated by Fourier
transform of the time-domain results. The
characteristics were computed and excellent
agreement with measured values was obtained.
IJE Transactions A: Basics
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Figure 6. Current distribution of the aperture coupled patch antenna at 7.5GHz. (a) x-directed current and (b) y-directed current.
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