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the following equations are obtained E୷ MNG ൌ ൫Aଵeିஓమୢభ ൅ Aଶeஓమୢభ൯ sin ቀ஠୶ୟ ቁ                       (4 a) E୷ ୟ୧୰ ൌ ൫Aଷeିஓభୢభ ൅ Aସeஓభୢభ൯ sin ቀ஠୶ୟ ቁ                             (4 b) பE౯ MNG୨னµ౪µబ ப୸ ൌ j ஓభனµ౪µబ ൫Aଵeିஓమୢభ െ Aଶeஓమୢభ൯ sin ቀ஠୶ୟ ቁ             (4 c) பE౯ ౗౟౨୨னµబ ப୸ ൌ j ஓమனµబ ൫Aଷeିஓభୢభ െ Aସeஓభୢభ൯ sin ቀ஠୶ୟ ቁ                   (4 d) 
By applying Fluquet’s theorem on the transversal fields 

components at z ൌ dଶ ,results in the following relations : 
 Aଵeିஓ౜ୢమ ൅ Aଶeିஓ౜ୢమ ൌ Aଷeିஓభୢమ ൅ Aସeஓభୢమ                    (5 a) ିஓమAభୣషಋ౜ౚమµ౪ ൅ ஓమAమୣషಋ౜ౚమµ౪ ൌ െγଵAଷeିஓభୢమ ൅ γଵAସeஓభୢమ   (5 b) 
where ,  γ୤  is the propagation constant for the periodic 
structure. To have a unique solution for the equations (4)-(5) 
the determinant of  the coefficients matrix should vanish. 
 eିଶஓ౜ୢమ ൅ eିஓ౜ୢమሾ ିଵஓభஓమ  ቀஓమమµ౪ ൅ γଵଶµ୲ቁ  sinh൫γଵሺdଶ െdଵሻ൯  sinhሺγଶdଵሻ െଶ୨ஓభஓమ cosh  ൫γଵሺdଶ െ dଵሻ൯  cosh  ሺγଶdଵሻ ሿ ൅ 1 ൌ0                                                                                                 (6) 

By considering the expression in bracket as D(f) the 
above determinant can be written as(7) eିଶஓ౜ୢమ ൅ Dሺfሻeିஓ౜ୢమ ൅ 1 ൌ0                                              (7) 

According to this equation D(f) is obtained as (8) Dሺfሻ ൌ െ2 coshሺγ୤dଶሻ                                                              (8) 
This solution is valid in both MNG and air media not only 

in the propagating conditions (when γ୧  is imaginary) but 
also for the evanescent case (when γ୧ is real). 

Further, if |D| ൏ 2, γ୤ becomes imaginary which implies a 
propagating mode for the periodic structure and if |D| ൐ 2 ,  γ୤ becomes real and it leads to an evanescent mode. 
 

III. SIMULATION RESULTS AND DISCUSSION 
In this section parametric study of the structure is 

presented. This shows that the geometrical parameter and 
also the transversal mu can highly affect the propagation 
charac-teristics of the considered periodic structure. The 
obtained res-ults are then compared to the results of a 
hollow waveguide. 

A. Effect of layer’s thickness (݀ଵ) 
Figure. 2 shows dispersion curve and Dሺfሻ  diagram of 

hol-low waveguide (µ୲ ൌ 1ሻ in the frequency region of 0-
100 GHz. The transversal dimension of the waveguide is 15 ൈ 15(mm).   

The propagation constant and D(f) diagram of the 
periodic structure are depicted In Fig.3. It is obvious that  
stop band frequency range for dଵ ൌ 5ሺmmሻ is smaller than dଵ ൌ 8 ሺmmሻ  .Therefore the cutoff frequency can be 
controlled by thickness of MNG layer ( the cutoff frequency 
for dଵ ൌ 5 mm  and dଵ ൌ 8 mm  are 2.1 GHz and 4.86 GHz 
respectively) .  

 
(a) 

  
(b) 

Figure 2. A hollow waveguide (i.e Mu୲ ൌ  1), (a)  D(f) (b) Dispersion 
diagram 

 
(a) 

 
(b) 

Figure 3. Combined structure for Mu୲ ൌ െ3 , (a) D(f) (b) Dispersion 
diagram  

 
Also the pass band frequency range for dଵ ൌ 5 ሺmmሻis 

wider than dଵ ൌ 8 ሺmmሻ. The propagation constant and D(f) 
diagram of the periodic structure for ߤ௧ ൌ െ0.5 are depicted 
In Fig.4. For further investigation, all above simulations are 
done for transversal permeability µ୲ ൌ െ0.5  and µ୲ ൌ െ3 
(Fig.5). As it is shown in Fig.5 there is an obvious 
difference between the obtained results. For example the 
structure with µ୲ ൌ െ0.5  has zero cutoff frequency for dଵ ൌ 8ሺmmሻ  but cutoff frequency fୡ ൌ 10  GHz for dଵ ൌ 5ሺmmሻ (Fig.5-a) 
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(a) 

 
(b) 

Figure 4. Combined structure (a) D(f) (b) Dispersion diagram in 0-20 GHz 
for   Mu୲ ൌ െ0.5 

 
 (a) 

 
(b) 

Figure 5. Combined structure (a) Dispersion diagram in  0-100 GHz for   Mu୲ ൌ െ0.5 (b) Dispersion diagram in 0-100 GHz for  Mu୲ ൌ െ3  

B. Effect of transversal mu ( ߤ௧ ) 
This parameter has strong effect on the cutoff frequency 

for different layer’s thicknesses. Fig.6, exhibits   
dependency of cutoff frequency on transversal permeability . 

 
Figure 6. Cutoff frequency of periodic structure versus the value of 

transversal mufor two different thicknesses of the layers 
 

In the case of ݀ଵ ൌ 5ሺ݉݉ሻ  ,the cutoff frequency has 
slow variation versus transversal negative permeability for ݑܯ௧ ൑ െ2.88 . However it has zero cutoff frequency for 
higher values of ݑܯ௧ . For ݀ଵ ൌ 8ሺ݉݉ሻ ,the cutoff 
frequency is always zero. Therefore, propagation 
characteristics are depen-dent on the transversal 
permeability only for some specific layer’s thicknesses. 

IV. CONCLUSION 
The analysis of the rectangular waveguide loaded with 

ani-sotropic MNG metamaterial is investigated in this paper. 
The different behavior in comparison to a hollow structure is 
discussed. Furthermore; dispersion relation and cutoff freq-
uency curve versus geometrical and magnetic parameter are 
simulated. Based on these characteristics, the considered 
structure depending on anisotropic MNG material and 
layer’s thickness can exhibit various cutoff frequencies, 
stopband and passband regions. 
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