


 

 

 



 

 

 

Los quiero mucho. 

Grecia Carolina Duque Giménez 
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𝑚 𝐾



 

 

 



 

 

 

 



 

 

 

 



 

 

 

𝒏𝒊𝒏𝒄 𝒏𝒄𝒍 𝒏𝒆𝒇𝒇 𝜽𝒊 º𝜽𝒓 º𝜽𝒄 º𝜵Ẽ 𝑉/𝑚𝝎 𝑟𝑎𝑑/𝑠𝑒𝑔𝒌 𝒌𝟎 𝒂 𝑚𝜸 𝑱𝒗 𝐴/𝑚2𝜷 𝑟𝑎𝑑𝝀𝟎 𝑚𝑯𝒊 𝑖 = 0,1 𝐴/𝑚𝑯𝒛 𝐴/𝑚𝑬𝒛 𝑉/𝑚𝜺𝒊 𝑖 = 1,2, … 𝐹/𝑚𝑽 𝑨, 𝑩 𝚫 𝑾 𝑚𝑾𝒆𝒇𝒇 𝑚𝑳𝝅 𝑚𝒑 



 

 

 

𝒄𝝂


𝒎 Nw/(𝑚/𝑠𝑒𝑔)Nw/𝑚𝒆(𝒕)
𝑭𝒆𝒙𝒕𝑭𝒔𝑾 𝑚/𝑠𝑒𝑔2𝒇𝒏𝝎𝒏𝑬 Nw/𝑚2𝑨 𝑚𝑚𝑰 𝑚2𝝆 𝑚3

 



 

 

 

 



 

 

 

 



 

 

 

 



 

 

 

𝜇𝑚∼
∼

∼



 

 

 

 



 

 

 

 

 

 

 

 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 

 

 



 

 

 

 𝜃𝑖
𝜃𝑟

𝑛0𝑠𝑖𝑛 𝜃𝑖 = 𝑛1𝑠𝑖𝑛 𝜃𝑟
𝜃  sin 𝜃 < 𝑛2 𝑛1⁄ 𝜃 > 𝜃𝑐 𝜃𝑐

sin 𝜃𝑐 < 𝑛2 𝑛1⁄



 

 

 

 

𝑛0 𝑛2 𝑛1 𝑛a 

 

b 

0 

  

𝜃𝑖 

𝜃𝑟 

𝑛0 𝑛1 

𝑛2 

𝜃𝑐 



 

 

 

𝑛0 𝑛0 𝑛1 𝑛2 
𝑛1 𝑛2

 

𝛻2Ẽ + n2(𝜔)𝑘02 = 0 

 Ẽ 𝜔 𝑘0



 

 

 

[𝑎𝛾2𝜅 𝐽0′ (𝜅𝑎)𝐽0(𝜅𝑎) + 𝑗𝛾𝑎 𝐻0(1)(𝑗𝛾𝑎)𝐻0(1)(𝑗𝛾𝑎)] = 0
[𝜀1𝜀2 𝑎𝛾2𝜅 𝐽0′ (𝜅𝑎)𝐽0(𝜅𝑎) + 𝑗𝛾𝑎𝐻0(1)(𝑗𝛾𝑎)𝐻0(1)(𝑗𝛾𝑎) ] = 0

𝜅 = √𝑘2 − 𝛽2 𝜀1 𝑦 𝜀2𝛾 𝑎𝐽0 𝑣 = 0 𝐻0 
𝐸𝑧 = 0 𝐻𝑧 = 0. 

𝐸𝑧 = 𝐴𝐽𝑣(𝜅𝑟)𝑒𝑗𝑣𝜙

𝐻𝑧 = 𝐵𝐽𝑣(𝜅𝑟)𝑒𝑗𝑣𝜙

𝐸𝑧 𝐻𝑧 = 0 𝑣 → 0 



 

 

 

𝑍0′ = −𝑍1

𝛾𝜅 𝐽1(𝜅𝑎)𝐽0(𝜅𝑎) + 𝑗 𝐻1(1)(𝑗𝛾𝑎)𝐻0(1)(𝑗𝛾𝑎) = 0

𝜀1𝜀2 𝛾𝜅 𝐽1(𝜅𝑎)𝐽0(𝜅𝑎) + 𝑗 𝐻1(1)(𝑗𝛾𝑎)𝐻0(1)(𝑗𝛾𝑎) = 0

𝑣 ≠ 0 
𝑣 = 0 



 

 

 

 

𝑉
𝑉 ≈  2,405  

𝑉
𝑉 ≡ 𝜅𝑐𝑎 = 2𝜋𝑎𝜆0 √𝑛12 − 𝑛22

𝜅c𝑎 " 𝑉 " 

𝑉 < 2.405  𝐿𝑃01
Δ

𝑉 = 2𝜋𝑎𝜆0 √𝑛12 − 𝑛22 = 2𝜋𝑎𝜆0 𝑛1√2Δ − Δ2

𝑛2 = 𝑛1(1 − Δ)



 

 

 

Δ = 𝑛1 − 𝑛2𝑛1
Δ pequeñ𝑜, Δ2 ≪ 2Δ

𝑉 ≈ 2𝜋𝑎𝜆0 √2𝑛1√Δ = 8.886 𝑎𝑛1𝜆0 √Δ

 



 

 

 

μ μ

μ μ

μ

 



 

 

 



 

 

 

 



 

 

 

𝑛𝑐𝑛𝑐𝑙𝑊𝑒𝑓𝑓

𝑊𝑒𝑓𝑓 ≈ 𝑊

𝑊𝑒𝑓𝑓 = 𝑊 + 12 (𝜆0/𝜋)(𝑛𝑐2 − 𝑛𝑐𝑙2 )−1/2 [(𝑛𝑐𝑙𝑛𝑐 )2 + 1]
𝑚

𝑣𝑊𝑒𝑓𝑓

𝑛𝑐 

𝑛𝑐𝑙 



 

 

 

𝐿𝜋 𝑣 = 0 𝑣 =  1 λ0 𝑛𝑒𝑓𝑓
𝑐𝑣

 

 𝑝

𝐿𝜋 = 4𝑛𝑒𝑓𝑓𝑊𝑒𝑓𝑓23𝜆0

ex p [𝑗 𝑣𝜋(𝑣 + 2)3𝐿𝜋 𝐿]



 

 

 

𝑝
 𝐿𝑁

 

𝑣(𝑣 +  2)

 

𝐿 = 𝑝(3𝐿𝜋)    𝑝𝑎𝑟𝑎   𝑝 = 0,1,2, ⋯

𝐿 = 𝑝2 (3𝐿𝜋)    𝑝𝑎𝑟𝑎   𝑝 = 1,3,5, ⋯

𝑚𝑜𝑑3[𝜈(𝜈 + 2)] = 0 para 𝜈 ≠ 2,5,8, ⋯

𝑐𝜈 = 0 para 𝜈 = 2,5,8, ⋯



 

 

 

𝜈 = 2,5,8, ⋯ (𝑝/2)𝐿𝜋 𝑝𝑁

𝑝 ≥ 0 𝑁 ≥ 1
 

𝐿 = 𝑝(𝐿𝜋) para  𝑝 = 0,1,2, ⋯

𝐿 = 𝑝𝑁 (𝐿𝜋)

𝑚𝑜𝑑4[𝜈(𝜈 + 2)] = 0 para 𝜈 par

𝑐𝜈 = 0 para 𝜈 = 1,3,5, ⋯

𝐿 = 𝑝 (3𝐿𝜋4 )  con 𝑝 = 0,1,2, ⋯



 

 

 

 𝑁

𝑁  𝑦 𝑊𝑒𝑓𝑓/𝑁
 

𝐿 = 𝑝𝑁 (3𝐿𝜋4 )



 

 

 

 

 

∆ ∆

  



 

 

 

 



 

 

 

 

 𝐹(𝑥)1, 𝐹(𝑥)2, o 𝐹(𝑥)3

𝐹(𝑥)2

𝐹(𝑥)1 

𝐹(𝑥)3 

𝐹(𝑥) 



 

 

 

 

𝑚

 



 

 

 

𝑒(𝑡)

𝑒(𝑡) = 𝑣𝐿(𝑡) + 𝑣𝐶(𝑡)
𝑒(𝑡) = 𝐿 𝑑𝑖(𝑡)𝑑𝑡 + 1𝐶 ∫0𝑡  𝑖(𝜏)𝑑𝜏 



 

 

 

𝑠𝐿𝐼(𝑠) + 1𝑠𝐶  𝐼(𝑠) = 𝐸(𝑠)

𝐼(𝑠) [𝑠𝐿 + 1𝑠𝐶] = 𝐸(𝑠)



 

 

 

𝑚



 

 

 

−𝑑
 𝑦 = 0

𝛴𝐹𝑦 = 0
𝑊 − 𝐹𝑠 = 0

𝑭𝒔 

 

 𝑾 

𝑭𝒔 

 

𝑾 

  

𝑭𝒆𝒙𝒕 

  



 

 

 

𝑊 𝐹𝑠𝐹𝑠 = −𝑘𝑦 𝑦 = −𝑑
𝑊 =  𝐾𝑑

∑ 𝐹𝑦 = 𝑚𝑎
𝑊 + 𝐹𝑒𝑥𝑡 − 𝐹𝑠 = 𝑚

𝑊 𝐹𝑒𝑥𝑡 𝐹𝑠𝐹𝑠 = −𝐾𝑦 + 𝑑 = 𝑑2𝑦(𝑡)𝑑𝑡2 = 𝑦̈
𝐾𝑑 + 𝐹𝑒𝑥𝑡 − 𝐾𝑦 − 𝐾𝑑 = 𝑚𝑦̈ 𝑚𝑦̈ + 𝑘𝑦 = 𝐹𝑒𝑥𝑡

 

𝑠2𝑚𝑌(𝑠) + 𝐾𝑌(𝑠) = 𝐹𝑒𝑥𝑡(𝑠)



 

 

 

𝑠
𝑆𝑌(𝑠) [𝑚𝑠 + 𝑘𝑠] = 𝐹𝑒𝑥𝑡(𝑠)

𝑠𝑌(𝑠) 𝑉(𝑠)
𝑉(𝑠) [𝑚𝑠 + 𝑘𝑠] = 𝐹𝑒𝑥𝑡(𝑠)

  

 𝑉(𝑡) = −𝑉0√𝑘/𝑚 ∗ 𝑠𝑖𝑛(√𝑘/𝑚𝑡)
 𝑉0

𝐼(𝑠) ↔ 𝑉(𝑠)𝐸(𝑠) ↔ 𝐹𝑒𝑥𝑡(𝑠)𝐿 ↔ 𝑚𝐶 ↔ 1𝑘



 

 

 

𝑠𝐿 + 1𝑠𝐶 = 0
𝑠𝐶

𝐿𝐶𝑠2 + 1 = 0

𝑠 = √− 1𝐿𝐶

𝑠1 = 𝑗√ 1𝐿𝐶 ,                 𝑠2 = −𝑗√ 1𝐿𝐶
 𝜔𝑛 = √ 1𝐿𝐶

𝑓𝑛 = 𝜔𝑛2𝜋 = 12𝜋 √ 1𝐿𝐶



 

 

 

𝑓𝑛 = 12𝜋 √𝐾𝑚
𝑚𝐾

𝐾 = 2;  𝑚 = 5 𝐾 = 2;  𝑚 = 1

𝐾 = 1;  𝑚 = 1 𝐾 = 2;  𝑚 = 0.1
𝑚 𝐾



 

 

 



 

 

 

 



 

 

 



 

 

 



 

 

 

 



 

 

 

 



 

 

 

 

 



 

 

 

 

625 nm1000 mA1000 mA15 nm2200 mW> 50000 h0 a 40 ∘C−40 a 70 ∘C1 mm × 1 mm



 

 

 

 

0.1 − 10.0 𝑛𝑚



 

 

 

 

− 𝑆𝑖− ∅250𝜇m𝜆 1100 nm𝜆p 730 nm( )ℜ(𝜆p) 0.46 A/W(Tip. )CJ 1.73pF(Max)(−𝟑 𝐝𝐁) − 2GHz@𝟔𝟓𝟑 𝐧𝐦, 𝟐𝟎/𝟖𝟎% tr 150ps(Tip. )@𝟔𝟓𝟑 𝐧𝐦, 𝟖𝟎/𝟐𝟎% tf 150ps(Tip. )(𝝀𝐩)@𝟕𝟑𝟎 𝐧𝐦 − 9.29 × 10−15 W/Hz1/2− 18 mWVR 12 VID 35pAV 2 V(Max)



 

 

 

 

 



 

 

 

 

 

 



 

 

 



 

 

 

 



 

 

 

 

𝑛𝐶 = 1.4570𝑛𝑐𝑙 = 1.4403 



 

 

 

𝜆 = 0.625 𝜇m𝑊𝑒𝑓𝑓 = 105.8941 𝜇m𝑛𝑒𝑓𝑓 ≈ 𝑛𝑐

𝐿𝜋 = 4𝑊𝑒𝑓𝑓2𝑛𝑒𝑓𝑓3𝜆0 = 4 ∗ (105.8941)2 ∗ (1.4570)3 ∗ (0.625 𝜇m) = 0.03485 𝑚 ≈ 3.4 c𝑚 

𝑃 = 1 𝑁 = 2𝐿 𝐿 = 𝑃 𝑁⁄ 𝐿𝜋 =1.729 𝑐𝑚 ≈  1.5 𝑐𝑚
 



 

 

 

𝑓0 𝐿

𝑚2

𝜌 𝑚3

h 

b 

𝑓0 



 

 

 

𝐸𝐼 ∂2𝑀∂𝑥2 + 𝜌𝐴 ∂2𝑣∂𝑡2 = 0

𝑀(𝑥) ≈ 𝐸𝐼 ∂4𝑣∂4𝑥4

𝐸𝐼 ∂4𝑣∂𝑥4 + 𝜌𝐴 ∂2𝑣∂𝑡2 = 0
𝐸 𝐼𝜌 𝐴 𝐴 = ℎ ∗ 𝑏

𝑣(𝑥, 𝑡) = 𝑉(𝑥, 𝑡)𝑉(𝑥, 𝑡) = 𝑉(𝑥)𝑃(𝑡)
𝑉(𝑥) 𝑥 𝑃(𝑡)



 

 

 

1𝑃(𝑡) ∂2𝑃(𝑡)∂𝑡2 = − 𝐸𝐼𝜌𝐴𝑉(𝑥) ∂4𝑉(𝑥)∂𝑋4 = 𝜙
𝜙 

𝜙 = −𝜔2

∂2𝑃∂𝑡2 + 𝜔2𝑃 = 0

𝐸𝐼 ∂4𝑉∂𝑋4 − 𝜌𝐴𝜔2𝑉 = 0



 

 

 

∂4𝑉∂𝑋4 = 𝜌𝐴𝜔2𝐸𝐼 𝑉

𝛽4 = 𝜌𝐴𝜔2𝐸𝐼

𝑉(𝑥)  = 𝐶1Cosh (𝛽𝑥) + 𝐶2Senh (𝛽𝑥) + 𝐶3Cos (𝛽𝑥) + 𝐶4Sen (𝛽𝑥)

𝑉(0) = 0, 𝑉′(0) = 0, 𝑉′′(𝐿) = 0, 𝑉′′′(𝐿) = 0



 

 

 

[Cosh (𝛽𝐿) + Cos (𝛽𝐿) Senh (𝛽𝐿) + Sen (𝛽𝐿)Senh (𝛽𝐿) − Sen (𝛽𝐿) Cosh (𝛽𝐿) − Cos (𝛽𝐿)] [𝐶1𝐶2] = [00]
𝛽𝐿

Cosh (𝛽𝐿)Cos (𝛽𝐿) = −1
𝛽𝑛𝐿

𝜔𝑛 = (𝛽𝑛𝐿)2√ 𝐸𝐼𝜌𝐴𝐿4

𝛽𝑛𝐿𝛽1𝐿 π 𝛽2𝐿 π 𝛽3𝐿 π 𝛽4𝐿 π



 

 

 



 

 

 

 



 

 

 

 

μ

μ



 

 

 

𝐼(𝜆) = ∑ 𝐼𝑛 + 2 ∑ √𝐼𝑛  ∗  𝐼𝑚𝑛<𝑚=1,𝑁 cos 𝜙𝑛𝑚𝑛=1,𝑁
𝐼𝑛 𝐼𝑚 𝜙𝑛𝑚 𝜙𝑛𝑚 =  ∆𝛽𝑛𝑚 ∗ 𝐷 ∆𝛽𝑛𝑚𝛽𝑚(𝜆)

 𝛽𝑚(𝜆)
𝛽𝑚(𝜆) = 2𝜋𝜆 𝑛𝑚(𝜆), 𝑚 = 1,2, …

𝑛𝑚(𝜆) 𝑚 



 

 

 

∆𝜙𝑥𝑦 = (𝛽𝑥(𝜆) − 𝛽𝑦(𝜆))𝐿.
 



 

 

 

𝐶 = 2𝑧(𝐿2 + 𝑧2)
 𝑚−1

 𝑚−1  𝑚−1

 𝑚−1



 

 

 

 𝑚−1  𝑚−1 𝑚−1

𝑚−1



 

 

 

 

𝑚−1
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º

 



 

 

 

0.9x10−3 𝑢. 𝑎.



 

 

 



 

 

 

0.31 𝑢. 𝑎.0.288 𝑢. 𝑎. º⁄ 0.025 𝑢. 𝑎. º⁄



 

 

 



 

 

 

0.627 𝑢. 𝑎. º⁄0.165 𝑢. 𝑎. º⁄ 0.075 𝑢. 𝑎. º⁄



 

 

 

0.35 𝑢. 𝑎.
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