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Abstract: Since graphene discovery, designing and implementation of electronic circuits have been developed in the THz and optical 

frequencies to achieve ultrafast responses. Thus, electromagnetic shielding due to its protection effects against disturbances caused by 

adjacent elements has emerged as a vital issue in circuit designing. In this paper, two types of electromagnetic shields are proposed in 

the THz regime. Regarding the adjustability of grapheneôs conductivity, one can easily tune the frequency response in order to adapt it 

with the frequency range in which their circuit works. In order to accelerate the computation of shield efficiency factor, firstly an 

equivalent circuit model is proposed as a closed-form expression, and then shield efficiency can be achieved using transmission line 

model. Comparisons indicate that the results derived from the proposed method are in high accordance with those of CST-MWS 

commercial software. Finally the effects of the number of layers, the thickness of SiO2 layers, the width of graphene ribbons, the gap 

between the two individual cells, Fermi energies, and oblique incident on the shielding effectiveness of the proposed structure are 

discussed in details for interesting readers. 
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,( Ăùºêù 

ǳƹǷƸǭƗ Ƙƛ ǀǽƗƺǝƗ ÛǼơƗƸƛƘƲǭ Ƿ ǼŨǾǱǷƸƢŨǩƗ ƟƗƺǾǶƪơ ƷƳ ƴǱƘƛ ǻƘǲǶř Ǎ ǼƭƗƸ
ǻƘǵƷƗƴǭ ƠƱƘƽ Ƿ Ƿ ƺơƸǵƗƸơ  ƺơƸǵƘŬǾū]Ĥ ,ĥ[ Ƿ  ǨƛƘǢǭ ƷƳ ƘǶǱƋ ƠǑƘǞƭ

ǴƢƽƗǸƱƘǱ ǼƾǾǍƘǲǚǭǷƸƢŨǩƗ ƧƗǸǭƗ  ǻƗƸƛ .ƠƽƗ ǴƢǝƸū ƷƗƸǡ ǴƩǸơ ƳƷǸǭ
ƹƗ ƺơƸǵƗƸơ ǻƘǵƷƗƴǭ ƠǑƘǞƭ ǼƾǾǍƘǲǚǭǷƸƢŨǩƗ ǻƘǵƴǪǾǁ ǳƳƘǞƢƽƗ ǼǭƳǸǁ .

ƴǪǾǁ ǻƷƗƺƛƗ ƠƽƗ Ǵŧ ƧƗǸǭƗ ǼƾǾǍƘǲǚǭǷƸƢŨǩƗ ƗƷ  ƠǂūƸƛ Ƙǽ ǳƳƸŧ ƙƶƩ
Ǽǭ.ƴǵƳ ơǸǱƘǱǾƙǸƘǵǻ ǲƛƸŧǼ ŧƸơ ǷǾƟƘƜ ǪřǾƸǮǻ ǴƢƱƘƽ Ǵƛ ǰƛƸŧ ƹƗ ǳƴǁ
ǩƳǾǨ ǁ ƷƘƢƱƘƽ ƳƘǖƛƗ ǀǵƘŧǾƴǪ ǪǮƩ ƹƗƳƗǸǭ Ǵǻ ƾƛ Ǵŧ ƴǲƢƾǵǾƷƘ Ǹǭ ƳƷ

 ǯƘƭƗƸǍ ǴƩǸơƼǱƘŧƸǝ ƷƳƺơƸǵƗƸơ ǻƘǵ ǴƢǝƸū ƷƗƸǡƗ .ƴǱƗǽǰ ŧƸơǾƟƘƜ ƛǴ
ƟƷǸǅ ǪƮơǾǪǼ ƛƸƪơ ǷǼ  ƷƳ]Ħ[  ǷƾǱƘŧƸǝ ƨǱƷ ƷƳǼ ūǾƺơƸǵƘŬ ƽƷƸƛǼ 
ǳƴǁ.ƴǱƗ 
ƗƸūǰǝ ǳƳƘǭƗǻ ƴǖƛǷƳǻ ǴǎǢǱ ƹƗ Ǵŧ ƠƽƗǱƘŨǭ ƸǒǱǾŨǼÛ ǱǷƸƢŨǩƗǾŨǼ  Ƿ
ƷǸǱǻ ƗƷƗƳǻ Ƿ ǃƗǸƱǽǳŤƗǻ  ƠƽƗ]ħ[ .ǽŨǼ  ƹƗǃƗǸƱ ǚơ ǰǝƗƸūǾǾƸ ƘǱƘƽƷǽǼ 
ƸƢŨǩƗǽŨǼ ǚơ Ƙƛ ǯƋǾǾƸ ţƸǱƗ Ƭǎƽǻ ǭƸǝǼ  Ǵŧ ƠƽƗ ƘƛǩƗ ţƘƢǩǷ ŦǮŧƸƢŨǽŨǼÛ 
ǭǾǯƗƴ ǍƘǲǚǭǾƾǼ ƩƷƘƱǼ  ǷǽƘ řǷƳǾŪǲ ǁǾǮǾƘǼǽ ǭ ǯƋǼǯƗǸơ Ɨǽǰ ǚơǾǾƸ 
 ƗƷƗǽƳƘƪ Ɨ .ƳƸŧǽǰ ǭ ƚƜƽ ǓǸǉǸǭǼƳǸǁ ƗƷƗƳ ǰǝƗƸū Ƙơǻ ƘǵƳƸƛƷƘŧǻ 
ǱƗǷƗƸǝǼ ƷǸǱ ƟƗƸƛƘƲǭ ƷƳǻ ǱǷƸƢŨǩƗ ǷǾŦ ǱǷƸƢŨǩƗ ƟƗǷƳƗ ǴǪǮƩ ƹƗ .ƳǸǁǾŨǼ 
ƷǸǱ Ƿǻ ǭ ǰǝƗƸū ǌƽǸơ ǳƴǁ ǴƢƱƘƽǼǯƗǸơ ǰƢǱƋ ǴƛƘǵǻ ǲǝƗƸūǼ ]Ĩ[ Û
ƙƵƘƩƘǵǻ ǲǝƗƸū ǨǭƘŧǼ ]ĩ ,Ī[ƛ ÛǾƘǵƷǸƾǲƽǸ ]ī[ ƘǵƷǸƾǲƽ Ƿǻ ǲǝƗƸūǼ 
]Ĭ[ǵƷǸơȅǷƴǭ ÛƘ ]Ĥģ[ǝ ÛǾƘǵƸƢǪ ]ĤĤ[ ƘǵƸƜƩǸǭ Ƿǻ ǱǸǭƹȆřǾŨǼ ǴǽƘř Ƹƛ 

 ǰǝƗƸū]Ĥĥ[ .ƳƸŧ ǳƷƘǁƗ 
 ǰǽƗƸƛƘǲƛǴƩǸơƘƛ ǃƗǸƱ Ǵƛ ƳƸǝ Ǵƛ ƸǆƮǲǭ ƸǆƢƲǭ Ǵŧ ǰǝƗƸūǻ Ɨ ƘǶǱƋ ƹ

ƭƗƸǍ Ûƴǁ ǳƷƘǁƗ ȅƘƛ ƷƳǼ ǁǾƘǵƴǪǻ ǍƘǲǚǭǷƸƢŨǩƗǾƾǼ ƾǱƘŧƸǝ ƨǱƷ ƷƳǼ 
 ƺơƸǵƗƸơ ƸƛƘřǽǴ ƾƛ ǰǝƗƸūǾƷƘ ƗƸƛ .ƠƽƗ ǴƢǝƸū ƷƗƸǡ ǴƩǸơ ƳƷǸǭǻ Ʀǭ ƷƳ ǧƘ

]ĤĦ[ǁ ÛǾƴǪ ǍƘǲǚǭǷƸƢŨǩƗǾƾǼ řǾƳƘǶǲǂǻ  ƟƘƮǞǅ ƹƗ ǨǭƘŧǲǝƗƸūǼ ƛǾǰ 
ƳǻƸƢŨǩƗǽŦƘǵǻ 2SiO ǷƷ Ƹƛ Ǵŧǻ ƹǽƸ ȅǽǴƗǻ  ƼǲƩ ƹƗSi )ǁǾǴǂ ƷƗƸǡ (

 ÛƴǱƷƗƳƳƘǶǲǂǾř ƗƷƘŧ ƷƗƴǢǭ .ƠƽƗ ǳƴǁǼǽ ǁǾƴǪ Ɨ ƷƳǽǰ Ǵƛ ƷƘƢƱƘƽ ƟƷǸǅ
ǪƮơǾǪǼ  ǴƜƽƘƮǭƠƽƗ ǳƴǁ. 

ƷƳ ǔƩƸǭ ]Ħ[ ƹƗ ơǸǱƘǱǾƙǸƘǵǻ ǲƛƸŧǼ ȅƴǲšǽǴ ƗƸƛǻ ǁ ƠƱƘƽǾƴǪ 
 ǳƴǁ ǳƳƘǞƢƽƗǠǾǢƮơ ǰǽƗ .ƠƽƗ ţǸǩǸǲŨơ ƹƗ ƟǷƘǞƢǭ ǓǸǱ ǷƳǻ ƛ ƠƱƘƽƗƸǻ 

ơǸǱƘǱǾƙǸƘǵǻ ǲƛƸŧǼ ȅƴǲšǽǴ ƽƷƸƛ ƳƷǸǭ ƗƷǼ ǁ .ƠƽƗ ǳƳƗƳ ƷƗƸǡǾƴǪ 
ǩǸơǾǳƴǁƴ Ƙǂǝ ƠƮơ ƳƗǸǭ ƠƱƘƽ ƿǷƷ Ƙƛ ƷƚƽƘǲǭ ƳƸŨǮǕƸơǻ  Ǵƛ ƠƜƾǱ
ǁǾƴǪ ǩǸơǾƴ Ʒƺơ ƿǷƷ Ƙƛ ǳƴǁǽǠ ƳƗǸǭ ƳƷƗƳ ]Ħ[ƷƳ . ǠǾǢƮơ ]Ĥħ[ ǱǾƺ  ƹƗ

 ƷƘƢƱƘƽȅƴǲšǽǴ ǲǝƗƸūǼ ƗƸƛǻ ƠƱƘƽ ǽŦ ǁǾƴǪ ǍƘǲǚǭǷƸƢŨǩƗǾƾǼ  ǛƘǞǁ
ǭ ǯƘǂǱ Ǵŧ ǳƴǁ ǳƳƘǞƢƽƗǼƴǵƳ ƗƸƛǻ ǁǾƴǪ  ƳƗƴǖơ ƘƛĤĥ ȅǽǴ ǁ ƷƗƴǢǭǾƴǪ 

ƼǱƘŧƸǝ ƷƳơƸǵƗƸơ ǻƘǵ ƳǷƴƭ) ƺƺơƸǵƗƸơ Ŧǽ( ĪĦ% Ŧơ ƴǪǾǁ Ǵƛ ƠƜƾǱ
 ǴǽȅƛǾƸƢǂ ǭǼƳǸǁ ǵƳ ƷǸƜǕ ǷǼ  ƷǸǱ ƺǾǱƗƺǝƗǽǀ ǭǼǽƴƛƘ. 

Ɨ ƷƳǽǰ ƘǢǭƗƸƛ Ǵǩǻ ǁ ǠǢƮơǾƘǵƴǪǻ ǍƘǲǚǭǷƸƢŨǩƗǾƾǼ ƼǱƘŧƸǝ ƷƳ 
ƺơƸǵƗƸơÛ ƘǵƷƘƢƱƘƽǻ ǲǝƗƸūǼ ƘǵǸŬǩƗ Ƙƛǻ ƷƗǸǱǻ Ƙǽ Ƿ ǎƢƾǭǾǪǼǖƛƸǭ/Ǽ  ǨŨǁ
Ƹǵ ǴŧǽŦ ƛ ƷƳǾǰ ȅǽǴƘǵǻ ƳǻƸƢŨǩƗǽŦ ǴƢǝƸū ƷƗƸǡř ÛƴǱƗǾƳƘǶǲǂ ǭǼƳǸǁ .
 ƟǷƘǞơ ǰǽƗƘǵƷƘƢƱƘƽǻ řǾƳƘǶǲǂǻ ǴƕƗƷƗ ƷƘƢƱƘƽ Ƙƛ ƷƳ ǳƴǁ]ĤĦ[  Ƿ]Ĥħ[ 
Ɨǽǰ ƽƗƠ ƘƩ Ǵƛ Ǵŧǻ ǞƢƽƗǲǝƗƸū ƟƘƮǞǅ ƹƗ ǳƳƘǼ  ǳƳƘƽƹƗ ƘǵǸŬǩƗǻ Ƣǭ ƙǷƘǲ

ǲǝƗƸūǼ  ǨŨǁ ƷƳ ǯƋ ǧǸǪƽ Ŧơ Ǵŧ ǳƴǁ ǳƳƘǞƢƽƗĤ  Ƿĥ  ǳƴǵƘǂǭ ǨƛƘǡ
ƠƽƗƗ ƷƗƸŨơ Ƙƛ .ǽǰ ǧǸǪƽǴƛ ƘǵƘƢƽƗƷ ƷƳ ƙǷƘǲƢǭ ƟƷǸǅ ǻz-y ǁ ƷƘƢƱƘƽǾƴǪ 
ǸŬǩƗ Ƙƛǻ ǲǝƗƸū ƙǷƘǲƢǭǼ ƠƽƳ Ǵƛ ǭǼƋǽƴ Ƹǵ .ǽŦ ƘǵǸŬǩƗ ƹƗǻ  ƙǷƘǲƢǭ
ǲǝƗƸūǼ řǾƳƘǶǲǂ ǲǭ ǃƗǸƱ ǳƴǁƳƸǝ Ǵƛ ƸǆƮǻ ƗƳƴǱƷ Ɨ ƷƳ Ǵŧǽǰ ǴǩƘǢǭ 

ƽƷƸƛ ƳƷǸǭǼ ǪƮơ ǷǾǨ ǭ ƷƗƸǡ ǨǭƘŧǼūǾƸǱƴƗƸƛ .ǻ ƗƷƘŧ ǴƜƽƘƮǭǼǽ ǁǾƴǪ 
ƘǵƷƘƢƱƘƽǻ řǾƳƘǶǲǂǻÛ Ǽǭ ǳƳƗƳ ƳƘǶǲǂǾř ǻƷƗƴǭ ǼǩƴǭƳǸǁ ƼŚƽ . ƹƗ

 ǧƘǢƢǱƗ ǌƱ ƿǷƷǷ ƷƗƴǭ ǧƴǭǻ  ƴǪǾǁ ǼǽƗƷƘŧ ǴƜƽƘƮǭ ǻƗƸƛ ǻƳƘǶǲǂǾř
ƘǵǸŬǩƗǻ ƙǷƘǲƢǭ ǭ ǳƳƘǞƢƽƗǼƳǸǁƗ .ǽǰ  ǓǸǉǸǭǭ ƚƜƽǼƳǸǁ  ƠǕƸƽ Ƙơ
ƜǁǾǴƹƘƽǻ ƗƺǝƗ ÛƠǡƳ ǀǵƘŧ ǯǷƴƛǽǀ ǽƴƛƘƗƸƛ .ǻ ƽƷƸƛǼ ƘƢǱ ƠƮǅǽƨ 
ƜǁǾǴƹƘƽǻ ǫƸǱ ƹƗƷƘƪơ ƷƗƺǝƗǻ CST-MWS .ƠƽƗ ǳƴǁ ǴƢǝƸū ŦǮŧ 

 ǀƲƛ ƷƳĥ  ƹƗ ǴǩƘǢǭ ǰǽƗ ƠƱƘƽ ǻƗƸƛ ǻƳƘǶǲǂǾř ǻƘǵƷƘƢƱƘƽ
 ƺơƸǵƗƸơ ƼǱƘŧƸǝ ƷƳ ǼƾǾǍƘǲǚǭǷƸƢŨǩƗ ǻƘǵƴǪǾǁǼǭ ƤƮƛƳǸǁƛ ƷƳ . ǀƲ

Ħ ƘǾƛ ƹƗ ƼřǧǸǭƸǝ ǯ ǼǽƘǱƘƽƷ ǻƘǵǧƴǭ ǳǸƮǱ Ƿ ǰǝƗƸū ǻƗƸƛ ÛǯƋ ǻƹƘƽ
 ƿǷƷ ǫǸƽƸǭ ǧƴǭ Ƿ ǻƳƘǶǲǂǾř ǻƘǵƷƘƢƱƘƽ ǨǾǪƮơ ǻƗƸƛ ǧƘǢƢǱƗ ǌƱ

 ǼǲǝƗƸū ǻƘǵǸŬǩƗ ǻƷƗƴǭ ǻƳƘǶǲǂǾř ǴƕƗƷƗ ǀƲƛ ƷƳ .ƠƽƗ ǳƴǁħ  ǼƽƷƸƛ
 ƠƮǅ ǧƘǢƢǱƗ ǌƱ ƿǷƷǫƸǱ ŦǮŧ Ǵƛ ǻƷƘƪơ ƷƗƺǝƗCST-MWS ǳƴǁ ǫƘƪǱƗ 
.ƠƽƗ  ƼŚƽ ƨǽƘƢǱƜǁǾǴƹƘƽǻƘǵǻ ƗǫƘƪǱǷ ǳƴǁ ƥƎơǾƸ  ƳƗƴǖơ ƴǲǱƘǭ ǼǪǭƗǸǕ
ǴǽȅƘǵǴǽȅ ƠǭƘƲǉ Û ǻƘǵ2SiO ǷƳ ǰǾƛ ǴǪǅƘǝ ÛǰǝƗƸū ǻƘǵƷƗǸǱ ǻƘǲǶř Û

 ÛǰǝƗƸū ǧǸǪƽƥƎơǾƸ ǼǭƸǝ ǻţƸǱƗ ǜǪƢƲǭ ǻƘǵǾǁ ǼǽƗƷƘŧ Ƹƛ ǨǽƘǭ ǀƛƘơ Ƿ ƴǪ
ƠƽƗ ǴƢǝƸū ƷƗƸǡ ƤƮƛ ƳƷǸǭ ǻƳƘǶǲǂǾř ǻƘǵƷƘƢƱƘƽ. 
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-( ĈÆĊÕwþâùÿ¾¤îõv ºöĊÉ ½w¤·wÅ 

 ǴǩƘǢǭ ǰǽƗ ƷƳǷƳ ǸŬǩƗǻ ǲǝƗƸū ƙǷƘǲƢǭǼ ƽƷƸƛ ƳƷǸǭǼ ƠƽƗ ǴƢǝƸū ƷƗƸǡ ŧ Ǵ
 ƸǵǽŦ Ǵƛ ƘǶǱƋ ƹƗ ǧǸǪƽ Ŧơ ƟƷǸǅ ƷƳ ǨŨǁĤ  Ƿč ǳƴǁ ǳƳƗƳ ǯƘǂǱƴǱƗ . Ƙƛ
Ɨ ƷƗƸŨơǽǰ ǧǸǪƽƘǵ ǴƛƘƢƽƗƷ ƷƳ ƙǷƘǲƢǭ ƟƷǸǅǻ z-y ǁ ƷƘƢƱƘƽǾƴǪ ǸŬǩƗ Ƙƛǻ 

ǲǝƗƸū ƙǷƘǲƢǭǼ Ǵƛ ƠƽƳ ǭǼƋǽƴ.  Ǵƛ ƴǽƘƛƗ ǰǽ ƷƳ Ǵŧ ƳƸŧ ǴƩǸơ ǴƢŨǱ
 ÛǼǲǝƗƸū ǻƘǵǸŬǩƗ ƼǱƗƴŚǭƗ ǴƜƽƘƮǭ ƙǷƘǲơ ǳƷǷƳ)p (ǴǪǅƘǝ Ƿ ǰǝƗƸū ƛǾǰ 

 ǷƳǧǸǪƽ )w  ƷƳ ǨŨǁĤ  Ƿg  ƷƳ ǨŨǁĥ( ƥƎơǾƸ ǶƩǸơ ǨƛƘǡǼ  ƷƗƴǢǭ Ƹƛ
ǁǾƴǪ ƴǱƷƗƳ. 

ǧǸǪƽ ƷƳř ǻƘǵÛǻƳƘǶǲǂǾ  Ƿ ǼǲǝƗƸū ƙǷƘǲƢǭ ǻǸŬǩƗ2SiO Ǵƛ ƟƷǸǅ
ȅǽǴȅǽǴ  ƸƛƳǻƸƢŨǩƗǽŨǼ  ƼǲƩ ƹƗSi  ƷƗƸǡǴƢǝƸūƴǱƗ . ƠƛƘƥǼǵƳƷƶū 2SiO 
ƸƛƗƸƛ Ĭ/Ħ = SiO2Ң  Ƿ ǼǵƳƷƶūSi Ƙƛ ƸƛƗƸƛ Ī = Si Ǽǭ ǴƢǝƸū ƸǒǱ ƷƳƳǸǁ .

 ƠǭƘƲǉ2SiO  ǷSi ǴƛƸƛƗƸƛ ƚǾơƸơ Ĩģ  Ƿ ƸƢǭǸǱƘǱĨģģ ƸƢǭǷƸŨǾǭ  ǇƸǝ
ǼǭƳǸǁ. 

 ǨŨǁĤ  ǻƘǵƷƗǸǱ ƹƗ ǨŨǂƢǭ Ǵǽȅ Ǵƽ ƴǪǾǁ ƷƘƢƱƘƽ ƹƗ ǧǸǪƽ Ŧǽ
Ǵǽȅ Ƿ ǼǲǝƗƸū ǻƘǵ2SiO Ǽǭ ǯƘǂǱ ƗƷ Ǵŧ ƴǵƳp  ƙǷƘǲơ ǳƷǷƳ Ƿw  ǇƸǕ
 .ƠƽƗ ƷƗǸǱ ǨŨǁĥ ǔƛƸǭ ƹƗ ǨŨǂƢǭ Ǵǽȅ Ǵƽ ƴǪǾǁ ƷƘƢƱƘƽ ƹƗ ǧǸǪƽ Ŧǽ
ǻƘǵ Ǵǽȅ Ƿ ǼǲǝƗƸū ǻƘǵ2SiO Ǽǭ ǯƘǂǱ ƗƷǴŧ ƴǵƳ p  Ƿ ƙǷƘǲơ ǳƷǷƳg 

.ƠƽƗ ǔƛƸǭ ǷƳ ǰǾƛ ǴǪǅƘǝ ǫƹȅǴƛ ƴǪǾǁ ǻƘǵƷƘƢƱƘƽ Ǵŧ ƠƽƗ ƸŧƵǯƘǂǱ
ǳƳƗƳ ƷƳ ǳƴǁ ǨŨǁĤ  Ƿĥ ƛ ƷƘƛ ǰǾǩǷƗ ǻƗƸǼǭ ƳƘǶǲǂǾřƳǸǁ .ƷƳ ǻƗƸƛ ǨǮǕ 

 ƠƱƘƽ ƗƷ ǯƋ ǻƴǖƛǷƳ ǰǝƗƸū ƸƛƷ ǻǷǴǽȅ ƹƗ ǼǽƘǵ2SiO ƸǂǱ ǼǭƴǲǵƳ. 
ǰǽƗƸƛƘǲƛ ƷƳ ǬǾǒǲơ ǻƘǵƴǪǾǁ ǻƳƘǶǲǂǾř ƸǽƶřǴǽȅ ƹƗ ƺǾǱ ǻƘǵ2SiO ǳƳƘǞƢƽƗ

 ǼǪǾǪƮơ ƨǽƘƢǱ Ƙơ ǳƴǁǯǸǭƹƋ ǴƛǻƘǵ ǭƹƋ.ƴǁƘƛ ŦǽƳƺǱ ǼǵƘŬǂǽƘ ǽƘƛ ǰǽƗ Ǵƛ ƴ
 ƻƘǽƘƛ Ǵŧ ƳƸŧ ǴƩǸơ ǴƢŨǱDC )ǻƗƸƛ  ǴƪǾƢǱ ƷƳ Ƿ ǰǝƗƸū ǼǽƘǱƘƽƷ ƸǾǾǚơ
ǱƘŧƸǝ ƷƳ ƴǪǾǁ ǬǾǒǲơ ǯƋƼǳƗǸƲǩƳ ǻƘǵ( ƷƘƢƱƘƽ ƷƳ  ǻƷƗǸǱ ǨŨǁĤ 

ƠƭƗƷǼǭ ǫƘƪǱƗ Ƹơ .ƳǸǁ ǼǖƛƸǭ ƴǪǾǁ ƷƳ ǨŨǁĥ  ǧǸǪƽ Ƹǵ Ǵƛ ƹƘǾǱ ǰǝƗƸū
 ƻƘǽƘƛ ŦǽDC Ǽǭ ƚƜƽ ǓǸǉǸǭ ǰǽƗ Ǵŧ ƳƷƗƳ Ɨƺƪǭ ƻƘǽƘƛ ƘǵƷƗƴǭ ƳǸǁ
 ǻƗƸƛ ǨŨǁĥ  Ǵŧ ǼǩƘƭ ƷƳ ƳǸǁ ǳƴǾŢǾř ƷƘǾƾƛ ƷƳ ǨŨǁĤ  ƷƗǸǱ Ƹǵ ǻƗƸƛ

 ƻƘǽƘƛ Ŧǽ ƘǶǲơDC Ǽǭ ƹƘǾǱ.ƳǸǁ ÛƠƽƗ ǬǶǭ ƷƘǾƾƛ ǨǮǕ ƷƳ ǓǸǉǸǭ ǰǽƗ 
ƠǾū ƳƗƴǖơ ƗƸǽƹǼǭ ǀǵƘŧ ţƘƢǩǷ ǔƛƘǲǭ Ƿ Ƙǵǽ.ƴƛƘ 

.( ½w¤·wÅ ć½vºù óºùć¹wĄþÊĊ~ ćwă 

Ɨ ƷƳǽǰ ǀƲƛ  ƗƴƢƛƗ ƧƗƸƲƢƽƗ ƿǷƷƷƗƴǭ ǧƴǭǻ ƘǵƷƘƢƱƘƽǻ řǾƳƘǶǲǂǻ 

ƛǾǯƘ ǳƴǁ Ƿ  ƿǷƷ ŦǮŧ Ǵƛ ƼŚƽ ǫǸƽƸǭ ǧƘǢƢǱƗ ǌƱ]ĤĨ[ ƗƷƘŧǼǽ ǁǾƴǪ 

 ǴƜƽƘƮǭǼǭƳǸǁ . ƷƳǭƹǾǴǲ ǴƜƽƘƮǭ ǸŬǩƗ ƼǱƗƴŚǭƗǵƙǷƘǲƢǭ ǻƘÛ  ƟȅƘǢǭ

.ƠƽƗ ǳƴǁ ƸǂƢǲǭ ǼǕǸǲƢǭ ǴƩǸơƘƛ Ǵƛ ǠǾǢƮơ ]Ĥĩ[ Ǽǭ ƼǱƗƴŚǭƗ ǯƗǸơ

ƘǵƷƗǸǱ ǔƛƸǭ Ƿ ǰǾƛ ǴǪǅƘǝ Ƿ ƘǵǸŬǩƗ ǰǽƗ ƙǷƘǲơ ǳƷǷƳ ƚƾƭƸƛ ƗƷ ǼǲǝƗƸū ǻƘǵ

 ǷƳǔƛƸǭ ǻƘǲǶř ÛƘǵƷƗǸǱ  ƸŬǽƳ ǷƘǱƘƽƷ ǴǪǮƩƹƗ ƘǵƸƢǭƗƷƘřǰǝƗƸū Ǽǽ ŧ ǯƘǾƛ.ƳƸ 

ǧǸǭƸǝ ƠǮƾǡ ǰǽƗ ƷƳ ǻƘǵǴƜƽƘƮǭ Ǵƛ ǋǸƛƸǭ  ǰǝƗƸū ǼǽƘǱƘƽƷǴƛ

 ƸǆƢƲǭ ƟƷǸǅ ǳƳƷǷƋǼǭƳǸǁ  ƙǷƘǲƢǭ ǻƘǵǸŬǩƗ ƼǱƗƴŚǭƗ ǴƜƽƘƮǭ ƷƳ Ƙơ

ǔƛƸǭ Ƿ ǻƷƗǸǱ ǼǲǝƗƸū ǻƘǵǴƛǴƢǝƸū ƷƘŧ .ƳǸǁ 

.(,( üåv¾ñ ĈĉwýwÅ½ 

 ǴǪǮƩ ƹƗ Ǵŧ ƠƽƗ ǳƴǁ ǫƘƪǱƗ ǼǱƗǷƗƸǝ ƟƘǖǩƘǎǭ ǰǝƗƸū ǼǽƘǱƘƽƷ ƳƷǸǭ ƷƳ
ǼǭǠǾǢƮơ Ǵƛ ǯƗǸơƘǵ ǻ]ĤĬ-ĤĪ[ ǛǷƸǖǭ ǴǎƛƗƷ ƹƗ Ǵŧ ƳƸŧ ǳƷƘǁƗKobu 

ǳƳƸŧ ǳƳƘǞƢƽƗ ǰǝƗƸū ǼǽƘǱƘƽƷ ǴƜƽƘƮǭ ǻƗƸƛ .ƴǱƗ ǼǽƘǱƘƽƷ ǴǎƛƗƷ ǰǽƗ ƷƳ
 ǀƲƛ ǷƳ Ǵƛ ǰǝƗƸū ŦǾƽȆŧ(intraband) ) ǼǭǸƢǱƗǸŧ Ƿinterband (

Ǽǭ ǬǾƾǢơ.ƳǸǁ 
ǴǎƛƗƷ )ĤǼǭ ǯƘǂǱ ƗƷ ǰǝƗƸū ǼǽƘǱƘƽƷ ( ǰǽƗ ƷƳ Ǵŧ ƴǵƳǴǎƛƗƷ e  ƷƘƛ
 ÛǼŨǽƸƢŨǩƗᴐ  ǀǵƘŧ ŦǱȆř ƠƛƘƥǽ ÛǴƢǝƘɤ ǴǽǷƗƹ ƴǭƘƾƛ ÛǻƗT  Ƿ ƘǭƳBk 

 .ƠƽƗ ǰǭƺƢǩǸƛ ƠƛƘƥũ  Ƿ ǯǷƸƢŨǩƗ ǼūƴǲŧƗƸř ƯƸǱcɛ  ǼǭƸǝ ǻţƸǱƗ Ƭǎƽ
 Ƙƛ Ǵŧ ƠƽƗǚơǾǾƸ ţƸǱƗ Ƭǎƽ ÛţƘƢǩǷǻ ǭƸǝǼ  ǨƛƘǡǒǲơǾǬ ƽƗƠÜ 
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 ƷƳ ƠǡƳ ǼǮŧ ƘƛǴǎƛƗƷ )ĤǼǭ ( ƷƳ Ǵŧ ƠǝƘǽƷƳ ǯƗǸơƼǱƘŧƸǝ ǻƘǵ
 ƷƳ Ǵŧ ƠƽƗ ƚǩƘǙ ǼǭǸƢǱƗǸŧ ǀƲƛ Ǵƛ ƠƜƾǱ ŦǾƽȆŧ ǀƲƛ ƺơƸǵƗƸơ

 ǴƪǾƢǱǴǎƛƗƷ )ĤǼǭ ƗƷ ( ǯƗǸơǴƛ:ƳƸŧ ǳƳƘƽ Ƹǽƹ ƟƷǸǅ 
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 ôîÉ. ćv¾z üåv¾ñ ĈĉwýwÅ½ ĈêĊê³ ¢úÆé 5cɛ äö¤¸ù ćwă

 
 ôîÉ/ 5¢úÆé ĈùĀăĀù wýwÅ½Ĉĉ üåv¾ñ  ćv¾zcɛäö¤¸ù ćwă 

 ƷƳ ǨŨǁĦ  ƠǮƾǡǢƭǾǢǼ  Ƿ ƷƳ ǨŨǁħ  ƠǮƾǡǭǸǵǸǭǼ ƘǱƘƽƷǼǽ 
ǰǝƗƸū ǴƩǸơƘƛ  ǴƛǴǎƛƗƷ )ĥƗƸƛ ƼǱƘŧƸǝ ƚƾƭƸƛ (ǻ ƴǲš cɛ  ǬƽƷ ǜǪƢƲǭ
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 Ƭǎƽ ǀǽƗƺǝƗ Ƙƛ Ǵŧ ǳƴǁ Ƿ ǼǢǾǢƭ ƷƗƴǢǭ ǼǭƸǝ ǻţƸǱƗǳƹƗƴǱƗ  ƠǮƾǡ
Ǽǭ ǀǽƗƺǝƗ ǰǝƗƸū ǼǽƘǱƘƽƷ ǼǭǸǵǸǭ ǼƾǱƘŧƸǝ ǳƹƘƛ ƷƳ .ƴƛƘǽĤ/ģ Ƙơ Ĥģ 

 ƼǱƘŧƸǝ Ǵƛ ǴƢƾƛƗǷ Ɵƴǁ Ǵƛ ÛǼǽƘǱƘƽƷ ǼǭǸǵǸǭ Ƿ ǼǢǾǢƭ ƠǮƾǡ ÛƺơƸǵƗƸơ
 Ǵŧ ǼơƷǸǅ ƷƳ ƠƽƗƗǽǰ ŬƢƾƛƗǷǼ Ƴ ƼǱƘŧƸǝ ƷƳǽƸŬ ƾƛǾƷƘ ǖǉǾǜƸơ ǭǼ

ƴǁƘƛǼǭ ǳƴǵƘǂǭ ǰǽƗƸƛƘǲƛ .ƽƷ Ǵŧ ƳǸǁƛ ƗƷ ǰǝƗƸū ǼǽƘǱƘǴǼǭ ǼƢƭƗƷ Ƙƛ ǯƗǸơ
 ƸǾǾǚơcɛ.ƳƸŧ ǬǾǒǲơ Û 

.(-( ówê¤ýv Ô· óºù 

ǴǎƛƗƷǻƘǵ )Ħ) Ƿ (ħƗƷ ǼǲǝƗƸū ǻƘǵƷƗǸǱ ƼǱƗƴŚǭƗ ( ǴƩǸơƘƛ  ǠǾǢƮơ]Ĥĩ[  ƷƳ
 ƙǷƘǲơ ǳƷǷƳ Ƙƛ ƙǷƘǲƢǭ ƷƘƢƱƘƽ Ŧǽp  ƷƗǸǱ ǇƸǕ Ƿw ǻƘǵƸƢǭƗƷƘř ƚƾƭƸƛ 

 ǜǪƢƲǭƘƛ  ǷƳǀƜǎǡ TM  ǷTE Ǽǭ ǯƘǾƛ.ƴǲŧ  ƷƳǴǎƛƗƷ) ǻƘǵĦ) Ƿ (ħ(Û Ŭ 
ǽ ƷƳ Ǵŧ ƠƽƗ ƚǽƸǉ ŦǴǎƛƗƷ )Ĩǳƴǁ ǜǽƸǖơ (Û effɖ Ɨ ƼǱƗƴŚǭǴǆƲǂǭ 

ƸƥƐǭ Û0k ǕƧǸǭ Ƴƴ ƷƳ ƘǊǝǻ ƳƗƹƋ Ûeffk ƧǸǭ ƳƴǕ ƸƥƐǭ  Ƿɗ  ǀƛƘơ ǴǽǷƗƹ
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ǁ ǼǽƗƷƘŧ ǴǩƘǢǭ ǰǽƗ ƷƳ ƴǪǾ ƷƳ ǻƳƘǶǲǂǾř ǻƘǵƷƘƢƱƘƽ ǻƗƸƛ ǨŨǁĤ 
 Ƿĥ Ǵƛ ǴƜƽƘƮǭ ǼǪǾǪƮơ ƟƷǸǅǼǭƳǸǁ . ǰǽƗ ƷƳ ƴǪǾǁ ǼǽƗƷƘŧ ǴƜƽƘƮǭ ƷƳ

Ŧǽ ƹƗ ǴǩƘǢǭ  ƧǸǭǴƮǞǅǻƗ ǳƴǱǸǁƸǂƢǲǭ  ƠǶƩ ƷƳx Ƙƛ  Ƿ ǀƛƘơ ǴǽǷƗƹ
ǀƜǎǡ ǴƛƚǾơƸơ 0 <ɗ< 90  Ƿ-90 <ű< 90  ǳƳƘǞƢƽƗǼǭƳǸǁ. 
ǾǁƴǪ ƼǾǍƘǲǚǭǷƸƢŨǩƗ Ǵŧ ƠƽƗ ǻƺǾǶƪơ ǭǾǯƗƴ ǍƘǲǚǭǷƸƢŨǩƗǾƾƗƷ Ǽ 
 ƷƳǽŦ ǌǾƮǭ  ǀǵƘŧǼǭƴǵƳ Ǽǭ ƚƜƽ Ƿ ǼƾǾǍƘǲǚǭǷƸƢŨǩƗ ǨƱƗƴơ ƳǸǁ

ƴǽƘǾǱ ǀǾř . ǻƗƸƛ ǻƘǵƴǪǾǁ ƳƸŨǪǮǕ ǼƛƘǽƹƷƗƿǷƷǞǪƢƲǭ ǻƘǵǼ ǲǱƘǭ ƴ
]ĤĦ[  ƳƷƗƳ ƳǸƩǷ) ǴǎƛƗƷ ƹƗ ǴǩƘǢǭ ǰǽƗ ƷƳ ǴŧĩƠƽƗ ǳƴǁ ǳƳƘǞƢƽƗ (. 
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 ƷƳǴǎƛƗƷ )ĩ(Û iE  ǷtE Ǵƛ ǼǂƛƘơ ƧǸǭ ƚǾơƸơ) ǼŨǽƸƢŨǩƗ ǯƗƴǾǭƴƛ ǯǷ
 (ƴǪǾǁ ƷǸǊƭ ǻƷǸƜǕ ƧǸǭ Ƿ (ƴǪǾǁ ƷǸǊƭ ƷƳ ǼŨǽƸƢŨǩƗ ǯƗƴǾǭ)Ƙƽ ƹƗ ƷƘƢƱ
ƴǲƢƾǵ.  ǰǽƗƸƛƘǲƛǴƛ ǬǵƸƛ ƠǾǮŧ ǷƳ ǰǽƗ ǬǾƾǢơ ǼǽƗƷƘŧ ƹƗ ǻƷƘǾǖǭ ǼūƳƘƽ

 .ƠƽƗ ǼŨǽƸƢŨǩƗ ǯƗƴǾǭ Ǜƶƭ Ƙǽ ǜǾǖǊơ ƷƳ ƴǪǾǁ ǻƳƴǕ ƷƗƴǢǭ Ǵš Ƹǵ
 ǜǾǖǊơ ƴǪǾǁ ƷǸǊƭ ƷƳ ǼŨǽƸƢŨǩƗ ǯƗƴǾǭ Ǽǲǖǽ ƳǸǁ ƸƢǂǾƛ ǬǾƾǢơ ǰǽƗ
 ǯƋ ǼǽƗƷƘŧ ǴƪǾƢǱ ƷƳ Ƿ ƠƽƗ ǳƳƸŧ ǨǮǕ ƸƢǶƛ ƴǪǾǁ Ƽř ÛǴƢǝƘǽ ǻƸƢǂǾƛ

 .ƠƽƗ ƸƢǂǾƛǼǭ ǼǪŧ ƠǩƘƭ ƷƳ ƗƷ ǻƷǸƜǕ ƧǸǭ ǯƗǸơǴƛƸǽƹ ƟƷǸǅ :ƳƸŧ ǯƘǾƛ 
 

)Ī( Ĕ Ĕ ĔTM TM TE

t tx ty tzE E x E y E z= + + 

ǯƋ ƷƳ Ǵŧ Ĕ ĔĔ, ,x y z .ƴǲƢƾǵ ǰǽƺơƷƘŧ ƟƘǆƢƲǭ ƷƳ ǴŨǽ ǻƘǵƷƗƳƸƛ ǴƩǸơƘƛ ƛ Ǵ
ǴǎƛƗƷ )Ī.ƠƽƗ ǜǽƸǖơ ǨƛƘǡ ƟƘǆƢƲǭ ƷǸƮǭ ƠǶƩ Ǵƽ ƷƳ ǻƷǸƜǕ ƧǸǭ ( 

 ǀƛƘơ Ƿ ǀƜǎǡ ǴǽǷƗƹ Ƙƛ ǼǂƛƘơ ƧǸǭ ƸūƗű  Ƿɗ  ƴƛƘƢƛǴƩǸơƘƛ  ǴƛǴǎƛƗƷ )ī (
Ǽǭ ƧǸǭ ǷƳ Ǵƛ ƗƷ ǯƋ ǯƗǸơTM  ǷTE ƳƸŧ Ǵǽƺƪơ ]ĤĨ[. 
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 ǴǭƗƳƗ ƷƳ ƹƗ ǳƳƘǞƢƽƗ Ƙƛ ǴǎƛƗƷ )īǼǭ ( ǀƜǎǡ ǷƳ Ǵƛ ƗƷ ǼǂƛƘơ ƧǸǭ ǯƗǸơ

TM  ǷTE  ƠǶƩ ǷƳ Ƿy  Ƿz Ǵƛ Ƹǽƹ ƟƷǸǅƳƸŧ ŦǾŨǞơ. 
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 ƹƗ ǳƳƘǞƢƽƗ ƘƛǴǎƛƗƷƘǵǻ )Ĭ-) Ƿ (ƙĬ-Ǽǭ (Ƨ ǯƗǸơ Ǵƛ ƗƷ ǼǂƛƘơ ƧǸǭ
 ƧǸǭ ǧƘǢƢǱƗ ƚǽƸǉ Ƙƛ ÛǻƷǸƜǕ ƧǸǭɊ  ƚǽƸǉ ǰǽƗ Ǵŧ ƳƗƳ ƠƜƾǱǴƩǸơƘƛ Ǵƛ 
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 ƷƳǴǎƛƗƷ )Ĥģ( 0ɖ  ǴǆƲǂǭ ƼǱƗƴŚǭƗȂƱ Ƿ 11ū Ƙơ 22ū  ƼǽƸơƘǭ ƚǽƗƸǉ
ǻƳǷƷǷ ǧƘǢƢǱƗ-Ǵŧ ƠƽƗ Ǩŧ ǼƩǷƸƱ ǴƩǸơƘƛ ] ǴƛĤī[ ) ǴǎƛƗƷ ƷƳĤĤ ǻƗƸƛ (
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) ǴǎƛƗƷ ƷƳĤĤ (mɖ  Ǵǽȅ ǴǆƲǂǭ ƼǱƗƴŚǭƗm ǫƗ Ûm,LmB  Ǵǽȅ ǧǸǍm ǫƗ 
.ƠƽƗ Ǵǽȅ ǯƋ ǌǪƢƲǭ ǧƘǢƢǱƗ ƙƸǉ Ƿ ǴƩǸơƘƛ  ǔƩƸǭ Ƿ ǧƘǢƢǱƗ ǌƱ ǧƴǭ Ǵƛ

]ĤĪ[ ǻƳǷƷǷ ƼǽƸơƘǭ- ƙƸǉ ƹƗ Ǵǽȅƴǲš ƷƘƢƱƘƽ Ŧǽ ǻƗƸƛ Ǩŧ ǼƩǷƸƱ
ǻƳǷƷǷ ƼǽƸơƘǭ- ǻƗƸƛ ǼƩǷƸƱȅǽǴ ǭ ǨǅƘƭ ƸƱƋ Ƙơ ǧǷƗǼ.ƳǸǁ 
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mB  ƺǾǱƷƳ ǴǎƛƗƷ )ĤĦ (ǳƴǁ ǳƳƷǷƋ ǯƋ ƷƳ Ǵŧ ƠƽƗ mɗ  ǀƛƘơ ǴǽǷƗƹ
 ǷƳ ǰǾƛȅǽǴ )m-1ǫƗ ( ) ǷmǫƗ (  Ǵŧ ƠƽƗǴƩǸơƘƛ  ǯǸǱƘǡ ǴƛSnell  ǠƛƘǎǭ
ǴǎƛƗƷ )Ĥħ ǨƛƘǡ ( ǴƜƽƘƮǭ.ƠƽƗ 
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 ƷƳǴǎƛƗƷ )Ĥħ( 0ɗ  Ƿ ǴǾǩǷƗ ǀƛƘơ ǴǽǷƗƹrmҢ ) Ǵǽȅ ǼǵƳƷƶūmǫƗ (  Ƿmů 
 ǼǽƘǱƘƽƷȅǽǴ )mǫƗ ( .ƠƽƗ 

Ǵƛ ƴǪǾǁ ǼǽƗƷƘŧ ǴƜƽƘƮǭ ǬƢǽƷǸŬǩƗ ǰǽƗƸƛƘǲƛ ƟƷǸǅ ƸǽƹǼǭ ǯƘǾƛ :ƳǸǁ

 (ǜǩƗǴǽȅ ƼǱƗƴŚǭƗ ƗƴƢƛƗ ǻƘǵ ƷƗƳǸŬǩƗƗƸū ǼǲǝǴƛǴǎƛƗƷ ŦǮŧ) ǻƘǵĦ (Ƙǽ )ħ (

 ǴƜƽƘƮǭǼǭƳǸǁ .Ǵƛ (ƙ) ǴǎƛƗƷ ŦǮŧĤĤ ( Ǵǽȅ Ƹǵ ǧƘǢƢǱƗ ƼǽƸơƘǭǴƛ

 ǴǱƘūƗƴƩ ƟƷǸǅƠƽƳ Ǵƛ Ǽǭ .ƴǽƋ(Ƨ  Ƙƛ ƷƳ Ǵǽȅ Ƹǵ ǧƘǢƢǱƗ ƼǽƸơƘǭ ƙƸǉ

 Ǭǵ) ǴǎƛƗƷ ǼǲǖǽĤĥ ( Ǩŧ ǧƘǢƢǱƗ ƼǽƸơƘǭ ƷƘƢƱƘƽǼǭ ǴƜƽƘƮǭƳǸǁ.  (Ƴ

ǴƩǸơƘƛ ǴǎƛƗƷ Ǵƛ )ĤģƸǉ ƹƗ ǳƳƘǞƢƽƗ Ƙƛ Û(ǽ ƚǽƸǉ ÛǨŧ ǧƘǢƢǱƗ ƼǽƸơƘǭ ƚɊ 

ƛǴƠƽƳƧǸǭ ǯƋ ŦǮŧ Ǵƛ Ǵŧ ǳƴǭƋ  ǻƷǸƜǕ ƷƳ ǼŨǽƸƢŨǩƗ ǯƗƴǾǭ ǯƘǮǵ Ƙǽ
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ƴǪǾǁ ƷǸǊƭ  ǴƜƽƘƮǭǼǭƳǸǁ .) ǴǎƛƗƷ ŦǮŧ Ǵƛ ǯƘǽƘř ƷƳĩ ƴǪǾǁ ǼǽƗƷƘŧ (

ƠƽƳ Ǵƛ Ǽǭ.ƴǽƋ ǫƹȅǴƛ ǀƜǎǡ ƷƳ Ǵŧ ƠƽƗ ƸŧƵTE  ǷTM Ǵƛ ǨƭƗƸǭ ǰǽƗ

 ƟƷǸǅǼǭ ǫƘƪǱƗ ǴǱƘūƗƴƩ.ƴǱǸǁ 

/( ĂĊ{É¤ý ÿ ć¿wÅĈöĊö´£ ªĉw 

 ǨŨǁ ƷƳĨ ǴǾƜǁ ƨǽƘƢǱǫƸǱ Ƙƛ ǻƹƘƽ ƷƗƺǝƗCST-MWS  ǼǪǾǪƮơ ƨǽƘƢǱ Ƿ
 ǻƳƘǶǲǂǾřǼǲǝƗƸū ǔƛƸǭ ƷƘƢƱƘƽ ǻƗƸƛ Ǵǽȅ Ŧơ ÛSi/2SiO ǰǝƗƸū/ƸŬǽƴŨǽ Ƙƛ 

ƷƘƢƱƘƽ ǰǽƗ ƷƳ .ƠƽƗ ǳƴǁ ǴƾǽƘǢǭ ɛm Ĥg = Ûɛm ĥ p = Ƿ  ǻţƸǱƗ Ƭǎƽ
ǰǝƗƸū ǻƗƸƛ ǼǭƸǝ eV ĤĤĨ/ģ = cɛ ǴƢǝƸūƸǒǱƷƳ ƠƽƗ ǳƴǁ. Ɯǁ ƨǽƘƢǱǾǴ
 ǼǪǾǪƮơ Ƿ ǻƹƘƽ ǨŨǁ ƷƳ ǳƴǁ ǳƳƗƳ ǯƘǂǱĨ  ƠǭƘƲǉ Ƙƛ ǻƷƘƢƱƘƽ ǻƗƸƛ

Si  Ƿ2SiO Ǵƛ ƚǾơƸơĤ  Ƿĩ ƸƢǭǷƸŨǾǭ ǰǝƗƸū Ǵǽȅ Ŧǽ Ƿ Ĥ ƸƢǭǸǱƘǱ  ǴƾǽƘǢǭ
.ƠƽƗ ǳƴǁ ǫƸǱ ƷƳ ƙǷƘǲƢǭ ƷƘƢƱƘƽ ǜǽƸǖơ ƹƗ Ƽř ƷƗƺǝƗCST-MWSÛ 

 ƳƗƴǖơ Ƙƛ ƼǱƘŧƸǝ ǳƹǸƭ ƷƳ ƷƘƢƱƘƽ ǰǽƗ ǨǾǪƮơĤīģģģ  ǫƘƪǱƗ ǀǭ ǳƴǁ
ƠƽƗ.  ǻƗƸƛǴǾƜǁ ǰǽƗ ǻƘƢƽƗƷ ƷƳ) ƙǷƘǲƢǭ ǻƹƸǭ ǌǽƗƸǁ ǻƹƘƽy-z Ƿ (

ǭ ǌǽƗƸǁƸ ǻƘƢƽƗƷ ƷƳ) ƹƘƛ ǻƹx ƼǽƸơƘǭ ǻƘǵƸƢǭƗƷƘř Ƿ ǳƴǁ ǳƳƘǞƢƽƗ (
ǼūƴǲŧƗƸř ǴƛǯƗǸǲǕ Ǽǭ ǴƢǝƸū ƸǒǱ ƷƳ ǼƩǷƸƱƴǱǸǁǴǾƜǁ ǰǽƗ . ǻƹƘƽ ǻǷƷ

ƸơǸǾŚǭƘŧ ǬƢƾǾƽ Ŧǽ  ƘƛǴǒǝƘƭ 4GByte  Ƿ ǻƗƷƗƳ ƸŬǁƹƗƳƸřħ ǴƢƾǵ ǻƗ
ƠƽƗ ǳƴǁ ǫƘƪǱƗ ǯƘǭƹ . ǰǽƗ ǫƘƪǱƗǴǾƜǁǻƹƘƽ ƳǷƴƭ Ĥģ  .ƠƽƗ ǴǢǾǡƳ ƷƗƴǢǭ
 ƺǾǱ ƘǎƱ ƷƳ ǰǽƗǴǾƜǁǻƹƘƽ -40dB ǴƢǝƸūƸǒǱƷƳ ƠƽƗ ǳƴǁ. 

 
 ôîÉ0 5wêùĉĂÆ w¤ýĉª {ÉĊĂ¿wÅć CST-MWS ÿ ć¹wĄþÊĊ~ Çÿ½  ½¹

Äýwí¾å ,*+  w£,+  À£¾ăv¾£ Ăĉđ ìĉ ćv¾z2SiOüåv¾ñ* 

ǫƹȅ Ǵƛ ǴǾƜǁ ǰǽƗ Ǵŧ ƠƽƗ ƸŧƵƹƘƽ ǻ Ǵǽȅ Ŧǽ ǻƗƸƛ2SiO ǰǝƗƸū/
ǼǮǱ Ƿ ƠƽƗ ǳƴǁ ǫƘƪǱƗ Ǵǽȅƴǲš ǻƘǵƷƘƢƱƘƽ ǻƗƸƛ ƗƷ ǯƋ ǯƗǸơ ǨǾǩƳ Ǵƛ
 ǴǒǝƘƭ ƳǷƴƮǭ Ǭƪƭ .ƳƸŧ ƗƸƩƗǴƛƟƷƘƜǕƴǲš ǻƘǵƷƘƢƱƘƽ ƸŬǽƳ Ǵǽȅ Ǵƛ
ǴǾƜǁ ǯƘǭƹ Ƿ ǴǒǝƘƭ ǻƹƘƽƳƘǽƹ ƷƘǾƾƛƸơ  ǧƘǢƢǱƗ ǌƱ ƿǷƷ Ǵƛ ƠƜƾǱǱ ƹƘǾ

 .ƴǱƷƗƳǴǾƜǁ ƨǽƘƢǱ Ǵŧ ƘƪǱƋ ƹƗ Ǵƛ ǻƹƘƽǫƸǱ ŦǮŧƷƗƺǝƗ CST-MWS  ǠƛƘǎơ
Ƽř ǰǽƗ ƹƗ ƳƷƗƳ ǻƳƘǶǲǂǾř ǼǪǾǪƮơ ƿǷƷ Ƙƛ ǼƜƽƘǲǭ  ƘǶǲơƮơ ƨǽƘƢǱ ǼǪǾǪ

ƗƸǡ ǼƽƷƸƛ ƳƷǸǭ ƷǼǭƳƸǾū.  ƳƸŨǪǮǕ ǼƽƷƸƛ ƷǸǒǲǭ ǴƛƙǷƘǲƢǭ ǻƘǵƷƘƢƱƘƽ 
 ǼǲǝƗƸū ǨŨǁ ǼǖƛƸǭ Ƿ ǻƷƗǸǱ ǜǪƢƲǭ ǻƘǵƸƢǭƗƷƘř ƟƗƸǾǾǚơ ÛǻƳƘǶǲǂǾř

 ÛǴǪǮƩ ƹƗ ƘǵƴǪǾǁ ǰǽƗ) ƷƘƢƱƘƽ ƙǷƘǲơ ǳƷǷƳpǱ ǇƸǕ Û() ƷƗǸw(  ƹƗ ǴǪǅƘǝ Ƙǽ
) ƷǷƘƪǭ ǯƘǮǩƗg() ǼǭƸǝ ǻţƸǱƗ Ûcµ ǳƸǾǙ Ƿ (ƴǪǾǁ ǼǽƗƷƘŧ ǯƗƺǾǭ ƸƛƘǵ 

Ǽǭ ƿƷƗƺū Ƿ ǴƜƽƘƮǭ .ƳǸǁƛ ƨǽƘƢǱǴƠƽƳ ǼƭƗƸǍ ƴǲǽƋƸǝ ƷƳ ǳƴǭƋ
.ƴǱƷƗƳ ƠǾǮǵƗ ǼƾǾǍƘǲǚǭǷƸƢŨǩƗ ǻƘǵƴǪǾǁ 

ƷƳ ǨǾǪƮơ ƘǵƷƘƢƱƘƽǀƲƛ ǰǽƗ ƷƳ ƴǪǾǁ ǻ  ƠǭƘƲǉSi  Ƿ2SiO Ǵƛ
ƸƛƗƸƛ ƚǾơƸơ Ĩģ  Ƿ ƸƢǭǸǱƘǱĨģģ  ƸƢǭǷƸŨǾǭ Ƿ ƚǽƸǉ ǼǵƳƷƶūƛ ƺǾǱ ƘǶǱƋǴ
 ƚǾơƸơĪ  ǷĬ/Ħ ǴƢǝƸūƸǒǱƷƳ Ǽǭ.ƳǸǁ 

 

 ôîÉ1 5 Ĉĉv½wí ºöĊÉ$ ôîÉ ć½vĀý ½w¤·wÅ,# ćv¾z  È{ÖéTM 

 xÿwþ£ ā½ÿ¹ ćv¾z Äýwí¾å yÆ³¾zɛm - p =ÿ  ĂÅÏ¾Ý  äö¤¸ù1*+ I

3*+  ÿ1*, ¾¤ùÿ¾îĊù 

/(,( Ĉĉv½wí ¾z äö¤¸ù ćwă¾¤ùv½w~ ĈÅ½¾z  ºöĊÉ½w¤·wÅ ½¹ăćw 

ć½vĀý Ĉþåv¾ñ xÿwþ¤ù ôîÉ 

 ǨŨǁĩ  ƸƛƗƸƛ ƷƳ ƴǪǾǁ ǼǽƗƷƘŧ ǼƾǾǍƘǲǚǭǷƸƢŨǩƗ ƧƗǸǭƗƘƛ ǀƜǎǡ TM 
ƙǷƘǲơ ǳƷǷƳ Ƙƛ ǼǲǝƗƸū ǻƘǵƷƗǸǱ ǻƗƸƛ ƼǱƘŧƸǝ ƚƾƭƸƛ ɛm ĥ = p ÛeV 

ĤĤĨ/ģ = cɛ ǜǪƢƲǭ ƷƗƴǢǭ Ǵƽ Ƿ ÛǼǲǖǽ ƷƗǸǱ ǇƸǕ ǇƸǕ ǻƘǵĩ/ģ Ûī/ģ 
 Ƿĩ/Ĥ  ƸƢǭǷƸŨǾǭ ƗƷǼǭ ǯƘǂǱƴǵƳ . ƹƗ ƷƘƢƱƘƽ ǰǽƗĦģ  Ǵǽȅ2SiO Ǵŧ ǰǝƗƸū/

ǴǽȅƸǽƹ ǻǷƸƛǻƗ  ƹƗSi  ǨǾŨǂơ ÛƠƽƗ ǴƢǝƸū ƷƗƸǡƠƽƗ ǳƴǁ . ǨŨǁĩ  ǯƘǂǱ
Ǽǭ ƴǵƳ ǇƸǕ ǀǽƗƺǝƗ ƘƛƷƗǸǱ Ǽǭ ǀǵƘŧ ƴǪǾǁ ǼǽƗƷƘŧ .ƴƛƘǽƛ ǧƘƦǭ ǻƗƸƛ Ƙ

 ƹƗ ƷƗǸǱ ǇƸǕ ǀǽƗƺǝƗĩ/ģ  Ƙơĩ/Ĥ ƸƢǭǷƸŨǾǭ  ƴǪǾǁ ǼǽƗƷƘŧƗ ƹĤħ/Ĥī  Ƙơ
Ĭĥ/Ĥĩ ǼƽƳǨƛ  ƼǱƘŧƸǝ ƷƳĤ ƺơƸǵƗƸơ Ǽǭ ǀǵƘŧ .ƴƛƘǽǴƩǸơƘƛ  Ǵƛ ǨŨǁĩ 
Ǽǭ Ǵŧ ƠǞū ǯƗǸơƷƗǸǱǻƘǵ ǇƸǕ Ƙƛ ǼǲǝƗƸū ĩ/ģ  Ƿī/ģ ƸƢǭǷƸŨǾǭ  ǻƗƷƗƳ

 ǻȅƘƛ ƴǪǾǁ ǼǽƗƷƘŧĤĩ ǼƽƳǨƛ  Ƙơ ǼǩƗǸƭ ƼǱƘŧƸǝĤ ƺơƸǵƗƸơ Ǽǭ .ƴǲǁƘƛƹƗ 
ǛƸǍ ƳǽƸŬ ƳƼǱƘŧƸǝ Ʒ ǻȅƘƛ ǻƘǵĤģ ƺơƸǵƗƸơ  ǻƷƗǸǱ ƷƘƢƱƘƽ ƴǪǾǁ ǼǽƗƷƘŧ

Ǽǭ ƠƽƳ ƹƗ ƷƘƢƱƘƽ Ǵƽ Ƹǵ ǻƗƸƛ.ƳǷƷ  ƷƘƢƱƘƽ Ǵŧ ƠƽƗ Ǽǲǖǭ ǯƋ Ǵƛ ǰǽƗ
ƼǱƘŧƸǝ ƷƳ ǻƷƗǸǱ ǻƷǸǱ ǻƘǵǫƹȅ .ƳƷƗƳ ǼƜƽƘǲǭ ǼǵƳƷƶūǴƛ Ǵŧ ƠƽƗ ƸŧƵ
ǴǾƜǁ ǰǽƗ ƷƳƠƛƘƥ ƷƗǸǱ ǇƸǕ ƹƗ ƸǾǙ ƘǵƸƢǭƗƷƘř ƸǽƘƽ ǻƹƘƽ.ƴǱƗ 

 

 ôîÉ2 5 Ĉĉv½wí ºöĊÉ$ ôîÉ ć½vĀý ½w¤·wÅ, È{Öé ćv¾z #TM 

 xÿwþ£ ā½ÿ¹ ćv¾z Äýwí¾å yÆ³¾zɛm - p = Ï¾Ý Iɛm 1*+ w =  ĂÅ ÿ

Ĉù¾å ćÁ¾ýv  äö¤¸ù,,0*+ I-,0*+  ÿ.,0*+ ûÿ¾¤îõv¢õÿ 

 ǨŨǁĪ ǼǽƗƷƘŧ  ƷƘƢƱƘƽ ƷƳ ƴǪǾǁ ǻƷƗǸǱ ǨŨǁĤ  ǻţƸǱƗ Ƭǎƽ Ǵƽ ǻƗƸƛ
 ǼǭƸǝĤĤĨ/ģ ÛĥĤĨ/ģ ÛĦĤĨ/ģ ǯǷƸƢŨǩƗƠǩǷ  Ƿ ǇƸǕĩ/ģ ƸƢǭǷƸŨǾǭ  ƗƷ
Ǽǭ ǯƘǂǱƴǵƳ.  ƹƗ ƷƘƢƱƘƽ ǰǽƗĦģ  Ǵǽȅ2SiOǴǽȅƸǽƹ ǻǷƸƛ Ǵŧ ǰǝƗƸū/ǻƗ  ƹƗ



XX /ƪǭǴǪ  ÛƺǽƸƜơ ǳƘŬǂǱƗƳ ǟƸƛ ǼƽƴǲǶǭ ƴǪƩXXÛ  ǳƷƘǮǁXX ǴǪƪǭ ǻƗƸƛ ƟȅƘǢǭ ǴǾǶơ ǻǸŬǩƗ ... 

 

Tabriz Journal of Electrical Engineering, vol. XX, no. XX Serial no. XX 

Si ƠƽƗ ǴƢǝƸū ƷƗƸǡÛ  ǨǾŨǂơǼǭ.ƳǸǁ  ƹƗ ǨŨǁĪ  ÛƠƽƗ ǄƲǂǭ ǀǽƗƺǝƗ Ƙƛ

cµ Ǽǭ ǀǽƗƺǝƗ ƴǪǾǁ ƷƗƴǢǭƴƛƘǽ.  ƹƗ ǼǭƸǝ ǻţƸǱƗ ǀǽƗƺǝƗ Ƙƛ ǧƘƦǭ ǻƗƸƛ
ĤĤĨ/ģ  ƘơĦĤĨ/ģ ǯǷƸƢŨǩƗƠǩǷÛ  ƴǪǾǁ ǼǽƗƷƘŧƳǷƴƭ ƹƗ Ĩ/ĥĤ  ƘơĨ/Ħģ 
ǼƽƳ Ǩƛ ƼǱƘŧƸǝ ƷƳĨĩ/ģ ƺơƸǵƗƸơ ǀǽƗƺǝƗ Ǽǭ.ƴƛƘǽ ǼǭƸǝ ǻţƸǱƗ )cµ(  ƹƗ

ǡ ǼǲǝƗƸū ǻƘǵƷƗǸǱ Ǵƛ ƻƘǽƘƛ ţƘƢǩǷ ǠǽƸǍ ǻƘǵǸŬǩƗ ƠƱƘƽ .ƠƽƗ ǬǾǒǲơ ǨƛƘ
ǬǾǒǲơ ǻƗƸƛ ƘǶǱƋ ƹƗ ǳƳƘǞƢƽƗ Ƿ ǻƷƗǸǱǳƳƘƽ ƴǪǾǁ ǻƸǽƶř ǼǖƛƸǭ ǻǸŬǩƗ ƹƗ Ƹơ

ǳƳƘƽ Ƿ ƘǵƷƗǸǱ ǧƘǆơƗ ǯƋ ƠǪǕ Ǵŧ ƠƽƗ ƸǾǾǚơ ǻƗƸƛ ţƘƢǩǷ ǧƘǮǕƗ ǯƳǸƛcµ 
ǼǭƴǁƘƛ. 

 

 ôîÉ3 5 Ĉĉv½wí ¹vºÞ£ wz ć½vĀý ½w¤·wÅ ĂÅ ćv¾z ºöĊÉđĉĂwăć 

¤¸ù ¹vºÞ£ )äöđĉĂwă üåv¾ñ*2SiO  wz ¢Åv ¾zv¾z ½w¤·wÅ üĉv ½¹,+  ÿ.+ 

 ÿ0+ Ăĉđ 

Ǵǽȅ ƳƗƴǖơ ƸƥƗ ǼƽƷƸƛ ǻƗƸƛ ǻƘǵ2SiO ƴǪǾǁ ǼǽƗƷƘŧ ǻǷƷ Ƹƛ ǰǝƗƸū/
 ÛǨŨǁ ǻƷƗǸǱ ǼǲǝƗƸū ƙǷƘǲƢǭ ƷƘƢƱƘƽ Ƙƛ ǜǪƢƲǭ ƷƘƢƱƘƽ ǴƽĤģ ÛĦģ  Ƿ

Ĩģ  ǴǽȅǇƸǝ Ǽǭ .ƳǸǁ ƷƳ ǼǭƸǝ ǻţƸǱƗ Ƭǎƽ ƷƘƢƱƘƽ Ǵƽ ǰǽƗ ǼǭƘǮơ ƷƳ
ūǰǝƗƸ ,,0*+ ǯǷƸƢŨǩƗƠǩǷ Û ƷƗǸǱ ǇƸǕĩ/ģ ƸƢǭǷƸŨǾǭ  ƙǷƘǲơ ǳƷǷƳ Ƿ ǯƋ
ĥ ƸƢǭǷƸŨǾǭ .ƠƽƗ  ǨŨǁī  ƷƗƴǢǭ ƴǪǾǁ ǼǽƗƷƘŧƘƛ ǀƜǎǡ TM  ƚƾƭƸƛ

 ƼǱƘŧƸǝ ǻƗƸƛ ƗƷ ƳƗƴǖơ Ƙƛ ƷƘƢƱƘƽ ǴƽȅǴǽ ǻƘǵ2SiOƘǂǱ ǜǪƢƲǭ ǰǝƗƸū/ǯ 
Ǽǭ.ƴǵƳ ǯƘǮǵǴŧƷǸǍ ƷƳ  ǨŨǁī  ƠƽƗ ǄƲǂǭǴǽȅ ƳƗƴǖơ ǀǽƗƺǝƗ Ƙƛ ǻƘǵ

2SiOǼǭ ǀǽƗƺǝƗ ƴǪǾǁ ǼǽƗƷƘŧ ǰǝƗƸū/ .ƴƛƘǽȅ ƳƗƴǖơ ǀǽƗƺǝƗ Ƙƛ ǧƘƦǭ ǻƗƸƛǴǽ
 ǻƘǵ2SiO ƹƗ ǰǝƗƸū/Ĥģ  ƘơĨģ ƴǪǾǁ ǼǽƗƷƘŧ Û ƹƗĨĬ/Ĥĥ Ƙơ ħĩ/ĥĩ ǼƽƳǨƛ 

 ƼǱƘŧƸǝ ƷƳĨĩ/ģ ƺơƸǵƗƸơ ƠƽƗ ǴƢǝƘǽ ǀǽƗƺǝƗ. 

 
 ôîÉ4Ĉĉv½wí 5 ÉĊºö v¾zć ½w¤·wÅ ć½vĀý wz ĂÅ ¢ùw¸Ñ ¡ÿwæ¤ù v¾zć 

SiO2 Ăí Ăz£¾£Ċy ¾zv¾z ¢Åv wz 0+ I-++  ÿ0++ ¾¤ùĀýwý 

 ǨŨǁĬ  ǀƜǎǡ Ƙƛ ƴǪǾǁ ǼǽƗƷƘŧTM  ǼǲǝƗƸū ǻƘǵƷƗǸǱ ƷƘƢƱƘƽ ǻƗƸƛ ƗƷ
 Ƿ2SiOƲǭ ƷƗƴǢǭ Ǵƽ ǻƗƸƛ Û ƠǭƘƲǉ ƹƗ ǜǪƢ2SiO ƷƳ  ǼǭƸǝ ǻţƸǱƗ Ƭǎƽ

ǰǝƗƸū ĤĤĨ/ģ ǯǷƸƢŨǩƗƠǩǷ  ƷƗǸǱ ǇƸǕ Ƿĩ/ģ ƸƢǭǷƸŨǾǭ  ƙǷƘǲơ ǳƷǷƳ Ƿĥ 

ƸƢǭǷƸŨǾǭ Ǽǭ ǯƘǂǱ .ƴǵƳǴǽȅ ƳƗƴǖơƺǾǱ Ƙǵ ĥģ 2SiOǰǝƗƸū/  ǴƢǝƸū ƸǒǱ ƷƳ
Ǽǭ .ƳǸǁǯƘǮǵǴŧƷǸǍ  ƷƳ ǨŨǁĬ Ǽǭ ǳƴǵƘǂǭǼǽƗƷƘŧ ƳǸǁ  Ƙơ ƴǪǾǁ

 ƳǷƴƭ ƼǱƘŧƸǝĨ/ģ ƺơƸǵƗƸơ ǳƳǸƛ ƠƛƘƥ  Ƙƛ ǯƋ ƹƗ Ƽř ǷƸǾǾǚơ  ƠǭƘƲǉ2SiO 
ǀǽƗƺǝƗ ƴǪǾǁ ǼǽƗƷƘŧ ǀǵƘŧ Ƙǽ Ǽǭ ƼǱƘŧƸǝ ƷƳ ǧƘƦǭ ǻƗƸƛ .ƴƛƘǽĤ ƺơƸǵƗƸơ 
ƹƗ ƴǪǾǁ ǼǽƗƷƘŧ īħ/Ĥħ  ǴƛĤĦ/ĤĪ ǼƽƳ ǨƛǼǭ ǀǽƗƺǝƗ.ƴƛƘǽ 

/(-(  ćwă½w¤·wÅ ½¹ ºöĊÉ Ĉĉv½wí ¾z äö¤¸ù ćwă¾¤ùv½w~ ĈÅ½¾z

þåv¾ñ xÿwþ¤ùôîÉ ĈÞz¾ù Ĉ 

 ǨŨǁĤģ  ǀƜǎǡ Ƙƛ ǼƾǾǍƘǲǚǭǷƸƢŨǩƗ ƧƗǸǭƗ ƸƛƗƸƛ ƷƳ ƴǪǾǁ ǼǽƗƷƘŧTM  ƗƷ
ǔƛƸǭ ǻƗƸƛ ƼǱƘŧƸǝ ƚƾƭƸƛ ǼǲǝƗƸū ǻƘǵ ǨŨǁĥ  ƙǷƘǲơ ǳƷǷƳ Ƙƛĥ 
 ǼǭƸǝ ǻţƸǱƗ Ƿ ƸƢǭǷƸŨǾǭĤĤĨ/ģ ǯǷƸƢŨǩƗ ƠǩǷǷ ǜǪƢƲǭ ƷƗƴǢǭ Ǵƽ  ǻƗƸƛ

ǔƛƸǭ ǰǾƛ ǴǪǅƘǝƘǵ ĩ/ģ Ûī/ģ  Ƿĩ/Ĥ ƸƢǭǷƸŨǾǭ Ǽǭ ǯƘǂǱ ƗƷƴǵƳ.  ƷƘƢƱƘƽ ǰǽƗ
 ƹƗĥģ  Ǵǽȅ2SiO Ǵŧ ǰǝƗƸū/ǴǽȅƸǽƹ ǻǷƷ ƹƗ ǻƗSi  ƷƗƸǡǴƢǝƸū ǳƴǁ ǨǾŨǂơ Û
.ƠƽƗ 

 ǳƴǮǕ ƷƘƢƱƘƽ Ƙƛ ƷƘƢƱƘƽ ǰǽƗ ƟǷƘǞơ ÛǼǪƜǡǼǲǝƗƸū ǻƘǵƷƗǸǱ Ƴ ǯƘǂǱ ǳƳƗ
 ƷƳ ǳƴǁ ǨŨǁĤ ƷƳ ƴǪǾǁ Ǵŧ ƠƽƗ ǰǽƗ ǻƘǲǶř  ǫƘƪǱƗ ǼǅƘƱ ǼƾǱƘŧƸǝ ƴǱƘƛ
Ǽǭ Ǵŧ ƳǸǁǴƩǸơƘƛ  ƼǱƘŧƸǝ Ƿ ƴǱƘƛ ǻƘǲǶř ǰǽƗ ǜǪƢƲǭ ǻƘǵƸƢǭƗƷƘř Ǵƛ

ƠƽƗ ǬǾǒǲơ ǨƛƘǡ ǯƋ ǻƺŧƸǭǼǲǖǽ . ǼǭǴƛ ǯƋ ƹƗ ǯƗǸơ ƸƢǪǾǝ Ŧǽ ǯƗǸǲǕ
ǯƘǾǭ .ƳƸŧ ǳƳƘǞƢƽƗ ȅƘƛ ǻƸǽƶř ǬǾǒǲơ ƠǾǪƛƘǡ Ƙƛ ƷƶŬǱǯƘǮǵŧƷǸǍǴ  ƷƳ ǨŨǁ
Ĥģ ǄƲǂǭ ƠƽƗ  ǀǽƗƺǝƗ Ƙƛg Ǽǭ ǀǵƘŧ ƴǪǾǁ ƷƗƴǢǭƴƛƘǽÛ  ǰǾǲŢǮǵ

 ǀǽƗƺǝƗg  ǻƺŧƸǭ ƼǱƘŧƸǝ ƷƳ ƠǞǾǁ ƤǕƘƛƴǪǾǁ  ƺǾǱǼǭ ǧƘƦǭ ǻƗƸƛ .ƳǸǁ
 ǴǪǅƘǝ ǀǽƗƺǝƗ ƘƛǷƳ ) ƷǷƘƪǭ ǯƘǮǩƗg(  ƹƗĩ/ģ  Ǵƛĩ/Ĥ ƸƢǭǷƸŨǾǭÛ  ƼǱƘŧƸǝ

 ǻƺŧƸǭƴǪǾǁ  ƹƗĦĬ/Ħ Ǵƛ ģĥ/Ī ƺơƸǵƗƸơ Ǽǭ ǧƘǢƢǱƗƹƗ ƴǪǾǁ ǼǽƗƷƘŧ Ƿ ƴƛƘǽ 
ĥī/ĥĤ  ƘơīĪ/ĤĤ ǼƽƳ ǨƛǼǭ ǀǵƘŧ ǯƋ ǻƺŧƸǭ ƼǱƘŧƸǝ ƷƳ .ƴƛƘǽǴƩǸơƘƛ 
 Ǵƛ ǨŨǁĤģ Ǽǭ ǴǪǅƘǝ Ƙƛ ǼǲǝƗƸū ǔƛƸǭ Ǵŧ ƠǞū ǯƗǸơǷƳ ) ƷǷƘƪǭ ǯƘǮǩƗg( 
ĩ/ģ ƸƢǭǷƸŨǾǭ ȅƘƛ ǳƷƗǸǮǵ ƴǪǾǁ ǼǽƗƷƘŧ ǻƗƷƗƳ ǻĤħ ǼƽƳǨƛ  ƼǱƘŧƸǝ ƹƗ
ĥĦ/Ħ  ƘơĨĨ/Ħ ƺơƸǵƗƸơ ǼǭǁƘƛ.ƴ 

 
 ôîÉ,+ 5 Ĉĉv½wí ĈÆĊÕwþâùÿ¾¤îõv ©vĀùv ºöĊÉwz È{Öé TM  yÆ³¾z

Üz¾ù ćv¾z Äýwí¾å xÿwþ£ ā½ÿ¹ wz Ĉþåv¾ñ ćwă- ¾¤ùÿ¾îĊù  ½vºêù ĂÅ ÿ

 äö¤¸ù ½ÿw¬ù ûwúõv ÿ¹ ĂöÍwåg 

 ǨŨǁĤĤ  ƴǪǾǁ ǼǽƗƷƘŧƷƳ  ǼǖƛƸǭ ƷƘƢƱƘƽ ǨŨǁĥ  Ƭǎƽ Ǵƽ ǻƗƸƛ ƗƷ
 ǼǭƸǝ ǻţƸǱƗĤĤĨ/ģ ÛĥĤĨ/ģ  ǷĦĤĨ/ģ ǯǷƸƢŨǩƗ ƠǩǷ Ƿ ǯƘǮǩƗ ǷƳ ǴǪǅƘǝ
) ƷǷƘƪǭg (ĩ/ģ  ƸƢǭǷƸŨǾǭǼǭ ǯƘǂǱ.ƴǵƳ  ƹƗ ƷƘƢƱƘƽ ǰǽƗĥģ  Ǵǽȅ

2SiOȅƸǽƹ ǻǷƷ Ǵƛ Ǵŧ ǰǝƗƸū/Ǵǽ ƼǲƩ ƹƗ ǻƗSi  ǳƴǁ ǨǾŨǂơ ÛǴƢǝƸū ƷƗƸǡ
.ƠƽƗ 
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 ôîÉ,, ĂÅ ćv¾z ºöĊÉ 5 Ĉù¾å ćÁ¾ýv ²ÖÅ,,0*+ I-,0*+  ÿ.,0*+ 

ûÿ¾¤îõv¢õÿ $ ½ÿw¬ù ûwúõv ÿ¹ ĂöÍwå ÿg #1*+ ¾¤ùÿ¾îĊù 

ǯƘǮǵǴŧƷǸǍ  ǀǽƗƺǝƗ Ƙƛ ǄƲǂǭcµ ƷƗƴǢǭ ǼǽƗƷƘŧ  ƴǪǾǁ ƺǾǱ ǀǽƗƺǝƗ
 Ƿ ǴƢǝƘǽ ǻƺŧƸǭ ƼǱƘŧƸǝ ƘƪƛƘƩ ƺǾǱ ƴǪǾǁǼǭ ǧƘƦǭ ǻƗƸƛ .ƳǸǁ ǀǽƗƺǝƗ Ƙƛ

cµ  ƹƗĤĤĨ/ģ  ƘơĦĤĨ/ģ ǯǷƸƢŨǩƗƠǩǷÛ  ǻƺŧƸǭ ƼǱƘŧƸǝ Ǽǲǖǽ) ƴǪǾǁ
ƠƽƗ ƴǪǾǁ ǼǽƗƷƘŧ ƸƦŧƗƴƭ ǻƗƷƗƳ Ǵŧ ǼƾǱƘŧƸǝ  ƹƗĦĬ/Ħ  ǴƛĨĨ/Ĩ ƺơƸǵƗƸơ 

Ǽǭ ƘƪƛƘƩ .ƳǸǁ ƺǾǱ ƴǪǾǁ ǼǽƗƷƘŧƹƗ ĥī/ĥĤ  ǴƛĦī/Ħĥ ǼƽƳ Ǩƛ ƼǱƘŧƸǝ ƷƳ
Ǽǭ ǀǽƗƺǝƗ ǻƺŧƸǭ .ƴƛƘǽƷƳ  ǨŨǁĤĤ  ƠƽƗ ǄƲǂǭǴŧ  Ƙƛ ǼǲǝƗƸū ǔƛƸǭ

ĦĤĨ/ģ ǯǷƸƢŨǩƗƠǩǷ  ǻȅƘƛ ǳƷƗǸǮǵ ƴǪǾǁ ǼǽƗƷƘŧ ǻƗƷƗƳĤĩ ǼƽƳǨƛ  ƨǱƷ ƷƳ
 ƼǱƘŧƸǝĤĩ/Ĩ  Ƙơģĥ/ĩ ƺơƸǵƗƸơ ǼǭǁƘƛ.ƴ 

 

 ôîÉ,- ¹vºÞ£ wz ĈÞz¾ù ½w¤·wÅ ĂÅ ćv¾z ºöĊÉ ½vºêù 5đĉĂwăć 

 ¹vºÞ£ )äö¤¸ùđĉĂwă üåv¾ñ*2SiO  wz ¢Åv ¾zv¾z ½w¤·wÅ üĉv ½¹,+  ÿ.+ 

 ÿ0+ Ăĉđ 

Ǵǽȅ ƳƗƴǖơ ƸƥƗ ǼƽƷƸƛ ǻƗƸƛ ǻƘǵ2SiO ƴǪǾǁ ǼǽƗƷƘŧ ǻǷƷ Ƹƛ ǰǝƗƸū/
ƷƘƢƱƘƽǻƘǵ  ƙǷƘǲƢǭ ǴǽƘř Ƹƛ Ƙƛ ǜǪƢƲǭ ƷƘƢƱƘƽ Ǵƽ ÛǨŨǁ ǼǖƛƸǭ ǰǝƗƸū
Ĥģ ÛĦģ  ǷĨģ  ǴǽȅǴƢǝƸūƸǒǱƷƳ ǼǭƘƽ Ǵƽ ǰǽƗ ǼǭƘǮơ ƷƳ .ƳǸǁƬǎƽ ƷƘƢƱ 

 ǰǝƗƸū ƷƳ ǼǭƸǝ ǻţƸǱƗĤĤĨ/ģ ǯǷƸƢŨǩƗƠǩǷÛ ) ƷǷƘƪǭ ǯƘǮǩƗ ǷƳ ǴǪǅƘǝg (
ĩ/ģ ƸƢǭǷƸŨǾǭ  ǷƙǷƘǲơ ǳƷǷƳ ƷƘƢƱƘƽ ĥ ƸƢǭǷƸŨǾǭ ǴƢǝƸūƸǒǱƷƳ ǼǭƳǸǁ .

 ǨŨǁĤĥ  ǀƜǎǡ Ƙƛ ƴǪǾǁ ǼǽƗƷƘŧ ƷƗƴǢǭTM  ǻƗƸƛ ƗƷ ƼǱƘŧƸǝ ƚƾƭƸƛ Ǵƽ
ȅ ƳƗƴǖơ Ƙƛ ƷƘƢƱƘƽǴǽ ǻƘǵ2SiOǼǭ ǯƘǂǱ ǜǪƢƲǭ ǰǝƗƸū/ .ƴǵƳǯƘǮǵǴŧƷǸǍ 

ƷƳ  ǨŨǁĤĥ  ǼǽƗƷƘŧ ƠƽƗ ǄƲǂǭƴǪǾǁ ƴǪǾǁ ǻƺŧƸǭ ƼǱƘŧƸǝ ƷƳ ƛ Ƙ
Ǵǽȅ ƳƗƴǖơ ǀǽƗƺǝƗǼǭ ǀǽƗƺǝƗ ƘǵƴƛƘǽ.  ǻƺŧƸǭ ƼǱƘŧƸǝ ƺǾǱ ǼŧƴǱƗ ƷƗƴǢǭƛ Ƙ
Ǵǽȅ ƳƗƴǖơ ǀǽƗƺǝƗ ƠƽƗƷ ƠǮƽ Ǵƛ ƘǵǼǭ ƘƪƛƘƩƳǸǁ ǀǽƗƺǝƗ Ƙƛ ǧƘƦǭ ǻƗƸƛ .

 ƳƗƴǖơȅǽǴƘǵǻ 2SiO ƹƗ ǰǝƗƸū/Ĥģ  ƘơĨģ ƹƗ ƴǪǾǁ ǼǽƗƷƘŧ Ûĩĥ/ĤĨ Ƙơ 
ħħ/ĦĦ ǼƽƳ ǨƛǻƺŧƸǭ ƼǱƘŧƸǝ Ƿ ǴƢǝƘǽ ǀǽƗƺǝƗ ǻƺŧƸǭ ƼǱƘŧƸǝ ƷƳ ǱƺǾ 
 ƹƗĥī/Ħ  ǴƛĦĬ/Ħ ƺơƸǵƗƸơ Ǽǭ ǧƘǢƢǱƗ.ƴƛƘǽ 

 ǨŨǁĤĦ ƗƷƘŧǼǽ ǁǾƴǪ  ǀƜǎǡ ƘƛTM ƗƸƛ ƗƷǻ ǔƛƸǭ ƷƘƢƱƘƽƘǵǻ 
ǲǝƗƸūǼ  ǨŨǁĥƗƸƛ Ûǻ  ƠǭƘƲǉ ƹƗ ǜǪƢƲǭ ƷƗƴǢǭ ǴƽSiO2ţƸǱƗ Ƭǎƽ Ûǻ 

ǭƸǝǼ  ǰǝƗƸūĤĤĨ/ģ ǯǷƸƢŨǩƗ ƷǷƘƪǭ ǯƘǮǩƗ ǷƳ ǴǪǅƘǝ ÛƠǩǷ(g) 6/0 
ǭǾƸƢǭǷƸŨ  ƙǷƘǲơ ǳƷǷƳ Ƿĥ ǭǾƸƢǭǷƸŨ ǭ ǯƘǂǱǼƴǵƳȅ ƳƗƴǖơ .ǽǴƘǵ ǱǾƺ ĥģ 

ǯƘǮǵ .ƠƽƗ ǳƴǁ ǇƸǝǴŧƷǸǍ  ǨŨǁ ƷƳĤĦ ǭ ǳƴǵƘǂǭǼƳǸǁ ƗƷƘŧǼǽ ǁǾƴǪ 
ƗƺǝƗ Ƙƛǽǀ  ƠǭƘƲǉSiO2 ƗƺǝƗǽǀ ǽǴƢǝƘ ƺŧƸǭ ƼǱƘŧƸǝ Ƿǻ  ƷƗƴǢǭ Ǵƛ ǯƋ
ƾƛǾƷƘ ǮŧǼ ǭ ƘƪƛƘƩǼƳǸǁƗƸƛ .ǻ ƗƺǝƗ Ƙƛ ǧƘƦǭǽǀ  ƠǭƘƲǉSiO2  ƹƗĨģ  Ǵƛ
Ĩģģ ƗƷƘŧ ƸƢǭǸǱƘǱǼǽ ǁǾƴǪ  ƹƗĥī/ĥĤ  Ǵƛĩĥ/ĥī ƽƳǼǨƛ ƗƺǝƗǽǀ ǭǼǽÛƴƛƘ 
ǲŢǮǵǾǰ ƺŧƸǭ ƼǱƘŧƸǝǻ ǱǾƺ  ƹƗĦĬ/Ħ  ǴƛħĬ/Ħ ǭ ƘƪƛƘƩ ƺơƸǵƗƸơǼƳǸǁ. 

 

 ôîÉ,. ĂÅ wz ĈÞz¾ù ½w¤·wÅ ćv¾z ºöĊÉ ½vºêù 5 ćv¾z ¡ÿwæ¤ù ¢ùw¸Ñ

2SiO Ăz Ăí wz ¢Åv ¾zv¾z yĊ£¾£0+ I-++  ÿ0++ ¾¤ùĀýwý 

/(.( ºöĊÉ Ĉĉv½wí ¾z ĈÊzw£ ºù ÿ Èzw£ Ăĉÿv¿ ¾§v ĈÅ½¾z 

 ǨŨǁĤħ  Ƿ ǨŨǁĤĨ  Ƙƛ ǼƾǾǍƘǲǚǭǷƸƢŨǩƗ ƧƗǸǭƗ ƸƛƗƸƛ ƷƳ ƴǪǾǁ ǼǽƗƷƘŧ
 ǀƜǎǡTM ǔƛƸǭ Ƿ ǼǲǝƗƸū ǻƘǵƷƗǸǱ ǻƗƸƛ ƼǱƘŧƸǝ ƚƾƭƸƛ ǼǲǝƗƸū ǻƘǵ

 ƙǷƘǲơ ǳƷǷƳ Ƙƛĥ ƸƢǭǷƸŨǾǭ Û ǼǭƸǝ ǻţƸǱƗĤĤĨ/ģ ǯǷƸƢŨǩƗƠǩǷ  ƷƗǸǱ ǇƸǕ Ƿ
ĩ/ģ ƸƢǭǷƸŨǾǭ Ƹǭ ǷƳ ǴǪǅƘǝ Ƿ ǔƛĩ/ģ ƸƢǭǷƸŨǾǭ  ǀƛƘơ ǴǽǷƗƹ ǷƳ ǻƗƸƛ ƗƷ

 Ƿ ǬǾǢƢƾǭĩģ Ǽǭ ǯƘǂǱ ǴƩƷƳ.ƴǲǵƳ ǴƩǸơƘƛ Ǵǽȅ Ǵƛ ǻƗǯƳǸƛ  ǴǽǷƗƹ ƷƘƢƱƘƽ
 ǀƛƘơƥƎơǾƸ ƠǾǪƛƘǡ ƹƗ ƸŬǽƳ ǼŨǽ ǰǽƗƸƛƘǲƛ .ƳƷƗƴǱ ƴǪǾǁ ƷƗƴǢǭ Ƹƛ ǼǱƗƴǲš ǻƘǵ

ƴǪǾǁ ƷƘƢƱƘƽǻƘǵ Ǽǭ ƗƷ ǻƳƘǶǲǂǾř ƴǪǾǁ ǼǽƗƷƘŧ ǻƸǽƶřƸǾǾǚơ ǫƴǕ ǯƗǸơ
ǀƛƘơ ǴǽǷƗƹ ƷƳ ǻƘǵ ǴǽǷƗƹ Ƙơ ǓǸǉǸǭ ǰǽƗ .ƠƾǱƗƳ ǨǽƘǭĩģ  ǻƗƸƛ ǴƩƷƳ
 ǀƜǎǡTM  ƷƳ ǨŨǁĤħ  ƷƳ Ƿ ǻƷƗǸǱ ƷƘƢƱƘƽ ǻƗƸƛ ǨŨǁĤĨ  ǻƗƸƛ

Ǽǭ ǳƴǵƘǂǭ ǼǖƛƸǭ ǻƘǵƷƘƢƱƘƽ.ƳǸǁ 

 

 ôîÉ,/½vºêù 5  Èzw£ Ăĉÿv¿ ÿ¹ wz ć½vĀý ½w¤·wÅ ćv¾z ºöĊÉ+  ÿ Ă«½¹

1+ Ă«½¹ 

 ǨŨǁĤĩ ƗƷƘŧǼǽ ǁǾƴǪ ǍƘǲǚǭǷƸƢŨǩƗ ƧƗǸǭƗ ƸƛƗƸƛ ƷƳǾƾǼ  ƚƾƭƸƛ
ƗƸƛ ƼǱƘŧƸǝǻ ƘǵƷƗǸǱǻ ǲǝƗƸūǼ  ƙǷƘǲơ ǳƷǷƳ Ƙƛĥ ǭǾÛƸƢǭǷƸŨ ţƸǱƗǻ ǭƸǝǼ 
ĤĤĨ/ģ ǯǷƸƢŨǩƗ ƷƗǸǱ ǇƸǕ Ƿ ƠǩǷĩ/ģ ǭǾƸƢǭǷƸŨ ƗƸƛ ƗƷǻ  ǀƜǎǡ ǷƳTM 
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 ǷTE ǷƗƹ ƘƛǽǴ  ǀƛƘơĩģ ǭ ǯƘǂǱ ǴƩƷƳǼǲǵƳƴǯƘǮǵ . ǨŨǁ ƷƳ ǴŧƷǸǍĤĩ 
ǭ ǳƴǵƘǂǭǼÛƳǸǁ  ǀƜǎǡTE  ǷTM Ǯŧ ƸƥƗǼ ǁ ƸƛǾƴǪ Ɨ .ƳƷƗƳǽǰ  ǛȆƢƱƗ
ǩƳ Ǵƛ ǬŧǾǨ ŦšǸŧ ƟƷƘƜǕ ǯƳǸƛĤ-)(k0/keff) Ĭsin2(ɗ)) ǴǎƛƗƷ ƷƳ (ħ (
.ƠƽƗ Ƹƛ 

 

 
 ôîÉ,05  Èzw£ Ăĉÿv¿ ÿ¹ wz ĈÞz¾ù ½w¤·wÅ ćv¾z ºöĊÉ ½vºêù+  ÿ Ă«½¹

1+ Ă«½¹ 

 
 ôîÉ,15  Èzw£ ÿ¹ wz ć½vĀý ½w¤·wÅ ćv¾z ºöĊÉ ½vºêùTM,TE  Ăĉÿv¿ ÿ

 Èzw£1+ Ă«½¹ 

 ǨŨǁĤĪ  ƚƾƭƸƛ ǼƾǾǍƘǲǚǭǷƸƢŨǩƗ ƧƗǸǭƗ ƸƛƗƸƛ ƷƳ ƴǪǾǁ ǼǽƗƷƘŧ
 ǻƗƸƛ ƼǱƘŧƸǝǔƛƸǭǻƘǵ  ƙǷƘǲơ ǳƷǷƳ Ƙƛ ǼǲǝƗƸūĥ  ÛƸƢǭǷƸŨǾǭ ǼǭƸǝ ǻţƸǱƗ

ĤĤĨ/ģ ǯǷƸƢŨǩƗƠǩǷ  ǔƛƸǭ ǷƳ ǴǪǅƘǝ Ƿĩ/ģ ƸƢǭǷƸŨǾǭ  ǀƜǎǡ ǷƳ ǻƗƸƛ ƗƷ
TM Ƿ TE  Ƙƛ ǀƛƘơ ǴǽǷƗƹĩģ  ǴƩƷƳǼǭ ǯƘǂǱƴǵƳ . ǀƛƘơ ƷƳ ƟǷƘǞơ ƘǶǲơ
TM  ǷTE  ƟƷƘƜǕ)))ɗ(2sin×)eff/k0(k×(0.5-1/(1 ƠƽƗ ]Ĥĩ[ .
ǯƘǮǵǴŧƷǸǍ Ǽǭ ǳƴǵƘǂǭƳǸǁ  ǀƜǎǡTE  ǷTM Ǯŧ ƸƥƗǼ  Ƹƛ ǼǽƗƷƘŧǁǾƴǪ 
ƳƷƗƳ . ƷƳ ǻƳƘǶǲǂǾř ǻƘǵƴǪǾǁ ǰǽƗƸƛƘǲƛǀƜǎǡƘǵǻ TE  ǷTM  ǛȆƢƱƗ ƺǾǱ

 ǻƷƗǸǱ ǻƘǵƷƘƢƱƘƽ ǻƗƸƛ ǓǸǉǸǭ ǰǽƗ .ƴǱƷƗƳ ǼǮŧ ƷƳ ǨŨǁ ǨŨǁĤĩ  Ƿ
 ǻƗƸƛ ƷƳ ǨŨǁ ǼǖƛƸǭ ǻƘǵƷƘƢƱƘƽ ǨŨǁĤĪ Ǽǭ ǳƴǵƘǂǭ.ƳǸǁ 

0( Ă¬Ċ¤ý 

Ɨ ƷƳǰǽ  ǴǩƘǢǭǷƳ  ƙǷƘǲƢǭ ƷƘƢƱƘƽ ǴǽƘř Ƹƛ ǰǝƗƸūŬǽƳ Ƿ ƷƗǸǱ ǨŨǁ Ǵƛ ǼŨǽ ǻƸ
ǔƛƸǭ ǨŨǁ Ǵƛ ǻƘǵǴƛ ǼǲǝƗƸū ǯƗǸǲǕ ƳƘǶǲǂǾř ǼƾǾǍƘǲǚǭǷƸƢŨǩƗ ƧƗǸǭƗ ƴǪǾǁ

Ǽǭ ƚƜƽ ƴǪǾǁ ƠƱƘƽ ƷƳ ǰǝƗƸū ƹƗ ǳƳƘǞƢƽƗ .ƠƽƗ ǳƴǁ ǯƗǸƢƛ Ƙơ ƳǸǁ
ǬǾǒǲơ ǻƴǪǾǁ ƸǽƶřǴƩǸơƘƛ  Ǵƛƛ ƹƘǾǱǴǬǾǒǲơ ƠǾǪƛƘǡ .ƳƷǷƋ ƠƽƳ ǻƸǽƶř

ǴǾƜǁ Ƙƛ ƺǾǱ ǻƳƘǶǲǂǾř ǻƘǵƴǪǾǁǼǭ ǳƴǵƘǂǭ .ƴǁ ǼƽƷƸƛ ǻƹƘƽǁ Ƙƛ ƳǸ
ƛ Ǵŧ ǰǝƗƸū ƷƳ ǼǭƸǝ ǻţƸǱƗ ƸǾǾǚơǴ ǼƢƭƗƷ ƻƘǽƘƛ ƸǾǾǚơ ƘƛDC  ǻǷƷ Ƹƛ

ǯƘŨǭƗ ǰǝƗƸūǼǭ ÛƠƽƗ ƸǽƶřǾǁ ǻƺŧƸǭ ƼǱƘŧƸǝ ǯƗǸơǪƴŨǁ ǼǖƛƸǭ ǻƘǵǨ 
 .ƳƷƗƳ ƸǾǾǚơ ƗƷǼǮǱ ǳƴǽƳ ǻƷƗǸǱ ǻƘǵƴǪǾǁ ƷƳ ƠǾǪƛƘǡ ǰǽƗ.ƳǸǁ ƴǖơ ƸƥƗ ƳƗ

Ǵǽȅ ǻƘǵ2SiO ƠǭƘƲǉ ÛƴǪǾǁ ƷƘƢƱƘƽ ƷƳ ǰǝƗƸū/2SiO ǰǾƛ ǴǪǅƘǝ Û
ǯƘǮǩƗƘƽ ƴǪǾǁ ǼǽƗƷƘŧ ǻǷƷ Ƹƛ ƺǾǱ ƷƗǸǱ ǇƸǕ Ƿ ƘǵǴƛ ǻƳƘǶǲǂǾř ǻƘǵƷƘƢƱ

 .ƴǁ ǼƽƷƸƛ ǨǭƘŧ ƟƷǸǅ ǻƘǵƴǪǾǁ ǼƭƗƸǍ ƷƳ ƟƘƜƽƘƮǭ ǰǽƗ ƨǽƘƢǱ
 .ƠƽƗ ƴǲǭƳǸƽ ƺơƸǵƗƸơ ƼǱƘŧƸǝ ƷƳ ǼƾǾǍƘǲǚǭǷƸƢŨǩƗƷƘŧ ǴƜƽƘƮǭ ǻƗƸƛ ǼǽƗ

 ǯƳǸƛ ǼǪǾǪƮơ .ƠƽƗ ǳƴǁ ƳƘǶǲǂǾř ǧƘǢƢǱƗ ǌƱ ƿǷƷ ǴǩƘǢǭ ǰǽƗ ƷƳ ƴǪǾǁ
Ǽǭ ƚƜƽ ƿǷƷ ǰǽƗ ǳƳƹƘƛ Ƙơ ƳǸǁǮǍƗ ǻƗƸƛ .ƴǁƘƛ ȅƘƛ ƷƘǾƾƛ ǯƋƗ ǯƘǲǾ ƹ
ƛ ƨǽƘƢǱ ƠƮǅǴƠƽƳǫƸǱ ƹƗ ǳƴǭƋƷƗƺǝƗ ǻƷƘƪơ CST-MWS  ǳƳƘǞƢƽƗ ƺǾǱ

.ƴǁ ƸǶƛ ƘƛǳūǻƸǾ ƘǵƷƘƢƱƘƽ ƹƗǻ  ƙǷƘǲƢǭǼǭ ǰǝƗƸū ǴǽƘř Ƹƛ ǯƗǸơƘǵƴǪǾǁ ǻ
ǬǾǒǲơ ǼƾǾǍƘǲǚǭǷƸƢŨǩƗƼǱƘŧƸǝ ƷƳ Ƹǽƶř Ƿ ǳƳƸŧ ǼƭƗƸǍ ƗƷ ƺơƸǵƗƸơ ǻƘǵ

ǳƳƘǞƢƽƗ ƺơƸǵƗƸơ ǼŨǾǱǷƸƢŨǩƗ Ƿ ǼơƗƸƛƘƲǭ ǻƘǵƷƗƴǭ ƷƳ ƘǶǱƋ ƹƗ .ƳƸŧ 
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