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Résumé/Abstract  
Cette étude examine la dispersion de structures à bande interdite électromagnétique (EBG) de type mushroom empilées avec multi-vias, 
intégrant une symétrie de glissement, dans la plage de fréquences de 50 à 90 GHz. Il est observé que la cellule élémentaire innovante à symétrie 
de réflexion glissée peut fonctionner comme une structure EBG indépendamment du nombre de couches empilées. En utilisant la méthode 
matricielle de transfert multi-modale (MMTMM), le nombre d’onde complexe de la structure périodique est obtenu par post-traitement des 
paramètres S généralisés issus d’un solveur commercial. Les résultats mettent en évidence que les structures EBG de type  mushroom empilées 
avec multi-vias et symétrie de réflexion glissée offrent des avantages significatifs pour la conception de composants de guides d’ondes à fente, 
en utilisant une technologie de circuits imprimés (PCB) multicouches économique. 

The presented study investigates the dispersion behaviour of stacked multi-via mushroom-type electromagnetic bandgap (EBG) structures with 
glide symmetry in the 50-90 GHz frequency range. It is observed that the novel glide-symmetric unit cell is able to function as an EBG 
independent of the number of layers when stacked. Using the multi-mode transfer matrix method (MMTMM), the complex wavenumber of 
the unit cells is obtained by post-processing the generalised S-Parameters from a commercial solver. The findings highlight that the stacked 
multi-via mushroom-type EBG structures with glide symmetry offer significant advantages in the design of gap-waveguide components using 
cost-effective multi-layer printed circuit board (PCB) technology.  

1 Introduction 

The growing advancement in millimeter-wave (mm-Wave) automotive radar technology [1], [2] has increased the 
demand for low-loss and cost-effective antenna and waveguide solutions. While traditional metallic waveguide 
technology offers minimal losses, they are expensive to manufacture. PCB based solutions are cost-efficient but 
suffer from high material losses in this frequency range. Gap waveguide technology [3], realised with PCB based 
EBG structures combines the advantages of both technologies. Mushroom-type EBGs [4] have been proven to be 
effective in PCB configurations [5]-[8], but suffer a reduction in stopband bandwidth when stacked [9], [10], as 
the number of layers increase. Also, the studies in [4]-[10] have been conducted primarily at lower frequencies. A 
periodic structure is said to be glide-symmetric, if it is invariant after a translation by half the period followed by 
a reflection. Recently, periodic structures with glide symmetry have been shown to produce wide stopbands [11] 
and they were used in [12] to improve the stopband bandwidth of mushroom-type EBGs. To address the challenges 
of stacking in the 50-90 GHz range, a glide-symmetric EBG cell has been investigated to maintain its stopband 
performance in stacked configurations, making it ideal for multi-layer PCB based gap-waveguides.  

2 Modelling Methodology 

The conventional mushroom-type EBG is modified with multiple vias, and glide-symmetry is introduced to be 
enclosed in a parallel plate waveguide (PPW) environment as shown in Figure 1a. The dispersion characteristics 
of the proposed multi-via glide-symmetric mushroom-type EBG are analysed using MMTMM [13], [14]. To 
compute the complex wavenumber of a 2-D periodic structure using MMTMM, the unit cell is simulated in CST 
using frequency domain solver [16] with 𝑁 waveguide modes on each of the four faces, to account for the 



interactions from the adjacent cells. The multi-mode transfer matrix ሾ𝐓ሿ of size 4𝑁 ൈ 4𝑁 can be obtained from the 
generalised scattering parameters from CST, and can be used to solve a non-standard eigenvalue problem in the 
form of 
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where λ௜ ൌ eି୨௞೔௣೔; 𝑖 ൌ 𝑥, 𝑦, such that, 𝑘௜ is the complex wavenumber and 𝑝௜ is the periodicity along the 𝑖 direction. 
The multi-mode transfer matrix ሾ𝐓ሿ consists of four submatrices ሾ𝐀ሿ, ሾ𝐁ሿ, ሾ𝐂ሿ, ሾ𝐃ሿ of sizes 𝑁 ൈ 𝑁, respectively.    
The complex wavenumber 𝑘௜ ൌ 𝛽௜ െ j𝛼௜; 𝑖 ൌ 𝑥. 𝑦 contains the phase constant 𝛽௜ and attenuation constant 𝛼௜ along 
the 𝑖 direction. The eigenvalue problem in (1) is non-standard, and can be solved using root-finding algorithms or 
by following a linearisation procedure as in [15], the latter of which is employed in this work. After employing the 
linearisation procedure, the eigenvalue problem in (1) can be modified as  
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where ሾ𝐓ሿ is permuted as ൣ𝐓෩൧ ൌ ሾ𝐏ሿሾ𝐓ሿሾ𝐏ሿ with a suitable permutation matrix ሾ𝐏ሿ. This procedure results in two 
standard eigenvalue problems  

                                                               ൛ൣ𝐓෩௫௫൧ ൅ ൣ𝐓෩௫௬൧ሾ𝐐௫ሿൣ𝐓෩௬௫൧ൟ ൤
𝐕௫
𝐈௫

൨ ൌ  λ௫ ൤
𝐕௫
𝐈௫

൨,                                             (3) 

                                                               ൛ൣ𝐓෩௬௬൧ ൅ ൣ𝐓෩௬௫൧ൣ𝐐௬൧ൣ𝐓෩௫௬൧ൟ ൤
𝐕௬

𝐈௬
൨ ൌ  λ௬ ൤

𝐕௬

𝐈௬
൨,                                            (4) 

such that 
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where ሾ𝟏ሿ is an identity matrix of size 𝑁 ൈ 𝑁. 

The complex wavenumber for the glide-symmetric mushroom-type EBG structure is then computed in the 
irreducible Brillouin zone. By fixing λ௬ and λ௫ in (5) and (6), respectively, The eigenvalue problems in (3) and (4) 
can be solved to obtain 𝑘௫ for the ΓXതതതത segment and 𝑘௬ for the XMതതതത segment. For the MΓതതതത segment, the eigenvalue 
problem in (1) is already linear, and can be solved directly since 𝑘௫ ൌ 𝑘௬. 

3 Results and Discussion  

The dispersion diagram for the unit cell in Figure 1a in the irreducible Brillouin zone computed using MMTMM 
with 𝑁 ൌ 5 modes for the glide-symmetric multi-via mushroom-type EBG in Figure 1a is compared with CST 
eigenmode solver (ES) in Figure 1b. The MMTMM computation shows good agreement with the CST ES results 
with a stopband observed from 43 to 93 GHz. The normalised attenuation constants obtained using MMTMM in 
the ΓXതതതത and MΓതതതത directions, is shown in Figure 1c. The minimum of the two constants is highlighted in red, depicting 
the minimum attenuation in the stopband.  

 

 

 

 



 

 

 

 

 

 

 

 

 

Figure 1: (a) Multi-via mushroom-type EBG with glide symmetry inside a PPW environment with dimensions 
𝑝௫ ൌ 0.8 mm, 𝑝௬ ൌ 0.8 mm, 𝑔 ൌ 0.04 mm, ℎ ൌ 0.2 mm, 𝑙 ൌ 0.7 mm, 𝑑௩௜௔ ൌ 0.1 mm, 𝑑ଵ ൌ 0.3 mm and 

material properties 𝜀௥ଵ, 𝜀௥ଶ ൌ 4.4. (b) Normalised phased constant in the irreducible Brillouin zone, with the 
stopband and passband regions shaded in red and green, respectively. (c) Normalised attenuation constants in 

the 𝛤𝑋തതതത and 𝑀𝛤തതതതത direction, showing the minimum of the two constants in red. 

The easiest way to stack the EBG structure in Figure 1a is to simply translate the unit cell vertically. No stopband 
is observed when stacked by translation. However, when the unit cell in Figure 1a is stacked by performing a 
mirror operation, as shown in Figure 2a, the stopband is retained. The dispersion diagram in the irreducible 
Brillouin zone for the stacked structure in Figure 2b is computed using MMTMM (𝑁 ൌ 5) and is compared with 
CST ES in Figure 2b. Once again, the MMTMM calculation coincides well with the CST ES results. The 
normalised attenuation constants calculated with MMTMM in the ΓXതതതത and MΓതതതത directions with the minimum of the 
two, highlighted in red, is shown in Figure 2c. It is observed that both the stopband width and minimum attenuation 
of the stacked structure is preserved, making it well-suited for multi-stacked gap waveguide components realised 
using PCB technology. 

 

 

 

 

 

 

Figure 2: (a) Stacking of the EBG structure inside a PPW environment in Figure 1a using mirroring. (b) 
Normalised phased constant in the irreducible Brillouin zone, with the stopband and passband regions shaded in 

red and green, respectively. (c) Normalised attenuation constants in the 𝛤𝑋തതതത and 𝑀𝛤തതതതത direction, showing the 
minimum of the two constants in red. 

4 Conclusion 

This study presents a novel stacked multi-via mushroom-type EBG with glide symmetry whose stopband is 
unaffected when stacked in a mirrored configuration. The results demonstrate its suitability for multi-layer PCB-
based gap waveguide components for low-loss and low-cost implementations in mm-Wave automotive radar. 
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