
․

․ ․



2 
 

 4 

 4 

 6 

 6 

 7 

 8 

 9 

 9 

 9 

․ 

 10 

 10 

 11 

 17 

 23 

 25 

 29 

 39 

 46 

 47 

 59 

․ 

 66 

 66 

 72 

 81 

 83 



3 
 

 90 

 92 

․ 

 97 

 97 

 100 

 107 

 110 

 112 

 113 

 114 



4 
 



5 
 



6 
 



7 
 



8 
 

 

 

 

 

 



9 
 



10 
 

․

․

․

t 

a0 d 



11 
 

․

․

․

 



12 
 

․ ․



13 
 

𝑡0 =
2/(𝑖𝜆)

4(𝑤/𝜆) cos(𝑘0𝑡)[ln(
𝑘0𝑤

2
)−

3

2
]−sin(𝑘0𝑡)

𝑤 𝑡 𝑘0

𝜆

․

𝑤

𝑤

𝑤

𝑤

𝑇ռեզ. = 𝜆/𝜋𝑤

𝑇ռեզ. 𝑤

𝜆



14 
 

․

𝑇Բե = 64(𝑘𝜔𝑟)4/27𝜋2

𝑘𝜔

𝑘𝜔𝑟

𝑇Բո = 𝑇Բե (1 +
22

25
(𝑘𝜔𝑟)2 +

7312

18375
(𝑘𝜔𝑟)4 + 𝑂(𝑘𝜔𝑟)6)

𝜆 ≤ 2𝜋𝑟



15 
 

․



16 
 

․



17 
 

𝑇ռեզ =
3

4𝜋

𝜆ռեզ
2

𝑥𝑦



18 
 

․

․



19 
 

𝑤

𝑤

𝑤



20 
 

𝒌ՄՊՊ = 𝒌ընկնող + 𝒌կառուցվածք 𝒌ՄՊՊ

𝒌ընկնող 𝒌կառուցվածք

․

𝜀Էֆ(𝜔) = (𝜋2𝑑2𝜀անցք/8𝑤
2)(1 − 𝜔𝑝

2 − 𝜔2)

𝜀անցք 𝜔𝑝




21 
 

․

․

․



22 
 



23 
 

․

․

․



24 
 

±3°

 

․

․

․



25 
 



26 
 



27 
 



28 
 



29 
 

․

𝐻𝑧 , 𝐸𝑥, 𝐸𝑦 ≠ 0

𝐸𝑥
𝑖𝑛(𝑦) = 𝐸0𝑒

𝑖𝑘𝑦 𝐻𝑧
𝑖𝑛(𝑦) = −𝐸0𝑍

−1𝑒𝑖𝑘𝑦

exp(−𝑖𝜔𝑡)

𝑘 = 2𝜋/𝜆 𝜀𝑑

𝜆 = 𝜆0/√𝜀𝑑 𝜆0 𝐸0

𝑍

𝑡 ≪ 𝑑 ≪ 𝜆



30 
 

𝑡 < 𝑑

𝜌 > 𝜆 𝜌 = √𝑥2 + 𝑦2

 

𝜀𝑑

ʹ ʹ

𝐸𝜑
𝑠𝑐(𝜌) = 𝐵𝐻1

(1)
(𝑘𝜌)

𝐻𝑧
𝑠𝑐(𝜌) = −𝑖𝐵𝑍−1𝐻0

(1)
(𝑘𝜌) (𝜌 ≫ 𝑑)

𝐻𝑛
(1)

𝐸𝜑 = −𝐸𝑥𝑠𝑖𝑛𝜑 + 𝐸𝑦𝑐𝑜𝑠𝜑 𝜑

․

𝜑



31 
 

․

․

𝑘𝜌 ≪ 1

(ա) (բ) 

(գ) 



32 
 

𝐸𝜑
𝑠𝑐(𝜌) ≅

−2𝑖𝐵

𝜋𝑘𝜌

𝐻𝑧
𝑠𝑐(𝜌) ≅

−𝑖𝐵

𝑍
[1 +

2𝑖

𝜋
ln(𝑘𝜌)]

𝐻0
(1)

𝑘𝜌 ≪ 1

𝑘𝜌

≅ −0.074𝑖

𝜌 ≪ 𝜆

𝐸𝑥
𝑆𝐶(+)(x, y = 0) = Aϑ (

d

2
− |x|)

𝐸𝑥
𝑆𝐶(+)



𝐸𝑥
𝑆𝐶(−)

𝐸𝑥
𝑆𝐶(+)(x, y) =

Ad

2π
∫

sin(kd
2⁄ )

(kd
2⁄ )

eikx−|k|y∞

−∞
dk

𝜔

Е~е−𝑖𝜔𝑡

𝐸𝑥
SC(+)(x, y) =

A

π
{𝑎𝑟𝑐𝑡𝑎𝑛 [

2(
2𝑦

𝑑
)

(
2𝑦

𝑑
)
2
+(

2𝑥

𝑑
)
2
−1

] + 𝜋ϑ (1 − [
2𝑦

𝑑
]
2

− [
2𝑥

𝑑
]
2

)}

divE⃗⃗ = 0

Ez = 0 Ey(x, y)

𝐸𝑦
SC(+)(x, y) = −

A

2π
𝑙𝑛 [

(
2𝑦

𝑑
)
2
+(1+

2𝑥

𝑑
)
2

(
2𝑦

𝑑
)
2
+(1−

2𝑥

𝑑
)
2]



33 
 

․

․

𝐴 = 1

𝐸𝑥
(+)(0,0) = 1

․



34 
 

․

․

d ≪ 𝜌 ≪ 𝜆

𝐸𝜌
𝑆𝐶(+)

= 0

𝐸𝜑
𝑆𝐶(+)

= −
𝐴𝑑

𝜋𝜌

𝐴 =
1

𝑑
∫ 𝐸𝜑

𝑆𝐶(+)
𝑑

2

−
𝑑

2

(𝑥, 𝑦 = 0)𝑑𝑥

𝐵 =
−𝑖𝜋𝑑

𝜆
𝐴

𝐸0

𝐴 d ≪ 𝜆

․

𝐸𝑥
(−)(y) = 2𝑖𝐸0sin(𝑘𝑦) 𝐻𝑧

(−)(y) = −2𝐸0𝑍
−1cos(𝑘𝑦)

𝑦 = 0

𝐸𝑥



35 
 

𝐸𝑥
SC(−)

𝐸𝑥
SC(+)(𝑥, 𝑦) = 𝐸𝑥

SC(−)(𝑥, −𝑦) ․ 𝐸𝑥
SC

𝜕𝐸𝑥
SC

𝜕𝑦

𝐻𝑧
SC(+)(𝑥, 𝑦) = −𝐻𝑧

SC(−)(𝑥, −𝑦) ․

𝐻𝑧
SC(+)

= 𝐻𝑧
(−)

+ 𝐻𝑧
SC(−)

𝐻𝑧
SC(+)

= 𝐻𝑧
(−)

− 𝐻𝑧
SC(+)

․

𝐻𝑧
SC(+)

= −𝐸0/𝑍

𝐸0 𝐴

𝑱𝑚 =

−2�̂� × 𝑬𝑎 �̂�

𝑬𝑎

𝑱𝑚 = 2𝐴𝑑�̂�

𝜌 ≫ 𝑑

𝜌 ≫ 𝑑

2

𝑑
∫ 𝐻𝑧

SC(+)
𝑑𝜌

𝑑/2

0
= −

𝐸0

𝑍

𝜌 ≤ 𝑑/2

𝐻𝑧
SC(+)

․

𝐴 =
𝜆

𝑑

𝑖

𝑖𝜋+2[𝑙𝑛(
𝜆

𝜋𝑑
)+1]

𝐸0

𝐴/𝐸0

𝜆/𝑑



36 
 

(𝜌 ≫ 𝜆)

𝐻𝑧
SC(+)(𝜌) ≅

−𝑖𝐵

𝑍
√

2

𝜋𝑘𝜌
𝑒𝑖(𝑘𝜌−

𝜋

4
)

𝐸𝜑
(+)

= 𝑖𝑍𝐻𝑧
SC(+)

𝑒−𝜋/2

𝜌 𝑆𝜌 =
1

2
𝑍|𝐻𝑧

SC(+)
|
2

𝑃𝑡𝑟 = ∫ 𝑆𝜌𝜌𝑑𝜑
𝜋

0
=

𝜆

2𝑍

1

𝜋+
4

𝜋
[𝑙𝑛(

𝜆

𝜋𝑑
)+1]

2 𝐸0
2

ɳ𝑡𝑟 =
𝜆

𝑑

1

𝜋+
4

𝜋
[𝑙𝑛(

𝜆

𝜋𝑑
)+1]

2

𝜆 > 𝑑 𝑑 𝜆/𝑑

𝑙𝑛(𝜆/(π𝑑))

𝜆 ≫ 𝑑

․

ʹ ʹ



37 
 

𝜆

𝑑
> 10

𝜆

𝑑
~5

𝜆/𝑑

․

𝜆

𝑑
> 10

ɳ𝑡𝑟 ≫ 1

𝜆/𝑑

𝜆/𝑑 ≤ 5 𝑑 = 800



38 
 

𝑡 ≪ 𝑑

․

𝑑

𝑡
= 10

𝑑

𝑡
=

2.5 𝑡 ≪ 𝑑

𝜆 ≫ 𝑑 ․

ꓥ

𝑡 ≪ 𝑑 ≪ ꓥ ≪

𝜆 𝑑 ≪ ꓥ



39 
 

ɳ𝑡𝑟𝑑 ≥ ꓥ

․

ɳ𝑡𝑟𝑑 = ꓥ

ꓥ



40 
 

 

․

 

․

ϕ ․

(ա) (բ) 



41 
 

․

․

․

․

․

𝑡 < 𝑑



42 
 

․

․

 

․

𝑡 <

𝑑 ․



43 
 

․



44 
 

․

․



45 
 

․

․

․



46 
 

․

 



47 
 

 

 

 

 

 



48 
 

𝑖

𝐸𝑖(𝑥, 𝑦) = 𝑐𝑖 + 𝑎𝑖𝑥 + 𝑏𝑦𝑦 𝐸𝑖(𝑥, 𝑦) = 𝑐𝑖 +

𝑎𝑖
1𝑥 + 𝑏𝑖

1𝑦 + 𝑎𝑖
2𝑥2 + 𝑏𝑖

2𝑦2 + 𝑎𝑖
3𝑥3 + 𝑏𝑖

3𝑦3

𝑎𝑖
𝑗

𝑏𝑖
𝑗

․

․

․



49 
 

 

 

 

 

 

 

 

 

․

 

 

 

 

 



50 
 

 

 

 

 

 

�̂� × (𝑬1 − 𝑬2) = 0

�̂� × (𝑯1 − 𝑯2) = 0

�̂�

𝐉 𝜌



51 
 

�̂� × (𝑬1 − 𝑬2) =
𝜌

𝜀

�̂� × (𝑯1 − 𝑯2) = 𝐉

1

𝜇1
�̂� × 𝑟𝑜𝑡𝑬 −

𝑖𝑞

𝛾
�̂� × 𝑟𝑜𝑡𝑬 = 0

 

1

𝜀1
�̂� × 𝑟𝑜𝑡𝑯 − 𝑖𝑞𝛾�̂� × 𝑟𝑜𝑡𝑯 = 0

𝛾 = √𝜇2/𝜀2 𝑞 = 𝜔√𝜇0/𝜀0

 ․

�̂� × 𝑬 = 0 �̂� × 𝑯 = 0

 ․

�̂� × 𝑬 = 0 �̂� × 𝑯 = 0

 

𝛽 𝑬𝟎

𝑯𝟎

�̂� × 𝑟𝑜𝑡𝑬 − 𝑖𝛽(𝑬 − (�̂� ∙ 𝑬)�̂�) = −2𝑖𝛽(𝑬𝟎 − (�̂� ∙ 𝑬𝟎)�̂�)

�̂� × 𝑟𝑜𝑡𝑯 − 𝑖𝛽(𝑯 − (�̂� ∙ 𝑯)�̂�) = −2𝑖𝛽(𝑯𝟎 − (�̂� ∙ 𝑯𝟎)�̂�)

 



52 
 

 

𝐿 = (

𝑎 − 𝑖𝑏 0 0

0
1

𝑎−𝑖𝑏
0

0 0 𝑎 − 𝑖𝑏

)

|𝑬| = |𝑬0|𝑒
−𝑏𝑘𝑦Δ𝑦



53 
 

․



54 
 

 

 

․

․ ․



55 
 

․

․

․



56 
 

1

𝜇
∇ × (∇ × 𝑬) − 𝑘0

2 (𝜀 −
𝑖𝜎

𝜔𝜀0
)𝑬 = 𝟎

𝑬(𝑥, 𝑦, 𝑧) = 𝑬(𝑥, 𝑦)𝑒−𝑖𝑘𝑧𝑧

𝑘𝑧 = 0

․



57 
 

 

 

 

․

․

․

․



58 
 

․

~70°

․



59 
 

𝑬(𝑡),𝑯(𝑡)

𝑬(𝑡) → 𝑬𝑛∆𝑡 𝑯(𝑡) → 𝑯(𝑛+
1

2
)∆𝑡

․

𝑬𝑛+1 = 𝑬𝑛 +
∆𝑡

𝜀
𝛁 × 𝑯𝑛+

1
2

𝑯𝑛+
3

2 = 𝑯𝑛+
1

2 −
∆𝑡

𝜇
𝛁 × 𝑬𝑛+1

𝑬0 → 𝑯
1

2 → 𝑬1 → 𝑯
3

2 →

𝑬2 → ⋯𝑯
2𝑁−1

2 → 𝑬𝑁

․



60 
 

․

․

∆𝐵𝑧

∆𝑡
= −∮ 𝑬𝑑𝒍



𝐶
= −∮ 𝑬𝑑𝒍



𝐶1



61 
 

~(𝜆/𝑑𝑥)3 ~(𝜆/𝑑𝑥)2

~(𝜆/𝑑𝑥)4 ~(𝜆/𝑑𝑥)3

𝜆/10

𝜆

𝑬(𝜔) =
1

𝑠(𝜔)
∫ 𝑒𝑖𝜔𝑡𝑬(𝑡)𝑑𝑡

𝑇𝑠𝑖𝑚

0

𝑇𝑠𝑖𝑚 𝑠(𝜔)

𝑠(𝜔) = 1

𝑠(𝑡) = 𝛿



62 
 

𝑬(𝑥 + 𝑎) = 𝑒𝑖𝑘𝑎𝑬(𝑥)

․

․

․



63 
 

․

․

․

․



64 
 

․

․



65 
 

․



66 
 

․



67 
 

․

․

𝑬𝑖 = (0, 𝐸𝑖𝑦 , 𝐸𝑖𝑧) 𝑒−𝑘𝑖⊥|𝑦|𝑒𝑖(𝑞𝑖𝑥−𝜔𝑡)

𝑯𝑖 = (𝐸𝑖𝑥 , 0,0)𝑒
−𝑘𝑖⊥|𝑦|𝑒𝑖(𝑞𝑖𝑥−𝜔𝑡)

𝑞𝑖 𝑖

𝑖 = 1 𝑖 = 2

𝑘𝑆𝑃𝑃 = 𝑞1 = 𝑞2 =
2𝜋

𝜆
√

𝜀𝑑𝜀𝑚

𝜀𝑑+𝜀𝑚

2𝜋

𝜆

𝑘𝑆𝑃𝑃



68 
 

𝜀𝑑 = 1

𝑘𝑆𝑃𝑃 =
2𝜋

𝜆
√

𝜔2−𝜔𝑝
2

2𝜔2−𝜔𝑝
2

𝜔𝑝 𝑘⊥

ʹ ʹ

(𝑘⊥
𝑑,𝑚)

2
= 𝜀𝑑,𝑚(2𝜋/𝜆)2 − (𝑘𝑆𝑃𝑃

 )2

𝑘⊥ 𝑘𝑆𝑃𝑃


𝑘𝑆𝑃𝑃
 2𝜋

𝜆

𝑙𝑆𝑃𝑃

𝑘𝑆𝑃𝑃


𝑙𝑆𝑃𝑃 =
1

2𝐼𝑚(𝑘𝑆𝑃𝑃
 )

=
2

[𝑅𝑒(𝑘𝑆𝑃𝑃
 )]

3

[2𝜋𝑅𝑒(ε𝑚)]2

𝜆2𝐼𝑚(ε𝑚)

․ 𝑘𝑆𝑃𝑃


𝑅𝑒(𝜀𝑚) < 0

𝐼𝑚(𝜀𝑚) ≪ −𝑅𝑒(𝜀𝑚)



69 
 

𝑅𝑒(𝜀𝑚) < 0 𝐼𝑚(𝜀𝑚) ≪ −𝑅𝑒(𝜀𝑚)

․ 

․

․



70 
 

․

𝜃𝑆𝑃𝑃

․

𝛽 =
𝜔

𝑐
√𝜀𝑝𝑟𝑖𝑠𝑚sin𝜃

․

․

𝛽 = 𝑘𝑖𝑛𝑐sin𝜃 ± 𝑛𝐺

𝑘𝑖𝑛𝑐 𝐺 = 2𝜋/𝑎



71 
 

․

․



72 
 

𝜆/40

․

․ 

𝜆0 𝑑 → ∞

․



73 
 

𝜆0𝑆𝑃



74 
 

․



75 
 

․

𝜆0 𝜆0𝑆𝑃



76 
 

․

․



77 
 

․

․



78 
 



79 
 

․

․

․

𝛿𝜆

𝛿𝜆/𝜆~0.5𝜆𝑆𝑃/𝑙𝑆𝑃 𝜆𝑆𝑃

𝑙𝑆𝑃



80 
 

․

․

𝐿
2𝜋

𝜆𝑆𝑃
= 𝑚𝜋 − 𝜑

𝜑

𝜑



81 
 



82 
 

𝐿𝑟𝑒𝑠

𝜆𝑆𝑃𝑃



83 
 

y < 0

𝜀𝑚 ․ 

y > 0 𝜀𝑑

𝒌𝑖𝑛

𝑦 = 0

𝒌𝑟 y < 0

y < 0 −
𝑑

2
,

𝑑

2

․

𝐸𝑥
𝑖𝑛 = 𝐵𝑐ℎ𝜘𝑖𝑛𝑥𝑒𝑖(𝑘𝑖𝑛𝑦−𝜔𝑡)

𝐸𝑦
𝑖𝑛 =

𝑖𝜘𝑖𝑛

𝑘𝑖𝑛
𝐵𝑠ℎ𝜘𝑖𝑛𝑥𝑒𝑖(𝑘𝑖𝑛𝑦−𝜔𝑡)

𝐻𝑧
𝑖𝑛 = −

√𝜀𝑑𝑘0

𝑘𝑖𝑛
𝐵𝑐ℎ𝜘𝑖𝑛𝑥𝑒𝑖(𝑘𝑖𝑛𝑦−𝜔𝑡)

𝑘0 = √𝜀𝑑
𝜔

𝑐
𝑘𝑖𝑛

2 − 𝜘𝑖𝑛
2 = 𝜀𝑑

𝜔2

𝑐2

Y 

Z 

X 



84 
 

𝑑 ≪ 𝜆 |𝜘𝑖𝑛𝑑| ≪ 1 ․

𝑘𝑖𝑛 ≈ 𝑘0√1 +
2

𝑘0𝑑
√

𝜀𝑑

|𝜀𝑚
′ |

𝑒
𝑖𝜀𝑚

′′

2|𝜀𝑚
′ |

𝑘𝑖𝑛 ≈ 𝑘0√1 +
2

𝑘0𝑑
√

𝜀𝑑

|𝜀𝑚
′ |

(1 +

2

𝑘0𝑑√
𝜀𝑑

|𝜀𝑚
′ |

1+
2

𝑘0𝑑√
𝜀𝑑

|𝜀𝑚
′ |

𝑖𝜀𝑚
′′

|𝜀𝑚
′ |

)

․

𝑘𝑖𝑛 = 𝑘0√1 +
2

𝑘0𝑑
√

𝜀𝑑

|𝜀𝑚
′ |

(1 +

2

𝑘0𝑑√
𝜀𝑑

|𝜀𝑚
′ |

1+
2

𝑘0𝑑√
𝜀𝑑

|𝜀𝑚
′ |

𝑖𝜀𝑚
′′

2|𝜀𝑚
′ |

)

․

µ =
2

𝑘0𝑑
√

𝜀𝑑

|𝜀𝑚
′ |

𝑘𝑖𝑛 𝑘𝑖𝑛 = 𝑘′ + 𝑖𝑘′′

𝑘′ = 𝑘0√1 + µ

𝑘′′ = 𝑘0
µ

√1+µ

𝜀𝑚
′′

2|𝜀𝑚
′ |

𝑘𝑖𝑛
2 − 𝜘𝑖𝑛

2 = 𝜀𝑑
𝜔2

𝑐2 𝜘𝑖𝑛

𝜘′ = 𝑘0√µ

𝜘′′ = 𝑘0√µ
𝜀𝑚
′′

2|𝜀𝑚
′ |

․

𝐸𝑥
𝑟 = 𝐶𝑐ℎ𝜘𝑟𝑥𝑒−𝑖(𝑘𝑟𝑦+𝜔𝑡)

𝐸𝑦
𝑟 = −

𝑖𝜘𝑟

𝑘𝑟
𝐶𝑠ℎ𝜘𝑟𝑥𝑒−𝑖(𝑘𝑟𝑦+𝜔𝑡)
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𝐻𝑧
𝑟 =

√𝜀𝑑𝑘0

𝑘𝑟
𝐶𝑐ℎ𝜘𝑟𝑥𝑒−𝑖(𝑘𝑟𝑦+𝜔𝑡)

𝑘 = 𝑘𝑟 = 𝑘′ + 𝑖𝑘′′ = 𝑘𝑖𝑛 𝜘 = 𝜘𝑟 = 𝜘′ + 𝑖𝜘′′ = 𝜘𝑖𝑛

𝜆 ≫ 𝑑, 𝑦 > 0

𝜌 ≪ 𝜆(𝜌 = √𝑥2 + 𝑦2)

Ex(x, y = 0) = Aϑ (
d

2
− |x|)

𝐸𝑥
(+)(x, y) =

Ad

2π
е−𝑖𝜔𝑡 ∫

sin(kd
2⁄ )

(kd
2⁄ )

eikx−|k|y∞

−∞
dk

𝐸𝑥

𝐸𝑥 =
𝐴

𝜋
{𝑎𝑟𝑐𝑡𝑔 [

2(
2𝑦

𝑑
)

(
2𝑦

𝑑
)
2
+(

2𝑥

𝑑
)
2
−1

] + 𝜋𝜗 (1 − (
2𝑦

𝑑
)
2

− (
2𝑥

𝑑
)
2

)} 𝑒−𝑖𝜔𝑡

divE⃗⃗ = 0 𝐸𝑧 = 0 𝐸𝑦

𝐸𝑦 = −
𝐴

2𝜋
ln[

(
2𝑦

𝑑
)
2
+(1+

2𝑥

𝑑
)
2

(
2𝑦

𝑑
)
2
+(1−

2𝑥

𝑑
)
2] 𝑒

−𝑖𝜔𝑡

𝑦 ≈ 0, 𝐸𝑥 = 𝐴𝑒−𝑖𝜔𝑡 𝐸𝑦 =

−
𝐴

𝜋

4𝑥

𝑑
𝑒−𝑖𝜔𝑡

{
𝐴 ≈ 𝐵 + 𝐶

−
𝐴

𝜋

4𝑥

𝑑
≈

𝑖𝜘

𝑘
(𝐵 − 𝐶)𝜘𝑥
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𝐶 =
1−

4𝑖𝑘

𝜋𝜘2𝑑

1+
4𝑖𝑘

𝜋𝜘2𝑑

𝐵

𝐴 =
2𝐵

1+
4𝑖𝑘

𝜋𝜘2𝑑

4𝑖𝑘

𝜋𝜘2𝑑

𝑘 𝜘 µ

𝐶 =

1−
2+µ

𝜋√1+µ

𝜀𝑚
′′

√|𝜀𝑚
′ |𝜀𝑑

−
4𝑖

𝜋

√1+µ

2
√

|𝜀𝑚
′ |

𝜀𝑑

1+
2+µ

𝜋√1+µ

𝜀𝑚
′′

√|𝜀𝑚
′ |𝜀𝑑

+
4𝑖

𝜋

√1+µ

2
√

|𝜀𝑚
′ |

𝜀𝑑

𝐵

𝐴 =
2

1+
2+µ

𝜋√1+µ

𝜀𝑚
′′

√|𝜀𝑚
′ |𝜀𝑑

+
4𝑖

𝜋

√1+µ

2
√

|𝜀𝑚
′ |

𝜀𝑑

𝐵

𝑦 > 0

ρ ≫ d

𝐸𝜑 =
𝑖𝜋𝑑

𝜆
𝐴𝐻1

(2)
(𝑘𝜌)𝑒−𝑖𝜔𝑡 𝐻𝑧 =

𝜋𝑑

𝜆
𝐴√𝜀𝑑𝐻0

(2)
(𝑘𝜌)𝑒−𝑖𝜔𝑡 Eρ

(+,−)
= 0

𝑘 = √εd
𝜔

𝑐⁄ Hn
(2)

kρ ≫ 1

Hn
(2,1)

(kρ) ≈ √
2

πkρ
e∓i(kρ−nπ

2⁄ −π
4⁄ )

𝑃𝑒 =
√𝜀𝑑𝑐𝑑2

4𝜆
𝐴2
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𝑃0 =
𝑐√𝜀𝑑𝑑

2𝜆|𝑘𝑖𝑛|
𝐵2

𝑇21 =
𝑃𝑒

𝑃0
=

𝜋2√𝜀𝑑

8

𝜘4𝑑2

𝑘𝑠

𝑇21 =
𝑃𝑒

𝑃0
=

|𝑘𝑖𝑛|𝑑

(1+
2+µ

𝜋√1+µ

𝜀𝑚
′′

√|𝜀𝑚
′ |𝜀𝑑

)

2

+(
4

𝜋

√1+µ

2
√

|𝜀𝑚
′ |

𝜀𝑑
)

2

․
𝑃𝑒

𝑃0

√
𝜀𝑑

|𝜀𝑚
′ |

𝜆

𝑑
≫ 1

𝑃𝑒

𝑃0
~(

𝑑

𝜆
)
3/2

𝑃𝑒

𝑃0
~

𝑑

𝜆

𝑘′ℎ = 𝜑 + 2𝜋𝑛

𝜑
𝐶

𝐵
𝜑 = atan

𝐼𝑚(𝐶/𝐵)

𝑅𝑒(𝐶/𝐵)
𝑛

𝑒−2𝑘′′ℎ
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𝑇 =
(1−𝑅21)2𝑒−2𝑘′′ℎ

1−2𝑅21𝑒−2𝑘′′ℎ𝑐𝑜𝑠(𝑘′ℎ−𝜑)+𝑅21
2𝑒−4𝑘′′ℎ

𝑅21 = 1 − 𝑇21 𝑒−2𝑘′′ℎ ≪ 1

․

𝑘′ℎ =

𝜑

𝑇𝑚𝑎𝑥 =
(1−𝑅21)

2(1−2𝑘′′ℎ)

(1−𝑅21+2𝑘′′ℎ𝑅21)2

𝜀𝑚
 =𝜀𝑚

′ + 𝑖𝜀𝑚
′′ =

−49.47 + 𝑖 ∗ 3.6236
𝐶

𝐵
= 0.981507𝑒−𝑖2.81647

𝑘′ℎ = 2.81647

ℎ = 329 𝑘′

𝑒−2𝑘′′ℎ = 0.881375

․
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․

․ 𝐸𝑥 𝐸𝑦

ℎ𝑟𝑒𝑠 = 297

ℎ𝑟𝑒𝑠 = 327

ℎ𝑟𝑒𝑠 = 375

ℎ𝑟𝑒𝑠 = 411

𝐸𝑥

𝐸𝑥 = 𝐴𝑒−𝑖𝜔𝑡 𝑦 ≈ 0
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․

𝑦 < 0

․

y = 0

𝐸𝑥𝑛
𝑖𝑛 = 𝐵𝑐ℎ𝜘𝑖𝑛(𝑥 − 𝑛𝑝)𝑒𝑖(𝑘𝑖𝑛𝑦−𝜔𝑡)

𝐸𝑦
𝑖𝑛 =

𝑖𝜘𝑖𝑛

𝑘𝑖𝑛
𝐵𝑠ℎ𝜘𝑖𝑛(𝑥 − 𝑛𝑝)𝑒𝑖(𝑘𝑖𝑛𝑦−𝜔𝑡)

𝐻𝑧
𝑖𝑛 = −

√𝜀𝑑𝑘0

𝑘𝑖𝑛
𝐵𝑐ℎ𝜘𝑖𝑛(𝑥 − 𝑛𝑝)𝑒𝑖(𝑘𝑖𝑛𝑦−𝜔𝑡)

𝐸𝑥𝑛
𝑟 = 𝐶𝑐ℎ𝜘𝑖𝑛(𝑥 − 𝑛𝑝)𝑒−𝑖(𝑘𝑖𝑛𝑦+𝜔𝑡)

𝐸𝑦
𝑟 =

𝑖𝜘𝑖𝑛

𝑘𝑖𝑛
𝐶𝑠ℎ𝜘𝑖𝑛(𝑥 − 𝑛𝑝)𝑒−𝑖(𝑘𝑖𝑛𝑦+𝜔𝑡)

𝐻𝑧
𝑟 = −

√𝜀𝑑𝑘0

𝑘𝑖𝑛
𝐶𝑐ℎ𝜘𝑖𝑛(𝑥 − 𝑛𝑝)𝑒−𝑖(𝑘𝑖𝑛𝑦+𝜔𝑡)



91 
 

․

𝐸𝑥

𝜌 ≪ 𝜆(𝜌 = √𝑥2 + 𝑦2)

․

𝐸𝑥 = 𝐸0𝑒
𝑖(𝑘0𝑦−𝜔𝑡) + ∑ 𝑏𝑚𝑒−𝜂𝑚𝑐𝑜𝑠𝑚𝑞𝑥𝑒−𝑖𝜔𝑡∞

𝑚=1

𝑏𝑚 = 2𝐴
𝑑

𝑝

sin(
𝜋𝑑

𝑝
𝑚)

𝜋𝑑

𝑝
𝑚

𝐸0 =
𝑑

𝑝
𝐴 𝑞 =

2𝜋

𝑝
𝜂𝑚 = √(

2𝜋

𝑝
𝑚)

2

− 𝑘0
2

𝑝 ≪ 𝜆 𝜂𝑚

𝜂𝑚 =
2𝜋

𝑝
𝑚√1 − (

𝑝

𝑚𝜆
)
2

≈
2𝜋

𝑝
𝑚

𝑦 = 0

𝐸𝑦 ≈ −
𝐴

2𝜋
ln[

𝑠𝑖𝑛2𝜋

𝑝
(𝑑+2𝑥)

𝑠𝑖𝑛2𝜋

𝑝
(𝑑−2𝑥)

] 𝑒−𝑖𝜔𝑡

𝑦 > 0
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𝐸𝑥 = 𝐴𝑒−𝑖𝜔𝑡 𝐸𝑦 ≈ −
𝐴

𝜋
ln [

𝜋𝑑

𝑝
(1+

2𝑥

𝑑
)

𝜋𝑑

𝑝
(1−

2𝑥

𝑑
)
] 𝑒−𝑖𝜔𝑡 ≈ −

4𝐴

𝜋

𝑥

𝑑
𝑒−𝑖𝜔𝑡

𝐶 = 𝑒−2𝑖𝜑𝐵

𝐴 =
2𝐵

√1+(
4𝑘

𝜋𝜘2𝑑
)
2
𝑒−𝑖𝜑

𝑡𝑎𝑛𝜑 =
4𝑘

𝜋𝜘2𝑑

𝐸0 =
𝑑

𝑝
𝐴 =

2
𝑑

𝑝

√1+(
4𝑘

𝜋𝜘2𝑑
)
2
𝑒−𝑖𝜑𝐵

𝑆𝑡𝑟 =
4√𝜀𝑑

𝑑2

𝑝2𝐵

1+(
4𝑘

𝜋𝜘2𝑑
)
2

1

4𝜋𝑐

𝑆0 =
𝑘0

𝑘
𝐵2 𝑑

𝑝

1

4𝜋𝑐

𝑇𝑝𝑒𝑟𝑖𝑜𝑑𝑖𝑐 =
4√𝜀𝑑

𝑑

𝑝

1+(
4𝑘

𝜋𝜘2𝑑
)
2

𝑘

𝑘0
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․

․

․

․

․

1

𝜇
∇ × (∇ × 𝑬) − 𝑘0

2 (𝜀 −
𝑖𝜎

𝜔𝜀0
)𝑬 = 𝟎

𝑬(𝑥, 𝑦, 𝑧) = 𝑬(𝑥, 𝑦)𝑒−𝑖𝑘𝑧𝑧

𝑘𝑧 = 0
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․

․
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․

․
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․
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․
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․

(𝜆/𝑛)3

․

մկմ
3 4.8 × 105

․

․
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․

․

𝑄~8 × 109
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𝑄~1.3 × 104 ․

𝑄~1.21 × 105 ․

․

․



101 
 

․

 

 

 

 

․
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․

𝜀𝑑

𝑑 = 316

𝜀𝑑 = 2.5 𝐿 = 20

𝑤

ℎ

𝑤

𝐸𝑥

𝜀𝑑 = 2.5 ․
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․

․

æ

2

d m d

d m

d
tan

 

 

 
 

 

2
2

2d d k
c


  

2
2

2
æm mk

c


 

𝑘 𝜔

𝑐

․

𝐸𝑥 𝐸𝑦 𝐻𝑧

𝑤

𝜀𝑑 = 2.5

․ 𝐸𝑥
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․ 𝐸𝑥

․ ․
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․ 𝐸𝑥

𝑤 𝜀𝑑 = 2.5

․

5 × 10−4

․

․
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․ 𝐸𝑥

𝜀𝑑 = 2.5 𝑤

․

․
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․

․

․

․

․
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𝑘𝑧 = 0

․
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5 × 10−4
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̌ ́
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