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Analysis and Application of New Quasi-Network
Characteristics of Nonuniform Mesh
iIn FDTD Simulation

Yan Zhang, Ben-Qing Ga&enior Member, IEEBNU Ren, Zheng-Hui Xue, and Wei-Ming Li

Abstract—The equation of computing the reflection coefficient size of the mesh when the nonuniform meshes are used. In ad-
between two meshes of different sizes is derived. Using the equa-ition, the modification of the conventional FDTD algorithm to
tion, quasi-network characteristics of nonuniform mesh for the deal with the sub-gridded region usually requires interpolation

finite-difference time-domain technique is found and analyzed. L . . .
The so-called mesh network (MN) here is a kind of structure or extrapolation in the space and time domain [7]. Using the

composed of the sections of mesh in cascade. The cell sizes dnethod of mesh network (MN) in this paper, there will be no
these sections change regularly. By means of choosing the numbemeed to modify the FDTD program.
of mesh sections, length of each section, and cell sizes, some When studying the characteristics of the reflecting wave
novel network characteristics are obtained, which can be used to pahveen meshes. we found that the structures composed by
match the reflecting wave of nonuniform mesh or improve the regularly arran ea nonuniform meshes, which are similar to
transmitted characteristics for a mesh wave to travel along the 9 y 9 - ’ ) o
nonuniform mesh. Formulas for analyzing the MN are given. The SOme networks (i.e., MNs), have corresponding characteristics
characteristics are realized in both one- and three-dimensional of those microwave networks, such as a mesh impedance trans-
cases. The applications and advantages of the MN are shown byformer, low-pass filter, and low-pass impedance transformer.
computing three different structures, i.e., microstrip-gap capac- \\hen the meshes are arranged in these ways, it is convenient to
itor, parallel-coupling filter, and microstrip slot-line transformer. L . O
evaluate the characteristics of nonuniformity of its meshes. In
Index Terms—Finite-difference time-domain (FDTD) algorithm,  addition, the reflection of the MN can be controlled easily by
mesh-network (MN) characteristics, mesh wave impedance ¢noosing the section numbers and the length of each, as well
(MWI1), nonuniform mesh. as the cell sizes
In this paper, the formula of reflection between two meshes
|. INTRODUCTION of different sizes is obtained in terms of MWI. The method for
analyzing the MN characteristics is then given in Section Il. The
characteristic of the MN is realized in Section lll. Its applica-
tiﬂns are then discussed in Section IV.

T IS WELL known that the finite-difference time-domain
(FDTD) algorithm is a kind of efficient method of compu-
tational electromagnetics. The uniform mesh is usually used
FDTD numerical simulation, but in many cases, the nonuniform
mesh techniques are used to save the storage or model the ob- Il. ANALYSIS
ject accurately. The techniques of nonuniform mesh, such ag amw| and Mesh Wave Reflection (MWR)

sub-cell and expapdmg grid a'gof”.h m, etc. [1]-{8], have been The wave reflection between two different meshes is consid-
proven useful to improve the efficiency and accuracy of the

FDTD method. Much attention has been paid to develop aﬁ(rjed first. For a plan wave (a one-dimensional (1-D) case) with

use these techniques, while the effect of nonuniform mesh %%” sizeA and time increment\f, MWI can be written as [9]

computation is often ignored. When a structure of nonuniform -
mesh is used in the direction of wave propagation, a wave reflec- 7 - \/E [e7Ika -1 p—JwAt/2 1)
tion between the meshes of different sizes will occur since their " e\ 1—eika

mesh wave impedances (MWIs) are different [9]. Thus, an error ) ) .

is taken into FDTD computation. This paper presents a way toSetc as the cell-size factor anl as the basic cell size, thus,

evaluate the effect and make use of it to decrease the errof1g size of any cell isA. Suppose a wave propagates from a

FDTD analysis, which also gives a reference to choosing tAeesh of size:, A to a mesh of size, A, the reflection coeffi-
cient can be written as follows:
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06 Thus, the input impedance and total reflection coefficient of

£ 05 _iﬁ;fry the MN are written, respectively, as

k) c: cell size factor

£ 0.4 A=Tcm 7 Ay -2y + Ap )

S n=———

© 03] " A1 - Zi + Agp

£ Zmin — Zg

g 0.2 9 =-m_ -2 (6)

= A= = Zmtn + Lo

%0 i ; T o Although the function of the network characteristic can be
O'Ob = : 1:doo ; 500 5 600 written easily by (3), it can only be used for strict analysis rather

Frequency / MHz ' than synthesis of the MN. It is impossible to synthesize the

MN with a traditional network method since the characteristic
Fig. 1. Reflection coefficient varying with frequency and cell-size factor. impedance of the transmission line of the microwave network is

real, whileZ,, and R of the MN, whose phases are frequency
Fig. 1 also gives the results of FDTD computation (dotted linejlependent, are generally complex.

Two kinds of results are in good agreement wifeq f. (f. is Generally, the reflection between two adjacent mesh sections
the criterion frequency marked by)(in Fig. 1). (R;,7=1,2,3,...,N)is small, thus, some special character-
From the above analysis, we can see thatand R bear the istics may be obtained in an approximate way. It also presents
following characteristics. an idea to synthesize these MNs.
1) Both Z,, and R are vectors in the complex plane and WhenZR; is small, the total reflection coefficient of the MN
functions of frequency. can be rewritten as

2) Within the band of criterion frequency, the magnitude of - _i%g 46 _i2Ng
Zm has no relation with the cell-sizA and mesh-size R N}]Ej Roe 77 4 Rge 7 4o+ Ry e
factorc. . _ Z R'67j2(i71)9. (7)
3) The magnitude of? between two meshes has only a re- — ¢
lation with the difference of their cell-size factor B
4) For a certain time span, the phase of MW is the function From (5) and (6), we can see that the characteristics of the
of A ande. MN are mainly decided by the MWI (in fact, the cell-size factors
Therefore, generally speaking, the sizes of two adjacent celisand the length of each section). For simplicity, the length of
should be set as closely as possible to avoid generating a h section is set equaI.The V_alues,;aire regularly changed.
reflection. A structure of taper mesh whose cell si2evéries Suppose that; has a relation with the sections of the network
gra'dually along a direction, such as expanding grid [8] is, in fact, ¢ = F(i), i=1,2,3....N ®)
a kind of MN.
o whereN is the number of sections. The corresponding charac-
B. MN Characteristics teristic of the MN, such as a low-pass filter or an impedance
A structure composed of cascade mesh sections with differéainsformer, can be reached by proper selectioh.of
cell sizes is called an MN. It has two types (Fig. 2). Fig. 2(a _
shows the case in which the input mesh is different from tife Match of Mesh Wave:{ # cx .1, Fig. 2(a)]
load mesh ¥y # Z,). It looks like the traditional impedance 1) Linear and Uniform Distribution of;: Supposecy <
transformer to match the mesh with a different MWI. Fig. 2(k),,, ; (the case is similar ity > ¢, 1) andc¢; distributes uni-
corresponds to the case in whigZh = Z,. Itis a kind of mesh formly and varies linearly [see Fig. 3(a)], then
structure inserted between two of the same meshes.

The network matrix of any MN can be expressed as ci = co+i - %
_|_
[A]l N . Ac .
=co+t- ——, 1=1,2,3...,N; Ac=cyu—0cp.
_ | An A ’ N+1 e
N A21 A22 (9)
€08 001 JjZ1 sin b Since the magnitude of ak; (i = 1,2,3,...) is equal, (7)
= /SIZL cos b can be approximately rewritten as
1
cosllo  jZysinfs cosy jZnsinfy N+l o LE-A-Ac NA1 o
. gl o g R R ~ R/ i 7_)2(271)9 — ,'t . i 7]2(2*1)9.
Jsinbz cos 02 Jsinfy cosfn 7| Z ¢ I 4N +1) Z ‘
Z2 ZN =1 =1 (10)
7 Z i 7 . . . . .
Al ]‘C;)isneé\N JZn sin Oy (3  When the reflecting coefficient is at the minimal value for an
B T In cosfn MN with N sections, the following relation is satisfied:
2
where 2@_”6:Nﬁ1@_1% i=1,2,3...,N;
0, = Bili,  i=1,2,3,.... (4) m=0,1,2,3,.... (11)
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Fig. 2. Equivalent configuration of the transmission line for multisection stepped mesh&s. $2)7,. (b) Z, = Z,.
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Fig. 3. Cell size changes linearly. (a) Uniform distribution. (b) Nonuniform - | _?'
distribution. ~ \..
0.00 Y >
0 500 1,000 1,500
Namely Frequency / MHz
mm Fig. 4. Comparison of reflection characteristics of the MN whér= 0,1, 2.
0:N+1, m=0,1,2,3,.... (12)
_ _ band are not equal. They increase with the frequency because
The corresponding frequency is the tangent function increases in a period, which is different
m from the traditional Chebyshev impedance transformer.
f= ;. m=0,1,2,3,.... (13)  2) Linear and Nonuniform Distribution of,: By the same
2(N +1)Jue-l’ ’ i v
( ) Ve method, when; is
The frequency of the maximum point appears approximately Ac Ac ‘
in the middle of frequency of two minimal values ¢ = <Co - W) i i=1,23,...,N, N> 1.
2m +1 (15)
f= AN 1 i m=0,1,2,3,.... (14) A quasi-flat characteristic of an impedance transformer of
(N +1) - /e - the MN is obtained. The reflecting characteristics of the MN

From (10), (13), and (14), the magnitude of extreme value care compared in_ Fig. 5. We found that_ w_hen the cell-size factor
be computed. changes nonumf_ormly, the characterlsncs.of the MN _\/\Mh

From the above analysis, we know that when the cell-size fRECtioNs are similar to those of the MN wiffi — 1 sections
tors change linearly and uniformly, the reflection characteristiénen chI—S|ze factor changes uniformly, and it has flatter re-
of MN with N sections is similar to the Chebyshev impedanca?©nse in the useful frequency band.

transformer of the traditional microwave network as follows. ] Note éh;t thetsfo-cal_lted n_1a_xin|1 flat impedﬁnce cha;actertiﬁtic
. . L . here is different from its original meaning. It comes from the
1) The extreme points of the reflecting coefficient within the 9 9

matching band are periodical. above analysis.
2) The extreme point of the MN with more sections hag Mesh Low-Pass Filterc
shorter period and smaller magnitude.

3) Th th ti f the MN, the wider th tchi
)fregun;(r:g}/ b:nsdec ons otthe M, the widerthe matching rer of MWRjtg(—Ac) = —jtg((Ac)) and symmetrically

4) The numbers of the extreme value points within the eﬁefhoosmg the cell-size factor, a characteristic of a mesh low-pass

tive frequency band is equal to the numbers of section |It$Lcanhbe Ott’ta.mf d. 1t fV\i':]l bf\:/ereallzed b_elov& P (i —
In addition, the shorter the length of each section, the wider € characteristics ot the vary withh = F(i) (i =

the matching band. Also, the extreme values increase with the 3 N)_‘ Thus, when th_e _ceII-S|ze factors are sel_ected
frequency. properly, all kinds of characteristics of the MN can be achieved.

Fig. 4 shows the reflecting characteristics of the MN £ p Idn a}dc_ilmonha S'”t“'aTr ?nalyfs ;i Ofl\;\je; tangular Wfa,\\;l(\e/?/lu'dﬁr? an
1eml = 10 cm,co = 1.0, ety = 3.0) when N equals 0, ind similar characteristics of the y means o of the

1, and 2, respectively. The cell-size factors changes linearly arﬁ&tangular waveguide [9].

uniformly. Results from FDTD computation are also given. Two
kinds of values are in agreement with each other. The shape of
the curves is consistent with the above analysis. In addition, for aAnalysis of the MN is different from that of a general mi-
certainN, the maximum values of the ripple within the effectiveerowave network. Its synthesis and realization are also different.

= CcN+1)
For the MN wher, = ¢y [see Fig. 2(b)], using the char-

[ll. SYNTHESIS AND REALIZATION
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Fig. 5. Comparisons of the characteristic of an MN when the cell-size factors changes uniformly and nonuniformly, respectively,sherm, ¢ = 10 cm,

co = 1.0, andey 41 = 3.0.
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Fig. 6. Reflection coefficient of mesh impedance match in a microstrip.

Fig. 7. Reflection coefficient of mesh-filter characteristics in a microstrip.

The idea for synthesis and realization can be obtained by anal- ) o )
ysis. For example, when the cell-size factor varies linearly, tfe2 MM, the width of metal strip is 4 mm, = 2.2, and basic
synthesizing approaches are as follows. = ol = ) -
The width of the passband can be obtained from (12) and ({8§ Strip direction. It is shown that, for an MN with the same
when the cell-size\ and lengtt of the sections are known andgSections, the section has more cells, the reflection curves rise

vice versa as follows.

1) The number of sections of the MN is decided by the cuto%r]

frequency and cell size by (13).

2) WhenA, ¢, andN are known, the maximum magnitude
of the reflection within the passband is computed with (GF]

and (13).

3) The cell-size factor of the section can be decided;by
F (i), which is used in FDTD computation.
4) The MWI used in theory computation is derived from (2

and (3).

The above discussion on the MN is for a 1-D TEM mode.
is, in practice, more useful for some three-dimensional (3-

cell size isA = 1 mm. Both MNs consist of five sections along

sharper in the stopband, and the passband is narrower. The com-
tation results are also compared with those of 1-D simulation.
ey are in good agreement with each other, especially when
frequency is low.

An exciting source for all FDTD simulations is the Gauss
ulse. Any reflection £ > 0.01) from source and load ends
will disturb the passband characteristic since the reflection of
an MN is usually small. Thus, a good absorbing boundary is

ecessary.

It is usually difficult to divide sections at specific equal

ngths since different sections have different cell sizes.
Eortunately, the MWI's phase variation with frequency is
approximately linear. By means of choosing cell-size factors

structure, e.g., a microstrip with a quasi-TEM mode. It has tré‘ the length of each sectich, and number of sectiond,,,

Ii?gm% !Eovzzatrﬁgti[::';;gggg tor;ethdrgiczﬁ:ésc’fofri?npseg;;fgome 'network pharacteristics_ can be approximately obtained,
: . : . ) Which is useful in the application of the MN.
transformers with 1-3 sections, respectively. The impedance
ratio between input and output is 3.0 in the center frequency.
It is obvious that the characteristic is largely dependent on the
number of sections. For the same impedance ratio, the more
sections there are, the sharper the rising curve in the stopban@ihe mesh impedance transformer and the mesh low-pass
and the wider the low-pass bandwidth. Comparing the curviii$er are used to match or suppress the reflecting waves brought
in Fig. 6 with those in Fig. 3, we can see that the results of tlout by the nonuniformity of meshes. It enjoys advantages
3-D case are also in agreement with those of the 1-D case. of saving memory and improving the computation efficiency
Fig. 7 shows the characteristic of two mesh low-pass filtecd a nonuniform mesh. Application of these characteristics is

(Z = Z,) of a microstrip line. The thickness of the substratdemonstrated by the following three examples.

IV. APPLICATION
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Fig. 8. Circuit structure of microstrip-gap capacitance. @\
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Fig. 9. S-parameters comparison of gap capacitance between the MN and % 0054 A AR Y A
uniform mesh. &
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_ _ _ 0 5000 10,000 15,000 20,000
A. Microstrip-Gap Capacitor Frequency / MHz

The size of the microstrip gap is usually small, but the fielghg. 11. Reflection characteristics of the MN with different sections.
around it changes very sharply. The coarse cells are unable to de-
scribe it accurately, while the fineness cells cost memory. How Y i 29mm i 29mm
ever, with the method presented in this paper, the problem ce’ x T
be solved with nonuniform mesh (i.e., MN) and the reflection

29mm

can also be computed. The structure of the microstrip-gap ci Hmm

pacitance is shown in Fig. 8, whetg = 9, h = 1.2 mm,

w = 1.2 mm, andd = 0.6 mm. o o s Loz Subsection
In Fig. 9, theS-parameters of which no section of the MN is G~ A~ 0 G

inserted, are compared with those in which one or two sectior /,2

are inserted at the position before and behind the gap. The di — One section

ference ofS21 is not distinct. However, for the sum ¢$11/|? I

and|S12|? (Fig. 9), the useful frequency band without an MN is
very narrow (with only 7 GHz), while the bandwidth of insertinq:ig- 12. rStruc?uﬁre of a parallel-coupling filter where the thickness of substrate
one MN section is up to approximately 10 GHz. The results of - 02> Mm:<r = 99

inserting two sections are very close to those of the uniform thinpq structure in Fig. 12 is very long in the propagation direc-
mesh. The more MN sections are properly inserted, the befigf, |ysing a uniform mesh would cost storage. Thus, an MN is
the match of the mesh wave, which is consistent with the angkeq |t is found that, for the MN whose cell-size factor varies
ysis of Section I_II. Itis pbwous that using the MN requires 'eséxponentially (expanding girds), not only the reflection within
storage than using a thin mesh ata whole computation space gd\,seful band is very small, but also the cost of storage re-
has a higher precision than using a coarse mesh. markably decreases.

According to the analysis of this paper, the resultant effect ¢ ,sing one section with a varying cell-size factor from input
of the above MN in FDTD simulation can also be computed By o,tput (shown in Fig. 12), the symmetry of the structure will
(10) and (11). The curve of it is shown in Fig. 10. Setting thge gestroyed. Also. it is difficult for each section of the filter
reference where the reflection is equal to 0.03 (approximatgly occupy integral cells. In addition, the ratio of the sizes of
—30 dB), an interesting resultis seen, i.e., the frequency chgfa maximum cell at the output end and the minimal cell at
acter of the curves in Fig. 11 corresponds to those in Fig. 1§g jnput end is large, which will make the useful frequency

which verifies the results of Fig. 10 from another view. narrow since the cell size should usually be less than 1/10 of
, i the shortest wavelength in order to decrease the mesh disper-
B. Parallel-Coupling Filter sion. Thus, a subsection meshing method is used (see Fig. 12).

Characteristics of a parallel-coupling structure is sensitive £dso, the meshing result is compared in Table I. Each section of
the coupling length and gap. Thus, in FDTD analysis, selectingtee filter has two subsections. The cell-size factors at two ends
good mesh modelis crucial. The coupling length and gap shoulfithe sections and at the middle of the sections are equal, re-
be considered carefully. This example shows that a proper Migectively. The sizes at the ends are smaller than those at the
can save the storage without losing computation precision. middle position. They exponentially rise or fall, respectively.
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TABLE |
COMPARISON OFDIFFERENT MESHING METHODS

Minimal Maximum

Meshin . . Ratio of
. cell size cell size , Cells saved
method cell size
(i)
. 29X 4 ,
Uniform 0.3625 0.3625 1.0000 320
(116)
. ] 15.0014 X8 30%8
Subsection 0.3625 0.6275 1.7310 ) 80
(116.00112) (240)
OZ
S g
c z 3
2 = 60
3 7N
= -807
4 ]
100
-90 ; . : : ,
0 10 20 30 40 50 60
Frequency/GHz '203 !
Fig. 13. Reflection characteristic of a subsection MN. -4(%1 _i'
g ] /
. ) . . Z 60 i K
Suppose the cell size of acéls ¢; A, ¢; is the cell-size factor = ? i \
varying exponentially, namely, /c;_; = «. Table | makes a 2801 o y \
comparison between the meshing methods of the subsection and 1003 i RefMoM
uniform. SetA = 0.3625 mm anda = 1.0191 to ensure a

o : L 097 098 089 1 101 102 1.
whole-number division of each section. In Table |, it is seen that o1 102 103
Frequency/GHz

using the meshing method of a subsection may not only save , o o
o .. Fig. 14. Reflection characteristic of a parallel-coupling filter.
25% storage, but may also model the structure approprlatel)g.

The cell size in theX -direction is 0.1825 mm at the coupling Y
gap and 0.216 67 mm at the metal strip.

An evaluation of the reflective effect of this MN for the filter X
characteristics can be done via the method of this paper. The re- Metal strip
sultis given in Fig. 13. Reflection from a nonuniformed mesh is

below—50 dB in 0~43 GHz and-54 dB in 0~2 GHz (specific

band of [11]). .
The resonate frequency of the reflection characteristic of the Slot-line | g

filter is shown in Fig. 14, which is in comparison with the results (bottom)

of [11]. Two kinds of values are in agreement with each other,

which verifies that the method is reasonable.

C. Microstrip Slot-Line Transformer

The structure of the microstrip slot-line transformer is shown
in Fig. 15, wheres,. = 20, h = 3.175 mm,w,,, = 1.5748 mm,
L,, = 6.8834 mm,w, = 2.0574 mm, andL, = 6.8834 mm.
The structure is modeled by two meshing methods. One
is a uniform mesh. The cell sizes in the three axes are
Az = 0.4028 mm, Ay = 0.4064 mm, andAz = 0.3969 mm.
Thus, there is a little difference between the mesh model and (b)
practical structure. Another method is using the MN, modeling,

the structure exactly in nonuniform mesh. The corresponding

'g. 15.  Microstrip and slot-line transformer. (a) Structure. (b) Mesh model.

cell sizes areAz = 0.3969 mm, Azw,, = 0.3937 mm, of the cell sizes in the direction df andY. The meshes at the
Azxps = 0.4064 mm, Ayr,, = 0.3429 mm, and position of metal strip Axw ., Ayws) and slotline Az,

Ayws = 0.3659 mm (Fig. 15). There is only a little variation Ayy,,) are uniform, respectively.
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~~~~~~~ uniform mesh | : (6]

6 mesh network | ©

experiment ;
5 P : [7]
» e [8]

3] .
27 [0l
1 — T [10]
0 2000 4000 6000
Frequency/MHz [11]
Fig. 16. SWR comparison of microstrip and slot-line transformer.

[12]

Fig. 16 gives input standing-wave ratios of the structure com-
puted by the FDTD method in two mesh models. The experi-
ment result [12] is also shown. In the effective frequency bandi3]
(SWR < 2), results from the MN model are much more closer
to the experiment than those from the uniform mesh. Itindicateg4j
that the effect of the MN is less than, andL,,, in this model.

Also, the characteristic of the microstrip slot-line transformer =)
is very sensitive to the change of their lengths. It also endorses
strongly for the use of a nonuniform mesh (i.e., MN). The com-
putation precision is remarkably improved by using a simple[m]
MN without modifying the FDTD computation program.

V. CONCLUSION 7]

MN characteristics can be realized in FDTD numerical
simulation by using the mesh sections with nonuniform meshes
in cascade. Some MNs (such as a mesh impedance transformer
and mesh low-pass filter) are found and presented. These MNs
may be used in FDTD numerical simulation to match the me:
reflection wave of a nonuniform mesh, improve the mesh wa
propagating condition, or purify the frequency spectrum at
specific passband. In many cases, an MN is built by a go
selection of the section number and the cell number of ea
section, as well as the cell sizes, which cannot only save {
memory storage, but also decrease the reflection from
nonuniformity of meshes in FDTD numerical simulation.
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