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Abstract—This communication introduces a fast 

methodology for the analysis of arrays of antennas placed on a 
ground plane that are fed by means of Substrate Integrated 
Waveguides (SIW).  The methodology is based on the use of a 
numerical method to analyze each element, and the 
simultaneous use of cylindrical modes and spherical modes to 
connect the elements in the SIW layer and in the radiation 
region, respectively.    

Index Terms—arrays, substrate integrated waveguide, 
cylindrical modes, spherical modes. 

I.  INTRODUCTION  
In the past few years Substrate Integrated Waveguide 

technology have deserved the attention of many researchers 
because of its low cost and the easiness of integration and 
manufacturing process.   

Despite of this interest, most of designers use commercial 
full-wave software for the analysis of arrays fed by SIW, 
which involves very high simulation times especially for large 
arrays. Excepting for the excellent paper of Casaletti et al. [1], 
where a fast and accurate hybrid Mode Matching-MoM 
method for the analysis of stacked SIW circuits with radiating 
slots has been introduced, not more other fast full-wave 
method has been developed to the best knowledge of the 
authors.  

Recently, we have introduced a hybrid method based on 
the Finite Element Method (FEM) and Modal Expansion in 
cylindrical modes for the fast analysis of SIW circuits [2]. This 
method takes profit from the analytical translation of 
cylindrical modes in order to couple resonators, posts and slots 
between layers. In this work, this method is extended to the 
study of arrays by means of hybridizing it with spherical-
modes expansion for each radiating element, and 
simultaneously by coupling cylindrical modes in the SIW 
layer [2] and spherical modes in the radiating region [3]. In 
this way, the efficiency of the proposed method is kept when 
radiating regions are included. 

II. THEORY 
In the first step of the proposed methodology, the array fed 

by a SIW is decomposed in sections bounded, in a general 
case, by a cylindrical port, a hemispherical port and a feeding 
port (Fig. 1). 

 

Fig. 1. Domain decomposition of an array fed by a SIW. 

For each section, the Generalized Scattering Matrix 
(GSM) is obtained from the Generalized Admittance Matrix, 
which is computed by means of a suitable hybrid Finite 
Element/Modal Analysis Method [2][3][4].  The GSM of each 
section i can be expressed as  
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where 𝐯𝐯(𝑖𝑖) and 𝐰𝐰(𝑖𝑖) are column vectors of complex amplitudes 
of incident and reflected modes on the feeding port of section 
i, 𝐚𝐚c

(𝑖𝑖) and 𝐛𝐛c
(𝑖𝑖) are column vectors of complex amplitudes of 

standing and scattered cylindrical modes on the cylindrical 
port of section i, and 𝐚𝐚e

(𝑖𝑖) and 𝐛𝐛e
(𝑖𝑖) are column vectors of 

complex amplitudes of standing and scattered spherical modes 
on the cylindrical port of section i. Matrices 𝐂𝐂ec

(𝑖𝑖) and 𝐂𝐂ce
(𝑖𝑖) 

account for the coupling between spherical modes and 
cylindrical modes, and the rest of matrices are defined as in 
the classic theory [5][6]. In the case of the cylindrical metallic 
posts that define the SIW, (1) reduce to 𝐒𝐒c

(𝑖𝑖). This matrix can 
be easily obtained analytically [7]. 

In the second step, the incident field on the cylindrical port 
of section i is expressed as the superposition of the field 
scattered by the rest of cylinders, referred to the cylindrical 
port of section i. By expressing the fields in terms of complex 
amplitudes of cylindrical modes we have 
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where 𝑁𝑁c is the total number of cylindrical ports and 𝐆𝐆c

(𝑖𝑖)(𝑘𝑘) is 
the general translational matrix for cylindrical modes, whose 
elements can be found in [2].  

Likewise, the incident field on the hemispherical port of 
section i is expressed as the superposition of the field scattered 
by the rest of hemispheres, referred to the hemispherical port 
of section i. In terms of complex amplitudes of spherical 
modes we obtain 
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where 𝑁𝑁e is the total number of hemispherical ports and 
𝐆𝐆e

(𝑖𝑖)(𝑘𝑘) is the general translational matrix for spherical modes, 
whose elements have been defined in [3]. 
 Now, considering the GSMs for all the sections 
simultaneously, and relating them through (2) and (3), we can 
obtain the following equations, which provide the reflection 
and coupling coefficients between feeding ports 

𝐰𝐰 = {𝚪𝚪 + 𝐑𝐑c𝐆𝐆c𝐏𝐏−1𝐓𝐓c + (𝐑𝐑e𝐆𝐆e + 𝐑𝐑c𝐆𝐆c𝐏𝐏−1𝐂𝐂ce𝐆𝐆e)𝐌𝐌−𝟏𝟏𝐐𝐐}𝐯𝐯 
 (4) 

 
with  

𝐏𝐏 = 𝐈𝐈 − 𝐒𝐒c𝐆𝐆c                                   
𝐌𝐌 =  𝐈𝐈 − 𝐒𝐒e𝐆𝐆e − 𝐂𝐂ec𝐆𝐆c𝐏𝐏−1𝐂𝐂ce𝐆𝐆e
𝐐𝐐 = 𝐂𝐂ec𝐆𝐆c𝐏𝐏−1𝐓𝐓c + 𝐓𝐓e                   

 

 
where 𝚪𝚪,𝐑𝐑c,𝐓𝐓c, 𝐒𝐒c,𝐑𝐑e,𝐓𝐓e, 𝐒𝐒e,𝐂𝐂ec, and 𝐂𝐂ce are diagonal block-
matrices, whose blocks are given, respectively, by  
𝚪𝚪(𝑖𝑖),𝐑𝐑c

(𝑖𝑖),𝐓𝐓c(𝑖𝑖), 𝐒𝐒c(𝑖𝑖),𝐑𝐑e
(𝑖𝑖),𝐓𝐓e(𝑖𝑖), 𝐒𝐒e(𝑖𝑖),𝐂𝐂ec(𝑖𝑖),  and 𝐂𝐂ce(𝑖𝑖), for 

every section; I is the identity matrix, and 𝐯𝐯 and  𝐰𝐰  are given 
by 
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with K being the total number of sections. 𝐆𝐆c and 𝐆𝐆e  are 
matrices whose blocks are given, , respectively, by 𝐆𝐆c

(𝑖𝑖)(𝑘𝑘) and 
𝐆𝐆e

(𝑖𝑖)(𝑘𝑘), for every section. 
 We can also obtain the radiation characteristics of the 
finite array in terms of complex amplitudes 𝐛𝐛e of the spherical 
modes for each antenna in the array environment, that is to 
say, considering all the internal and external mutual coupling  

𝐛𝐛e = {𝐌𝐌−𝟏𝟏𝐐𝐐}𝐯𝐯    (5) 
with 
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From these complex amplitudes is easy to compute the 
radiation pattern [3]. 

III. RESULTS 
We will now study a 1x4 Ka-Band SIW-fed slot array, 

based on the design exhibited in [8]. As it can be seen in Fig. 
2, the array is fed with a rectangular waveguide. The substrate 
used is a Rogers/RT Duroid 5880, with 𝜀𝜀𝑟𝑟 = 2.2 and a height 
of 0.508mm. The diameter of the metallic vias is 0.5mm, and 
the separation between two consecutive vias is 0.8mm. 

Two types of simulations will be carried out. In the first 
one, the analytical coupling of both cylindrical and spherical 
modes is used in the interconnection of the analyzed FEM 
sections (denoted as “This Work”.). In the second one, the 
proposed array and its radiation pattern is studied with the 
Full-Wave Finite Element Method solver proposed in [4], 
(denoted as “Full-FEM”). The radiation diagram will be 
studied in the 𝜙𝜙 = 0 plane, considered as the x-axis of the 
array. All the simulation performed are lossless. 

The two simulations, whose results can be seen in Fig. 3 
and Fig. 4, exhibit a good resemblance, with the radiation gain 
being practically identical in both cases. The obtained |𝑆𝑆11| 
has a minimum value of -21.49 dB, while the maximum gain 
is 8.68 dB. 

 

 

Fig. 2. Simulated 1x4 slot array. All dimensions are in milimeters. 

 

Fig. 3. S-Parameters of the 1x4 slot array. 

 

 



 

Fig. 4. Radiation gain of the 1x4 slot array in the 𝜙𝜙 = 0 plane. 

TABLE I.  CPU SIMULATION TIME ON A XEON E5-2620 2.40 GHZ 

Simulation Type 
Time used per frequency (s) 

FEM Analysis Analytical Coupling 

This Work 20.45 0.22 

Full-FEM 3410.12 not applicable 

 
The different simulations used to analyze the 1x4 slot 

array have very different CPU simulation times, as it can be 
seen in Table 1. The proposed method in this work is not only 
several times faster than the other Full-Wave simulation 
performed, but it also allows to quickly study variations in the 
placement of the elements, since these only have to be 
analyzed once to obtain their GSM. 

IV. CONCLUSIONS 
We have presented a novel fast methodology for the 

analysis of arrays of antennas placed on a ground plane, and 
fed by SIW devices. The formulation presented is several 
times faster than performing a Full-Wave analysis of the 
device, and is capable of obtaining the same results with little 
to no variation. The swiftness of the method presented makes 
it an excellent candidate to be used in the design process, 
where low iteration times are needed. 
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