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Abstract- This paper presents a novel method for 
the analysis of Substrate Integrated Slab Waveguides 
(SISWs), recently proposed as wideband integrated 
transmission lines. This method applies to the analysis 
of H-plane waveguides, filled with a dielectric medium 
perforated with air holes. The analysis is based on 
the segmentation technique combined with the BI-RME 
method, which permit to determine the generalized ad- 
mittance matrix of the circuit and, finally, the dispersion 
diagram of the SISW. Some numerical and experimental 
results are reported. 

I. INTRODUCTION 

Substrate Integrated Slab Waveguides (SISWs) have 
been recently investigated [1] as wide-band transmis- 
sion lines for the microwave and the millimeter wave 
range. SISWs consist of a rectangular waveguide filled 
with a dielectric medium, periodically perforated with 
air holes (Fig. 1). 

The operation principle of SISWs is similar to the 
one of slab waveguides [2]: the electric field of the fun- 
damental mode is mainly concentrated in the central 
portion of the waveguide, and therefore its cutoff fre 
quency is strongly affected by the presence of the dielec- 
tric. Conversely, the electric field of the second mode 
is more concentrated in the side portions, where there 
is a lower equivalent dielectric permittivity. As a con- 
sequence, the bandwidth of the fundamental mode is 
significantly wider than in standard waveguides (twice 
as large, see [I]). 

SISWs are easy to fabricate, compact, and cost ef- 
fective. SISW technology may represent an interesting 
solution for many components (like frequency multipli- 
ers, directional couplers, power dividers) where wide 
bands are required. 

In this work, we developed a novel method for the 
analysis of SISWs, based on the segmentation tech- 

Fig. 1. Schematic of a Substrate Integrated Slab Waveguide 

nique and the BI-RME method. The structure is seg- 
mented in a number of subcircuits, consisting of either 
the dielectric-filled portion or air holes. Each subcircuit 
is characterized separately by its Generalized Admit- 
tance Matrix (GAM). All GAMs are then recombined 
in order to determine the GAM of the whole structure. 
Once the GAM of the SISW is known, the dispersion 
diagram of the first modes can be calculated. 

This paper describes the application of the BI-RME 
method and the technique for determining the disper- 
sion diagram of SISW modes, and reports some numer- 
ical and experimental results. 

II. ANALYSIS BY THE BI&RME METHOD 

We consider an H-plane waveguide circuit filled with a 
dielectric medium, perforated with N air holes (Fig. 1). fi= 
In principle, the method presented here applies to any m, 
planar circuit, and the cross-section of the holes can be 
arbitrary, even if only straight waveguide sections and 
circular holes have been used in this work. We assume 
that the tangential field at the ports of the waveguide 
(S, and Sz) is due to the combination of a number of 
TEpo modes (p = 1,. , P): therefore, the field inside 
the structure is t-independent, and the problem is two- 
dimensional. The aim of the analysis is the calculation 
of the GAM, which relates modal currents and voltages 
at ports Sr and S,. 
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A. Calculation of the Y-matrix 

The analysis is based on the segmentation technique. 
The inhomogeneous H-plane waveguide (Fig. 2a) is di- 
vided into N + 1 homogeneous subcircuits, one filled 
with dielectric (Fig. 2b), and N filled with air (Fig. 2~). 
Each subcircuit is analyzed separately, and character- 
ized by its GAM. 

In particular, when calculating the GAM of the 
dielectric-filled subcircuit, we must consider, besides 
the terminal waveguides (“external ports”) SI and SZ, 
additional “connected ports” S, (i = 3, N + 2), corre- 
sponding to the interfaces between the dielectric-filled 
part and the air-filled holes (see Fig. 2b). On the ex- 
ternal ports, the transverse electric and magnetic fields 
are expressed in the form 

& = &CP) ,;(p) (i = 1,2) (1) 
p=1 

where &!‘) and 6 (‘I are the electric and magnetic modal 
vectors,’ respectikly, of the TE,,, modes of the i-th 
port, and V,(‘) and IF) are the corresponding modal 
voltages and currents; finally, P: is the number of modes 
considered on port S, (i = 1,Z). On the connected 
ports, the transverse electric and magnetic fields are 
expressed in the form 

,g = 2 v,(p) fpJ) ;, (i=3,N+2) (3) 
p=1 

Ei, = -&,(p)fj%x& (i=3,N+2) (4) 
p-1 

where f!p) are t-independent scalar functions defined 
on St (kusoidal functions in our implementation), V,(‘) 
and IF) are the corresponding “voltages” and Cticur- 
rents”, I’, is the number of functions considered on 
port S, (i = 3, N + Z), ii is the inward normal on the 
inner boundary, and Cz is the unit vector in the r direc- 
tion. As a consequence, the GAM of the dielectric-filled 

(P) subcircuit relates currents I, to voltages v,(p), corre- 
sponding to both external ports (defined on SI and &) 
and connected ports (defined on S,, with i = 3, N + 2). 

Since the dielectric-filled subcircuit is homogeneous, 
the Boundary Integral-Resonant Mode Expansion (BI- 
RME) method [3] can be used for the calculation of the 
GAM in the form of a pole+zxpansion in the frequency 

dielectric-filled 
subcircui! 

domain [4], [5] 

In (5), matrices A, B are real and frequency indepen- 
dent, and are related to the quasi-static behavior of 
the admittance parameters. Moreover, w, represent 
the poles of the GAM, and are the resonant frequencies 
of the first resonating modes of the cavity obtained by 
short-circuiting all the ports, both external and con- 
nected. Finally, vectors ccrn) are real and independent 
of the frequency, and are related to the projection of 
the modal vector of the cavity on the port functions. 
As discussed in 131, to obtain a good accuracy in a fre 
quency band from 0 to w,,~, it is sufficient to include 
in the pole expansion (5) only the M poles up to a 
frequency two or three times umnZ. All these quanti- 
ties can be efficiently calculated by using the algorithm 
described in [4], [5], which was extended to take into 
account the presence of the connected ports. 

In the case of the air holes (Fig. 2c), only connected 
ports are considered, and the expression of the fields on 
the ports are given by (3)-(4). Also in this case, the 
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circuit is homogeneous, and the GAM can be expressed 
in the form of the pole expansion (5). 

Once the GAMs of all subcircuits have been deter- 
mined, the GAM of the whole component is obtained 
by properly connecting the ccmmon ports. A very effi- 
cient method to determine the resulting GAM has been 
introduced in [6]: by using this algorithm the GAM of 
the whole component is obtained still in the same form 
of a pole expansion (5). 

B. Calculation of the Dispersion Diagram 

The dispersion diagram of SISW structures can be ob- 
tained along the lines of [7]. The method is based on 
the solution of an eigenvalue problem, which is obtained 
by imposing the periodicity of the field on the ports of 
the unit cell of the structure. The eigenvalues of the 
problem give the propagation constants of the SISW 
modes, and the corresponding eigenvectors are the val- 
ues of VP) defined in (l), representing the weight coef- 
ficients of the SISW electric fields on the ports in terms 
of TEpo modes of the rectangular waveguide. 

If it is not possible to identify a unit cell where the ex- 
ternal ports are defined on homogeneous sections (i.e., 
they do not intersect any air holes), the method pre- 
sented in the previous subsection cannot be used for 
calculating the GAM of the unit cell. In this case, how- 
ever, the BI-RME method can still be used for the cal- 
culation of the dispersion diagram, by using a different 
approach. This approach, derived from a well-known 
measurement technique, consists in the analysis of two 
SISW sections with different length (e.g., three and five 
cells), connected to the exterior through rectangular 
waveguides. The propagation constant is then derived 
from the difference of phase between the scattering pa- 
rameters. 

III. NUMERICAL AND EXPERIMENTAL. RESULTS 

Two examples are reported in this section, to validate 
the proposed numerical method and to show the per- 
formance of SISW structures. 

The first example refers to a rectangular waveguide, 
filled with a dielectric medium perforated with two 
holes per unit cell (Fig. 30,). The analysis of the unit 
cell was performed with our code, in order to calculate 
the GAM of the structure. Ten modes were consid- 
ered in each waveguide port. Then, by using the Flo 
quet theorem, the dispersion diagram of the first modes 
was determined. The propagation constant of the first 
two modes versus the frequency is reported in Fig. 36, 
and compares very well with the results obtained by 
HFSS. This SISW operates in the X and Ku band, 
with the cutoff frequency of the fundamental mode at 
6.85 GHz and the cutoff frequency of the second mode 

a 

b 

Fig. 3. SISW with two holes per unit cell: (a) crwtsection of 
the unit cell. Dimensions in InIn: A = 8 2, B = 3.7, d = 1 7, 
R = 1.5; dielectric constant tr = 10.2; (b) dispersion diagram 
of the first two modes calculated by the BI-RME method and 
& CmnmeICial code (HFSS). 

at 16.65 GHz. 

The analysis of the unit cell also provides the weight 
coefficients of the SISW modes on the modes of the 
rectangular waveguide. The weight coefficients of the 
first SISW mode on the first three (odd) waveguide 
modes are reported in Fig. 4. They show that only the 
fundamental waveguide mode plays a significant role 
in the representation of the first SISW mode in the 
whole band. A limited contribution comes from TE30 
mode, being all other modes practically negligible. It 
is also observed that, considering only these modes in 
the GAM representation of the unit cell, the dispersion 
diagram of the first two SISW modes does not change. 
The calculation of the dispersion diagram of this sttuc- 
ture was also performed considering two structures with 
different length and the results are in good agreement 
with the one obtained by using the unit cell. 

The second example refers to a SISW optimized for 
operating in both X and Ku band. The unit cell of this 
structure presents six holes with different size (Fig. 5a). 
Their location was chosen in such a way to maximize 
the air/dielectric ratio in the side regions of the waveg- 
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Fig. 4. SISW with two holes per “nit cell: weigth coefTicie”ts 
of the lundamental modes on the waveguide modes Y~TSUS 
frequency. 

uide (and therefore its bandwidth) and satisfying, at 
the same time, the fabrication constraint (minimum 
spacing between holes). As shown in Fig. 5a, this struc- 
ture prevents us from using the BI-RME method for 
the analysis of the unit cell., Therefore, the dispersion 
diagram was obtained using the second approach de- 
scribed in Sect. II, from the comparison of the scatter- 
ing parameters of two waveguide sections with different 
length. 

The structure was fabricated, substituting the rect- 
angular waveguide with a SIW structure, as described 
in 171: the side walls of the rectangular waveguide were 

replaced by arrays of metallic holes. The dispersion 
diagram of the first two modes calculated by the BI- 
RME method is reported in Fig. 5b, and compared with 
the measured data (limited to the first mode) and the 
simulation by HFSS. The BI-RME analysis presents a 
good agreement both with the measurement and with 
HFSS. 

IV. CoNCLUsIoN 

This paper presented a novel method for the analysis 
of Substrate Integrated Slab Waveguides, based on a 
rectangular waveguide filled with a periodically perfc- 
rated dielectric medium. The characterization of the 
structure by the BIGRME method was outlined, along 
with two techniques for the calculation of the disper- 
sion diagram of these integrated guides. An integrated 
structure, able to cover two bands (X and Ku), com- 
pact and easy to fabricate was presented. The exam- 
ples demonstrated both the accuracy of the numerical 
method and the performance of these structures. 

waveguide waveguide 
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Fig. 5. SEW with optimized hole conhguration: (a) CTOSP 
section of the unit cell. Dimensions in nun: A = 7.4, B = 1.7, 
c = 0.7, d = 1.25, e = 0.8, RI = 0.25, Rz = 0.40, Rs = 
0.15; dielectm constant L- = 10.2; (b) dispersion diagram 
of the first two modes calculated by the BI-RME method, 
compared with measurements and with HFSS. 
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