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Abstract. The paper is focused on time domain modeling
of microwave structures by the method of moments. Two
alternative schemes with weighted Laguerre polynomials
are presented. Thanks to their properties, these schemes
are free of late time oscillations.

Further, the paper is aimed to effective and accurate
evaluation of Green’s functions integrals within these
schemes. For this evaluation, a first- and second-order
polynomial approximation is developed.

The last part of the paper deals with modeling microstrip
structures in the time domain. Conditions of impedance
matching are derived, and the proposed approach is veri-
fied by modeling a microstrip filter.
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1. Introduction

Electric field integral equations (EFIE) are widely
used for the numerical analysis of electromagnetic radi-
ation and scattering. Essentially, when broad-band infor-
mation is desired, the time domain (TD) solution of the
electromagnetic (EM) problem is more efficient. Several
formulations have been presented for TD-EFIE [1], [2],
[3]. The explicit scheme and the implicit one have attracted
the most attention. These approaches are called the mar-
ching-on in time (MOT) methods.

The explicit scheme suffers from the late-time instabi-
lity, which usually takes the form of exponentially incre-
asing oscillations alternating in sign at each time step. In
[1], the implicit scheme is proposed in order to suppress
the instability. The implicit scheme is advantageous, but
the late time oscillations are not eliminated totally [3].
Moreover, the implicit scheme is less accurate than the
explicit one.

In [4], the unconditionally stable solution exploiting
Laguerre polynomials was proposed. The causal weighted
Laguerre polynomials [4] were used as temporal basis and

testing functions. There are five characteristic properties of
the weighted Laguerre polynomials: they are (1) causal, (2)
recursively computed, (3) orthogonal, (4) convergent, and
(5) separating space and time variables. This scheme does
not suffer from the late time instability, but is less efficient.

In this paper, two alternative schemes with weighted
Laguerre polynomials are presented. The first one was in-
troduced in [7], and the second one has been its alternative
formulation. Both the schemes use neither the auxiliary
vector [4] as an unknown quantity representing the electric
current density, nor the derivative of the electric field in-
tensity of the incident wave.

The paper is organized as follows. Section 2 presents
the basic EFIE formulation in the time domain. Section 3
describes the alternative schemes based on weighted Lagu-
erre polynomials. In section 4, an efficient and accurate
evaluation of Green’s function integrals is discussed, when
sums of weighted Laguerre polynomials are approximated
by first- and second-order polynomials. Section 5 is focu-
sed on modeling microstrip structures in the time domain,
and Section 6 concludes the paper.

2. TD-EFIE Formulation

Let S denote the surface of a perfectly electrically
conducting (PEC) body illuminated by a transient electro-
magnetic wave. The incident wave induces a surface
current J(r, ) on S. The scattered electric field E%(r, )
computed from the surface current is given by

A
ES=-2 vy, 1
ot ¢ M

where A is the magnetic vector potential and ¢ denotes the
electric scalar potential defined by

_ /u J(r’:T) ' 2
Al = £ s )
_ et e 3
P = — ! s 3)

The permeability and the permitivity of the surrounding
medium are p=u, oy and £=¢, g, respectively, the
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symbol R = |[r — r’| denotes the distance between an arbit-
rarily located observation point r and a source point r’ on
S, and 7=t — R/c is the retarded time. The velocity of the
propagation in the surrounding medium is ¢ = (1) The
charge density ¢ on the surface § is related to the current
density J on the same surface by the continuity theorem:

g(r,t)=— j V-J(r,t)dt (4)
0
Substituting (4) to (3), we get
A J'(r ) ,
P =—— ! l di' ds' - (5)

Since the total tangential electric field is zero on the con-
ducting surface for all time instants, we get

[E+ESD)],, =0, res, (©)

[aA/at +V¢] tan [ ]tan > (7)

where E' is the incident electric field on the scatterer, and
the subscript “tan” denotes the tangential component. The
equation (7) completed by (2) and (5) constitutes TD-EFIE.
Solving it, the unknown current J(r, ) may be determined.

To be noticed, quantities with an apostrophe are rela-
ted to an observation point, and quantities without an apo-
strophe are related to a source point in this paper.

3. TD-EFIE Using Weighted Laguerre
Polynomials: Alternative Schemes

The equation (7) is solved by the method of moments
(MoM) [1]. The PEC surfaces of the analyzed structure are
approximated by planar triangular patches and Rao-
Wilton-Glisson (RWG) functions [5] are used to expand
the spatial variation of the electric current density. The
unknown current density J(r, £) is approximated as

N
I, )= 1,0 f,r) ®)
n=1
by rel”
f, =424 Pr " ; ©)
0, otherwise

where [,(¢) is the unknown temporal current coefficient on
the n-th edge of the triangular mesh, /, is the length of the
n-th edge, 4,” denotes the area of the triangle 7", p,” is the
vector from respectively to the free vertex of T,* to respec-
tively from the observation point r and N is the number of
non-boundary edges. The functions f, (9) are called RWG
functions. A boundary edge is defined as an edge, which is
associated with a single triangular patch (Fig. 1).

In the following steps, we substitute the current den-
sity approximation (8) to the vector potential (2), and to the

scalar potential (5). Then, the potentials are substituted into
(7); Galerkin’s method and the centroidal testing scheme
are applied (this spacious testing procedure is the same as
in [5]). This yield:

' ,  (10)
I \t—R’
iLZZII i ,,"’"/C) ds' |=v, (1)
T, mn
where
N 2 2
=222 - (11)
n,p,o n=1 p=l o=1
/ /
Kpo c)_ H m P (rac n_ 12
m'l(rIn) 167[ pm(rm)A: ( )
Lp() — Zm ln S (13)
" Age AL
V. ,@)=LU(t) form=h ’ 14
V,(@)=0 otherwise
R, =|r, -1, (15)

In case of the superscript po, p =0 symbolizes “+”, and
p # o symbolizes “—” (the meaning of the sing in front of
the integral in eqn. 10). In case of the superscript p or the
superscript o, the values p = 1, o = 1 symbolize the super-
script “+”, and the values p = 2, 0 = 2 symbolize the super-
script “—". The superscript ¢ denotes a value, which is re-
lated to the centroid of the triangular patch. The equation
(14) was derived with the assumption, that the delta-
function generator (the edge feeding model) is applied as
a voltage source U(?) at the /-th edge [8].

n* edge

Fig. 1. Definition of the RWG function.

The unknown temporal coefficients 7,(f) can be expanded
using weighted Laguerre polynomials

1)1(t):Zw:1n,u ¢u(St) ? (16)
u=0
where
o, (st) = exp(— st/ 2) L, (st) . (17)
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Further, s > 0 is a time scale factor, and L, is Laguerre po- B Vo pp N a0
lynomial of order u defined recursively by z TSK”O (rc ) . I bmn(RmnW as +
~ mn \"m ) Rmn
Lyt)=1, L(t)=1~-t, (18) ” o (22b)
-2 d’ (R')
ul (t)=QRu—-1-¢t)L, (&) —(u—-1)L, ,(t T | e gst =y,
0= L ==L, o : j R g
for u>2,t>0. "
For solving the equation (10), the first derivative and the where
integral (with respect to #) of the unknown temporal coef- )
ficients I,(f) given by (17) have to be evaluated. The first a’ (R” ): Z 7 .
derivative can be expressed by following two relations [6] R S 23)
a] t = el SR}'IV:}‘I SRVf:ﬂ
oL@ _ —EZIH Ao, (st)+ Zgok (st)| > (20a) NP 0| — ||
at 2 u=0 | k=0 c ¢
al ¢ o u—1 , v u—1
n( ) =_S2|:[n,u+2 [n,k:| Q)u(St) 2 (2Ob) br:m(er;n)ZZ[In u +2zlnk :
ot 2 u=0 k=0 u=0 ’ =0
(24)
and the integral by SR? SR?
: ¢V—14 T - (Dv—u—l c s
[1,dt = 1)
2 0 u—l ‘ v » ) Y = ke
== Zln,u ¢u(St)_2dZ(_l) ¢k(St) > dmn Rmn - Z In,u _ZdZ(_ 1) In,k :
S u=0 k=0 u=0 k=0
(25)
where d = 1 for even u, and d = —1 for odd u. 'P) (SR”’; 0 [SR,,’;” ﬂ
u=v u—v-1 s
1.0 ¢ ¢
V! = IVm (t) @, (st) sdt - (26)
0
05 i
N The upper infinite limit in (26) can be replaced by a finite
§ time interval T, within the incident wave decays to zero.
g’ Now, the equation (22) is gradually solved for
0 different orders v of Laguerre polynomials in the interval
[0, N;], which results in N x N, unknown coefficients 7, ,.
In order to solve (22), the inverse matrix has to be compu-
ted (once only).
05 : : : : ‘
0 ° 10 t_ls[s] 20 2 %0 For obtaining an accurate solution, the minimum

Fig. 2. Weighted Laguerre polynomials of different orders.

Substituting (20) and (21) into (10), multiplying both sides
of (10) by ¢,(s?), integrating over ¢ = [0, 00> , which repre-
sents the temporal testing procedure in a fact, and consi-
dering the orthogonal property of the weighted Laguerre
function, we obtain alternative two formulations

3 szz(r;)-I“:"‘Rf;st'i
np0 Ty m (22a)

=V,

— v P
+ 72 L[’o J.dmn (Rmn) dS’ i
RP

mn

number of temporal basis functions /;, and the time scale
factor s have to be determined. In order to compute the
number of temporal functions N;, we can follow [4]

N, =2BT, +1, @7)

where B is the bandwidth of the incident wave and 75 is the
length of the desired transient response.

The time scale factor should be determined so that
aset of weighted Laguerre polynomials can accurately
approximate the desired transient response. By our experi-
ence for a Gaussian pulse, the time scale factor can be
evaluated by

s=7B. (28)
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3.1 Comparing Schemes
with Weighted Laguerre Polynomials

Two alternative schemes with weighted Laguerre po-
lynomials have been derived. Now, their properties are
going to be compared with the scheme published in [4]:

e For the schemes (22), neither the auxiliary vector [4]
as an unknown quantity representing the electric cur-
rent density, nor the derivative of the electric field in-
tensity of the incident wave is used compared to [4].

e The scheme (22a) is more efficient than [4] or (22b),
if additions and subtractions of weighted Laguerre
polynomials are computed in advance.

e The efficiency of the schemes (22b) and [4] is iden-
tical.

e The accuracy of all the schemes is the same: all the
derivations and integrations (with respect to time)
both in [4] and in this paper were done analytically.

4. Evaluating Integrals

The accuracy of the method is crucially influenced by
the way of evaluating the integrals in (22) or [4]. There are
several possibilities of their evaluation:

e Integrals can be computed numerically. The easiest
quadratic rules, which are used for a triangular mesh,
need to evaluate the integrated functions at least in
9 points [8]. Hence, this approach is very time-consu-
ming in case of using here.

Fig. 3. The definition of the distances R,,””"" and R,,/""*.

e The approach used in [4] can be adopted here: the
functions (23), (24) and (25) are evaluated in a center
of a triangular patch (the assumption of a piecewise
constant function over the triangle). Consequently,
these constants can be moved out of the integrals.
This way of computing is the fastest, but the least ac-
curate one.

The best solution can be composed as a compromise bet-
ween these two ways: the functions (23), (24) and (25) are
constructed using piecewise quadratic polynomials.

4.1 Second-Order Polynomial Approximation
Let be known values of the function F(x) at points

[-4x, 0, -Ax], then this function can be approximated in the

interval <-Ax, -Ax> by the second-order polynomial [9]

F'(x) = 2%“2 [ F(= Ax)(x* - xAx)- 09)

—2F(0)(x* - Ax? )+ F(Ax)x® + xAx]) .
Using (29), the functions (23), (24) and (25) have to be

evaluated in 3 points of a triangular patch: R,,”"", Ryu"",
and R,,”™™ (see Fig. 3). The symbol R,,”"" denotes the
distance between the centre of the m-th triangle T,,” and the
nearest vertex of the n-th triangle, the symbol R,/ ™"
denotes the distance between T,/ and the furthest vertex,
and R,,”“" is the distance of centers of triangles 7,/ and

Tt

Now, the functions (23), (24) and (25) can be appro-
ximated in the interval <R,,”™, R,,,/™*> by

(30)

b ez o ey (e ) o,

mn mn mn

S ) [ SV

mn mn mn

¢ v (Re R, REc + (R2, ~ REE )R, |

mn

where
p,max p,min
Ry < R o
p.max __ pp,min

The symbol y stands for any function (23), (24) and (25).
This approximation has to be applied to compute integrals
of functions pR, p, p/R, R and 1/R. Thanks to the approxi-
mation, integrals can be computed analytically, [10], [11].

1.00

0.75

0.50

-0.25

Normed values->[-]
o

-0.50

-0.75

= 1
1'000 25 5.0 75 100 125 150 175 200

R ->[cm]
Fig. 4. Approximation of functions a,,” and d,,” by the second-
order polynomial: 4R, = 0.5 cm, P2 denotes the second
order polynomial approximation, and v = 241.
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An example of the approximation of functions a,,"
and d,,,” by the second-order polynomial is shown in Fig.
4. The functions are a solution of a dipole analysis, which
is described below. Functions are depicted for v =241 and
normalized. Obviously, the approximation is very accurate.

4.2 First-Order Polynomial Approximation

The first order polynomial approximation is introdu-
ced to yield lower CPU-time demands. On the other hand,
accuracy of the first-order approximation is not so good.

If values of the function F(x) at the points [-Ax, +Ax]
are known, F(x) can be approximated in <-Ax, +Ax> by
the first-order polynomial

F'(x) = i [F(= Ax)Ax - x)+ F(Ax)Ax+x)]. (33)

In order to use (33), the functions (23), (24) and (25) have
to be evaluated in 2 points on a triangular patch: R,,”"",
and R,,”™ (see Fig. 3). The functions (23), (24) and (25)
can be approximated in the interval <R,,”"", R,,”"*> by

the following expression:

vo(Rz )= i :

{y o (Remm) AR~ (RE, ~ R )|+ (34)
wy (R ) [ar+ (Re, ~ RE )

mn

Again, the symbol y stands for any function (23), (24) and
(25). The approximation has to be applied to compute in-
tegrals of functions p/R, R and 1/R only. Thanks to the ap-
proximation, integrals are computed analytically [10], [11].

An example of the approximation of functions a,,"
and d,,” (the same functions as in the previous paragraph)
by the first-order polynomial is shown in Fig. 5: the first-
order polynomial approximation is less accurate compared
to the second-order one. The highest differences appear at
the local extremes of functions. Notice that the functions
a,, and b,,,” are of the same values but the different forms.

Normed values-> [-]
o

-0.75

Fig. 5. Approximation of functions a,,,” and d,," by the first-or-
der polynomial: AR,,, = 0.5 cm, P1 denotes the first-order
polynomial approximation, v = 241.

4.3 Comparison of Approximations

Now, the accuracy of the approximation of functions
a., and d,,," by the first- and second-order polynomials is
compared to the frequency-domain data in the time- and
frequency domain. Frequency domain data, the data obta-
ined by solving the same structure by method of moments
in the frequency domain, are considered to be the reference
solution, because its credibility is well known [1], [5], [8].

We compare parameters of the strip dipole (Fig. 6)
excited by Gaussian voltage source at its center

4 e{;(f—lo)r
cOT\/;

where T is the width of the Gaussian pulse, 7, is a time
delay that represents the time distance of the pulse peak
from the origin and ¢, is the velocity of the light in free
space. The Gaussian pulse is with Uy = 120 o V, 71"M =
0.2 LM (light-meter), and £,"™! = 0.3 LM. Note that I LM
(a light meter) is the unit of time taken by the electromag-
netic wave to propagate a distance of 1.0 m in free space.
In addition, time variables with or without the superscript
[LM] denote units of these variables in light meters or in
seconds in this paper.

(35)

U(t) =U,

2010 E

Fig. 6. The analyzed strip dipole.

The dipole is 200 mm long and 1 mm wide. Its surface is
modeled by 40 triangles. In the time domain, the response
is computed up to 7/** = 10 LM, and in the frequency do-
main, up to f,,.c =3 GHz., B = 3.6 GHz . According to the
equations (28) and (29), the number of base functions is N;
=241 and the time scale factor is s = 2.52 - 10"°.

Current responses and input impedance in the center
of the dipole are shown in Fig. 7 and Fig. 8, respectively.

— IDFT
-------- TD Ctr |4
---- TDP1
----- TDP2 ||

I->[A]

Time ->[LM]
Fig. 7. Transient responses at the center of the dipole.

Abbreviations used in the legend of figures denote:
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e FD — the frequency domain data;

o IDFT — the frequency domain data processed by the
inverse Fourier transform,;

e TD CTr — the time domain solution, the functions
(23), (24) and (25) evaluated in triangles centers [4];

e TD Pl — the time domain solution using the first-
order polynomial approximation for the functions
(23), (24) and (25);

e TD P2 — the time domain solution using the second-

order polynomial approximation for the functions
(23), (24) and (25).

Fig. 7 confirms that the difference among the transient res-
ponses is negligible as assumed.

Applying fast Fourier transform to TD CTr, TD P1,
TD P2, and computing the input impedance (Fig. 8), signi-
ficant differences can be observed at local extremes. The
differences can be highlighted when depicting a percentage
error (Fig. 9). Obviously, the agreement between the FD
solution and the TD P2 one is excellent; the agreement
between the FD solution and the TD P1 one is good,
whereas the agreement between the FD solution and the
TD CTr one is worse. The high percentage errors at low
frequencies (0.75 GHz, 1.45 GHgz, 2.15 GHz, 2.85 GHz),
were expected due to very small reference values (Fig. 9a).

a) 25

— FD
-------- D Ctr
-—-- TDP1

Re(Z) [kOhm]

b) 2.0 ‘ ‘
! ! — FD
| L R TD PO
15F----- T R 8
‘ ‘ ---- TDP1
I [ I TD P2

Im(Z) [kOhm]

f->[GHZ]

Fig. 8. The input impedance at the dipole center: a) the real part,
b) the imaginary part.

5. Modeling Microstrip Structures

In order to model microstrip structures in the time
domain, the previous development has to be extended:

e So-far used Green’s functions expected the homoge-
neous surrounding medium with permittivity ¢ and
permeability . In case of microstrip structures, free-
space Green’s functions have to be replaced by
layered media ones.

e If an analyzed structure is excited by a microstrip line,
a matching termination has to be added.

a) 10

9

> N

Percentage error [%]

N W O

0 10 2.0 3.0 4.0 50
f->[GHZ

Percentage error [%]

f>[GHZ
Fig. 9. Percentage error of the input impedance: a) the real part,
b) the imaginary part.

5.1 Green’s Functions

For modeling one layer substrate, the approximation
of Green’s function in the frequency domain [12] can be
expressed

J(a)) G, = J(a)) {GXP(_ jk”o)_ exp(— Jkn, )} , (36)

T n

J0)G, =J(w)-
. |:exp(—]kr0) _ (1 _ 77) N (_ 77);'71 eXp(—Jki”,)} (37)

o i=1 7

1
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with
p=f=l (38)
e +1

f—\/x —x

where G, and Gy denote Green’s function approximations
of the vector potential and the scalar one, kis the wave
number in the vacuum and % is the height of a substrate.
The restrictions of using Green’s function approximations
(36) and (37) are following:

e The substrate has to be thin: 4/ A( f,,.,) < 0.05;

+(y, = »') +2ih, fori=0,1,2..0, (39)

e The dielectric constant of the substrate has to be lo-
wer than 3.

e The substrate is supposed to be infinite in the area.

Using inverse Fourier transform, Green’s functions (36)
and (37) can be transformed to the time domain

IFT{J(CU)GA}= J(t—VO/CO)_J(Z—l’l/CO) , (40)
) n
J(t—ro/co)
IFT{J(0)G, } = ——0" —
o s (1)
> ,1J —r/c
SOASIEESR

1
where ¢ is the velocity of the light in the vacuum.

Considering (40) and (41), the equations (22a), (12)
and (13) can be rewritten to the form:

=Kol

O [ (RS,) (R, )} o) ds &
R’ R? e
T Omn 1mn
' (22a)
iﬂyzo J'd;:m (ROmn) ds' —
i
N i1 Doy (Rip) 5
- (l—n)ﬂ?;(—n) TS
Kolre)= 2l prfes) L (12)
Lpo — lm Zn s (13)
" Ame, A’

where

Rlﬁm = VRanz + Q’Zh . (42)

A similar procedure can be applied to rearranging (22b).

5.2 Numerical Modeling of Matching
Termination

If an analyzed structure is fed by a microstrip line,
a matching termination has to be added. The situation is
depicted in the Fig. 10, where a device under test is inser-
ted between 2 terminating lines. The device is fed at the

reference plane 1. The excitation signal propagates in the
form of the forward traveling wave towards the DUT.
A part of the signal passes through the DUT, and the rest
returns back as a reflected wave. Thanks to the termination,
the reflected wave is “absorbed”. Without the terminating
lines, the next reflected wave would arise at the references
plane 1 and also at the reference plane 2.

1 1

1 1

: Device :

====T=] Under I e e e

Terminating : fe= | Terminating
line 1 : 1line 2

1 1

' Reference Reference *

plane 1 plane 2

Fig. 10. The device under test inserted between terminating lines.

The idea of numerical imposing matching termination is
simple: the current /(@, x) propagating along a lossless
transmission line 2 can be expressed as a sum of a forward
traveling current wave and a backward one [13]

I(a),x) ]( w)exp| — a)\/i
+1; a)r

w)exp| j

(43)

On a match-terminated line, there are no reflections from

the load, and therefore
“)V (44)

H(,x)=1; (w)exp| - j

where ¢, is the effective dielectric constant of the micro-
strip transmission line, which can be evaluated using an
empirical formula given in [13].

1
, Reference

: plane 2

L[>

% b X *

[ S

Fig. 11. The terminating line at the port 2.

In order to use the condition (44) in the time domain, the
inverse Fourier transform has to be applied
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X\|E.
f
It——"" =1 t-

S Co

&
Xy Erer ( 4 5)

If the reference is shifted from zero to a point x on the line,
then the current at the point x+Ax (Fig. 11) is

(X+Ax) 8re Ax gre
_ Nl g o NI (46)
Co

Co

1|t

X

The way of matching a termination line to a reference pla-
ne is obvious now. E.g., for matching the termination line 2
to the reference plane 2 the following condition can be
written:

INNED
L@)=1 | -2 | fork=1,2,3.. @D

Gy

The relations (47) have to be added to N equations (22).
The same procedure can be done for the port 1 (the refe-
rence plane 1).

To be notice, the effective dielectric constant of the
microstrip & is frequency-dependent. However, the de-
pendence is very weak at low frequencies (up to 5 GHz),
and can be neglected.

The triangle face F' (Fig. 11) is added to the end of the
terminating line in order to make the boundary edge the
internal one. However, the face F' is not taken into account
in the equations (22) forn =1, ..., N.

Once the transient responses are computed at the refe-
rence planes and mapped to the frequency domain by
Fourier transform, S-parameters of an analyzed structure
can be computed in wide range of frequencies.

5.3 Numerical Example

The functionality of the above-described approach is
demonstrated by analyzing a microstrip filter (Fig. 12).
Time-domain numerical results are mapped to the frequen-
cy domain using Fourier transform, and compared to the
results of the frequency domain analysis [5], [8].

o 0
L0, J
Z0 = Z| M ZC ° Z| Z0
P — R
18.3 14.1 18.3

Fig. 12. The analyzed microstrip filter. The height of the
substrate is # = 0.508 mm and the relative permittivity is
& = 2.33. The characteristic impedance of the microstrip
line is Zy,= 50 Q.

The analyzed microstrip filter, which is matched at its ends
(P, and P,) by matching terminating lines (not depicted in
the figure), is excited by a Gaussian voltage source with

the following parameters: Uy = 120 V, 7™ = 0.2 LM,
and ¢, (Ml = 0 3 LM. In the time domain, the responses are
computed up to T/ = 1.5 LM, and in the frequency
domain, up to f,... =3 GHz, B =3.6 GHz. According to the
equations (28) and (29), the number of basis functions is
N, =37, and the time scale factor is s = 2.52 - 10'°.

The calculated transient responses at the ends (/P
and IP,) of the filter are depicted in Fig. 13. For obtaining
S-parameters, a forward traveling current wave at the mic-
rostrip line of the characteristic impedance Z; has to be de-
termined. There are two approaches:

e Analytical: The waveform of the forward traveling
wave is known (Gaussian pulse here), and therefore,
only the amplitude has to be determined by conside-
ring of the value of the characteristic impedance Z.

e Numerical: A microstrip line guiding a forward tra-
veling wave is analyzed by the same method like the
microstrip filter. If a microstrip line is matched at
both ends, only a forward traveling wave exists.

The first approach is faster and usually less accurate than
the second one. The differences lie in the delay and ampli-
tude of Gaussian pulse. It is better to simultaneously solve
two problems by the same method, than applying two dif-
ferent methods. E.g., if the forward current wave propaga-
ting along the microstrip line is determined numerically,
the peak of Gaussian pulse lies at "™ = 0.298 LM instead
of A"™M = 0.3 LM. A similar shift can be expected in case of
the transient responses of the analyzed filter

40

30

20

I->[A]

10

Time > [LM]

Fig. 13. Transient responses of the analyzed microstrip filter (/P,
and /P) and of forward traveling current wave at micro-
strip line of characteristic impedance Z, = 50 Q (IFw).

Once the forward traveling current wave is determined
(Fig. 13, IFw), numerically in this example, S-parameters
can be computed using the following expressions:

FFT { IFw}

—_ , 48
" FFT {IP — IFwy @

__FFT {1} _ 49)
' FFT {IFw}
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The calculated S-parameters are depicted in Fig. 14. Obvi-
ously, our solutions meet very well the results calculated
directly in the frequency domain.

6. Conclusions

In this paper, alternative schemes with weighted
Laguerre polynomials have been developed. For these
schemes, neither the Hertz vector as the unknown variable
instead of the electric current density, nor the derivative of
the incident electric wave are used in the comparison to
[4]. The accuracy of both schemes is the same as the sche-
me published in [4]. In addition, one of these schemes is
more efficient than [4], if the addition and subtraction of
weighted Laguerre polynomials are computed in advance.
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Fig. 14. S-parameters of analyzed microstrip filter: a) magnitude,
b) phase.

An efficient and accurate way of evaluating integrals of
Green’s functions was proposed using the first- and se-
cond-order polynomial approximation of sums of weighted
Laguerre polynomials. For reaching accuracy up to 3%, the
first-order polynomial approximation is satisfactory.

In the last part of the paper, the time domain mode-
ling of microstrip structures was discussed. The matching
conditions for microstrip lines in the time domain were
introduced. The proposed approach was verified on the

analysis of the microstrip filter, and the results were com-
pared to the frequency domain solutions. The comparisons
show functionality of the proposed approach, and a very
good fit.
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