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Abstract - In this paper, a novel finite difference 
frequency domain (FDFD) algorithm is proposed fur the 
analysis of substrate integrated waveguide (SW) guided- 
wave problems where the perfectly matched layer (PML) has 
been chosen as the absorbing boundary condition and the 
Floquet theorem has been used to consider the periodic 
structure. Using the above method, the guided-wave problem 
is then converted tu a generalized matrix eigeuvalue problem 
and finally transformed to a standard matrix eigenvalue 
problem, which can he easily solved with many etlicieut 
available subroutines. Excellent agreements of numerical 
simulations and experimental results show the validity and 
eiticiency of the proposed algorithm. 

I. INrRoouCTIoN 

In a microwave system, active devices in the form of 
chips are often surface-mounted on a planar carrier 
substrate, while the high-Q passive components like 
diplexers and filters are usually designed on the basis of 
rectangular waveguide or other non-planar structures. 
Because of the high cost and large size of the rectangular- 
waveguide components, the idea of integrated substrate 
rectangular waveguide (SIW) was proposed [I]-[4]. Thus, 
the microwave system can be made even in a package, by 
reducing the size, weight and cost, and also enhancing 
greatly the manufacturing repeatability and reliability. 
Figure 1 shows the structure of an SIW, which is 
synthesized with linear arrays of metallic via holes on a 
piece of low-loss substrate, for example, the low- 
temperature co-tired ceramics (LTCC). Recently, many 
researchers have been involved in the study of SIW [2-41. 

In this paper, we develop a novel finite difference 
frequency domain (FDFD) algorithm to analyze 
propagation properties in an open periodic structure of 
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SIW, where the perfectly matched layer (PML) has been 
chosen as the absorbing boundary condition (ABC) and 
the Floquet theorem has been employed. Using such an 
algorithm, a generalized matrix eigenvalue problem is 
obtained, which can be converted to an easily solved 
standard matrix eigenvalue problem. Numerical results 
have been compared with the measurement data in the 
frequency range of 26.540 GHz to show the validity and 
&ciency of the proposed algorithm. 

Fig. 1. The configuration of a SIW synthesized using via 
holes array. 

II. FORMULATION AND NUMERICAL RESULTS 

In a Cartesian coordinate system, the six components of 
the electric and magnetic fields yield 12 subcomponents in 
PML medium, and Maxwell’s equations are replaced by 
the following 12 equations [6]: 

EV+(T E = a(Hir +%I 8E’ , 

at yIy aY 
(la) 

2049 

0-7803-7695-l/03/$17.00 Q 2003 IEEE 2003 IEEE MTTS Digest 



(le) 

(14 

(VI 

(14 

(10 

[H; = H,; + H; and(i + j;i z k;j + k) 
(2) 

are components of the electric and magnetic fields, cr 
* 

anda satisfy the condition (r I * 0 = &//I We choose 

PML (4,&l Om4 ) in the practical simulation [5]. 

From the Floquet theorem [6], one knows that there is 
no difference except a factor between two-group 
components whose locations are separated by a distance 
of the period in the stable electromagnetic fields. In a 
single period, each component of the electromagnetic 
fields may be expressed as 

i 

yl’(x,y,z,t)=y(n,y,z)e’“~” y=a+jp 

Y4x,Y,z+P)=v(~,Y,z) CZp20 
(3) 

where tj/ and yl represent (E;, H;) and (Eq, H,,) , 
respectively, and y is the complex propagation constant. 

Substituting (2) and (3) into (1) and eliminating E, , 

E, , Hz and ff, , we obtain the following set of 

equations [7] 

Hz = affz g3 3’4 g, a2E -----a +---- az g,g: WV ix; ax2 

(4) 

where g, =jwe+o,,g~ =jw,wo,‘;(i=x,y,z). 

The problem analyzed in this paper is a periodic SIW 
structure synthesized with linear arrays of metallic via 
holes on a low-loss substrate covered by metallic walls. 
As shown in Figure 2, boundaries in the x direction are 
perfect electric conductors (PEC), and in they direction 
arc PML. In the z direction, we employ the Floquet 
theorem. In the frequency domain, equations in (4) can be 
discretized within a single period using a spatially 
interleaved Yee lattice [8]. Then, a generalized eigenvalue 
problem of such an open structure is derived 

Ax = yBx where A,B EC” (5) 
In the periodic direction, when we make the number of 

lattices as an odd and move the components in the left- 
hand side of (4) by a half lattice, B will become a 
diagonal-block matrix, where each block is an invertible 
Toeplitz matrix. Hence, the inversion of matrix B can be 
determined easily, and then the generalized eigenvalue 
problem is simplified to a standard eigenvalue problem 

PAX = p (6) 
Therefore, the complex eigenvalues of the SIW 

propagation problem can be obtained by solving the 
matrix eigenvalue equation (6). 

h 

Fie. 2. Numerical model of the SIW svntbesized usinp. 
m&llic via holes array in a single period. . 

III. EXPERIMENTAL RESULTS 

A. Experiment Procedure 

In the experiment setup, the geometrical parameters of 
the SIW shown in Figure 1 are set as c = 7.112 mm, h = 
2 mm, p = 1.5 mm, and d = O.Smm. Figure 3 illustrates 



the connection of different experiment parts, in which 
Parts II, and II, are two rectangular waveguides 
tapering at one side of each with the size of 7.112 mm 
x 3.556 mm, and the middle part is either I, or I,. Parts 

I, and I, are described as follows. 

Part 1, : SIW, synthesized with linear arrays of metallic 
via holes on the low-loss substrate covered by 
metallic walls, as shown in Figure 1. 

Part 1, : Rectangular waveguide filled with the same 
medium as the SlW substrate. The size of the 
waveguideis7.112mmx2mm. 

Fig. 3. The connection of different experiment parts. 

The experiments are performed in the frequency range 
of 26.5-40GHz. Hence, only the dominant mode is the 
propagation mode in the above rectangular waveguides. In 
the experiment, Parts 11, and 11, are first connected 
directly and the corresponding S-parameters are measured. 
Then, Parts 1, and I, are inserted between Parts II, 

and II, , respectively, and the corresponding S- 
parameters are measured. 

B. Data Processing 

As we know, there is an essential difference between an 
eigenvalue problem and a source-driven problem. In 
addition, it is rather difftcult to ensure the symmetry and 
stability of the tested devices because of the fabrication 
and experiment-operation reasons. The above problems 
have more impact on the magnitude of S-parameters, but 
less influence on their phase. Hence, only the propagation 
constant p , i. e, the imaginary part of y , can be derived 
from the measured S-parameter data. Also, the phase of 
the S-parameters from the measurement (4 ) is always in 
the range of [ - IT, ~1, while the phase in the simulation 
(4) may contain a phase difference of 2~271. That means, 

4 = lb I>0 

4=(‘+2nw 4’ E [-a,+n),n E N 
(7) 

in which 1 is distance that the electromagnetic wave 

propagates (i.e., 1 is the length of Parts 1, or I?), and 4 
is the phase change when the wave propagates.along the 
distance 1. Hence, n must be determined. 

Under the working state of the dominant mode, the 
following relation is satisfied [9] 

(8) 

where “=I/&. f 1s working frequency, [ l ] is an 

operator making the VdlK integer, 

%p7i = v/(2 f JI-(p,,Ik)2) is the equivalent wide- 

side dimension of SIW, and PC*, is the imaginary part of 

the complex eigenvalue computed. 

C. Experiment Results and Their Comparison wirh 

Numerical Results 

The measurement is carried out on ten frequency points, 
and the experiment results and their comparison with 
numerical results are illustrated in Tables I, Fig. 4 and 
Fig.5. Since the errors between the measured values and 
the theoretical results of Parts I, are all positive, we 

regard the average error of Part I, as the system error. 

After the system calibration, the corrected measurement 
results of the SIW are illustrated in Table 1 and Fig. 5, 
from which we clearly see that the numerical results have 
excellent agreement with the measurement data. 

Fig. 4. Measured and simulation results before the system 
correctian. 
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Table I 

V. CONCLUSIONS 

As a simple and an &c&t method to analyze 3D 
periodic open structures, a novel FDFD algorithm is 
developed where the Floquet Theorem has been 
employed and PML has been chosen as ABC. Good 
agreements between numerical simulations and 
experimental results show the validity and efficiency of 
the proposed algorithm. 
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