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𝑀 · 𝐾 × 𝑁 · 𝐿  

 

 

 

 

 

 

 

 

 

𝑀 = 𝑁  

 

file:///C:/Users/richa/OneDrive%20-%20Universitat%20Oberta%20de%20Catalunya/Documentos/UOC/Curso%202020-2021-2/TFG/rfernandezrubio_TFG/rfernandezrubio_TFG.docx%23_Toc75727809


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝐾 × 𝐿  

 



𝜃0

 

 

𝜃0 = 50 °

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝑊0  
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𝑦0  

 

 

 

 

 

𝜙 = 90°  

𝜙 = 0°  

 

 



 

 

𝐾 = 16  

 

 

 

𝑆𝑖𝑖 𝑑𝑒 = 0.5  

𝑆𝑖𝑖 𝑑𝑒 = 0.55

 

𝑆𝑖𝑖 𝑑𝑒 = 0.6

 

𝑆𝑗𝑖  

 

𝑦𝑜  

𝑆𝑖𝑖  

𝑆𝑗𝑖

 

𝐾 = 16  

𝐾 = 16  

 

 

 

 

 

 



𝜙 = 0°  

𝜙 = 0°  

𝜙 = 0°.  

 

𝜃𝑜 = 30° 𝜙 = 0°  

𝜃𝑜 = 30° 𝜙 = 0°  

𝜃𝑜 = 25° 𝜙 = 90°  

𝜃𝑜 = 25° 𝜙 = 90°  

 

 

 

 

 

 

 

 

|𝜃𝑜 = 22°|

𝜙 = 0°  

 

 

|𝜃𝑜 = 43°|

𝜙 = 0°  



 

 

 

 

 

 

𝜃0 = −22° 𝜙𝑜 = 0°

 

 

𝜃0 = 22° 𝜙𝑜 = 0°

 

𝜃𝑜 = 22
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𝜃𝑚𝑎𝑥 , 



 

 



 

𝜃𝑜|, 





 

 



 

 



 

▪ 

▪ 

▪ 

▪ 
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5 − 10 @

0.1 − 1 @ 

[6]

𝑃𝑟(𝑑𝐵) = 𝑃𝑡(𝑑𝐵) + 𝐺𝑡(𝑑𝐵𝑖) + 𝐺𝑟(𝑑𝐵𝑖) + 𝐿(𝑑𝐵)



𝐿(𝑑𝐵) = 20 log10 (
𝑐

4𝜋𝑓𝑑
)



 



 

 

▪ 

▪ 

 

𝑦[𝑛] = 𝑥[𝑛] ∗ ℎ[𝑛] + 𝑛[𝑛]

ℎ[𝑛] = 𝛼 · 𝛿(𝑛 − 𝜏)

𝛼 𝜏



𝑦[𝑛] = 𝛼𝑥[𝑛 − 𝜏] + 𝑛[𝑛]

(𝐻𝑧) 𝑃𝑟(𝑊)

𝑁𝑜 (
𝑊

𝐻𝑧
)

𝑆𝑁𝑅 =
𝑃𝑟
𝑁𝑜𝐵

𝑃𝑟 = 𝑃𝑡𝐺𝑡𝐺𝑟 (
𝑐

4𝜋𝑓
)
2

(
1

𝑑
)
𝛾

𝛾

𝛾 = 2,𝑁𝐿𝑂𝑆 𝛾 > 2)

𝑆𝑁𝑅 =
𝑃𝑡𝐺𝑡𝐺𝑟 (

𝑐
4𝜋𝑓

)
2

(
1
𝑑
)
𝛾

𝑁𝑜𝐵

𝑥[𝑛]  ∈ {±1]

𝐵𝐸𝑅 = 𝑄 (√2|ℎ|2𝑆𝑁𝑅)

|ℎ|2 = 1

𝐵𝐸𝑅𝐴𝑊𝐺𝑁 = 𝑄(√2𝑆𝑁𝑅)

𝑄(𝑥)

𝑄(𝑥) = ∫
1

√2𝜋
𝑒𝑥𝑝 − (

𝑥2

2
)𝑑𝑥 ≤

1

2
exp−(

𝑥2

2
)

∞

𝑥



 

𝑦[𝑛] = 𝑥[𝑛] ∗ ℎ[𝑛, 𝜏] + 𝑛[𝑛]

ℎ[𝑛, 𝜏]

𝑛

𝜏

ℎ[𝑛, 𝜏] = ∑ 𝛼𝑚[𝑛] · 𝛿[𝑛 − 𝜏𝑚]

𝑀−1

𝑚=0

𝑀

𝛼𝑚[𝑛] = 𝑟𝑚𝑒
𝑗𝜙𝑚[𝑛] 

𝑓(𝑟) =
𝑟

𝜎2
exp (−

𝑟2

2𝜎2
)

𝑓(𝜙) =
1

2𝜋
   0 ≤ 𝜙 < 2𝜋

𝑦[𝑛] = ∑ ℎ[𝑛, 𝜏] · 𝑥[𝑛 − 𝑚] + 𝑛[𝑛]

𝑀−1

𝑚=0



ℎ

𝐵𝐸𝑅𝑅𝐴𝑌 = ∫ 𝑓(ℎ)𝑄(√2|ℎ|2𝑆𝑁𝑅)𝑑ℎ
∞

0

=
1

2
(1 − √

𝑆𝑁𝑅

1 + 𝑆𝑁𝑅
) ≈ 𝑆𝑁𝑅−1

𝐵𝐸𝑅 = 10−2



 

(𝑀 · 𝐾 × 𝑁 · 𝐿)

▪ (𝑀)

▪ (𝐾)

▪ (𝑁)

▪ 𝐿)

(𝑀 · 𝐾 × 𝑁 · 𝐿)



𝑦𝑛 = ∑ ℎ𝑚𝑛𝑥𝑚 + 𝑛𝑛

𝑀

𝑚=1

     𝑛 = 1, 2, …𝑁

ℎ𝑚𝑛 𝑀

𝑁.

𝐲 = 𝐇𝐱 + 𝐧

𝐲

 𝐱 𝐇

𝐧

▪ 

(𝑔𝐵𝐹)

▪ 

(𝑑)

▪ 

(𝑟)



 

𝜃𝑜

 



 

 



 

(𝑔𝐵𝐹) 

(𝑔𝐴) (𝑔𝑆𝐴)

(𝑔𝐴)

(𝑀 × 𝑁)

(𝑔𝑆𝐴)

(𝐾 × 𝐿)

𝑔𝐵𝐹 = 𝑔𝐴𝑔𝑆𝐴



(𝑔𝑆𝐴)

𝑔𝑆𝐴 =
𝐸[𝑆𝑁𝑅𝑀𝐼𝑀𝑂]

𝐸[𝑆𝑁𝑅𝑆𝐼𝑆𝑂]

𝐸[|ℎ|2] = 1

𝑃 𝑁𝑜/2

𝑆𝑁𝑅𝑆𝐼𝑆𝑂 =
𝑃 · 𝐸[|ℎ|2]

𝑁𝑜𝐵
=

𝑃

𝑁𝑜𝐵

𝐸[|ℎ|2] = 𝐾𝐿

𝑆𝑁𝑅𝑀𝐼𝑀𝑂 =
𝑃 · 𝐸[|ℎ|2]

𝑁𝑜𝐵
=
𝑃 · 𝐾𝐿

𝑁𝑜𝐵

(𝐾 × 𝐿) 

𝑔𝑆𝐴 =
𝐸[𝑆𝑁𝑅𝑀𝐼𝑀𝑂]

𝐸[𝑆𝑁𝑅𝑆𝐼𝑆𝑂]
= 𝐾𝐿

𝑔𝑆𝐴(𝑑𝐵) = 10 log 𝑔𝑆𝐴 = 10 log(𝐾𝐿)

(𝑀 × 𝑁)

𝑔𝐴 = 𝑀𝑁

𝑔𝐴(𝑑𝐵) = 10 log 𝑔𝐴 = 10 log(𝑀𝑁)



(𝑀 · 𝐾 × 𝑁 · 𝐿)

𝑔𝐵𝐹 = 𝑔𝐴𝑔𝑆𝐴 = 𝑀𝑁 · 𝐾𝐿

𝑔𝐵𝐹(𝑑𝐵) = 𝑔𝐴(𝑑𝐵) + 𝑔𝑆𝐴(𝑑𝐵) = 10 log(𝑀𝑁) + 10 log(𝐾𝐿)

𝑆𝑁𝑅𝑀𝐼𝑀𝑂 = 𝑔𝑆𝐴𝑆𝑁𝑅𝑆𝐼𝑆𝑂 = 𝐾𝐿 · 𝑆𝑁𝑅𝑆𝐼𝑆𝑂

𝑆𝑁𝑅𝑀𝐼𝑀𝑂(𝑑𝐵) = 𝑆𝑁𝑅𝑆𝐼𝑆𝑂(𝑑𝐵) + 𝑔𝑆𝐴(𝑑𝐵)

𝐵𝐸𝑅𝑆𝐼𝑆𝑂
𝐴𝑊𝐺𝑁 = 𝑄(√2𝑆𝑁𝑅𝑆𝐼𝑆𝑂)

𝐵𝐸𝑅𝑀𝐼𝑀𝑂
𝐴𝑊𝐺𝑁 = 𝑄(√2𝑆𝑁𝑅𝑀𝐼𝑀𝑂) = 𝑄(√2𝑔𝑆𝐴𝑆𝑁𝑅𝑆𝐼𝑆𝑂) = 𝑄(√2𝐾𝐿 · 𝑆𝑁𝑅𝑆𝐼𝑆𝑂)

𝐵𝐸𝑅𝑆𝐼𝑆𝑂
𝑅𝐴𝑌 ≈ 𝑆𝑁𝑅𝑆𝐼𝑆𝑂

−1

𝐵𝐸𝑅𝑀𝐼𝑀𝑂
𝑅𝐴𝑌 ≈ 𝑆𝑁𝑅𝑀𝐼𝑀𝑂

−1 ≈ (𝑔𝑆𝐴𝑆𝑁𝑅𝑆𝐼𝑆𝑂)
−1 ≈ (𝐾𝐿 · 𝑆𝑁𝑅𝑆𝐼𝑆𝑂)

−1



𝑔𝑆𝐴 



 



𝑀 = 𝑁

(−90° < 𝜙 < 90°

𝑀 = 𝑁

𝑑

𝑑 = 𝑀𝑁

𝑑

𝑑

𝑑 = − lim
𝑆𝑁𝑅→ ∞

log(𝐵𝐸𝑅(𝑆𝑁𝑅))

log(𝑆𝑁𝑅)
 



𝑀

𝑀 (𝑀 × 𝑁)

𝑑

𝐵𝐸𝑅𝑀𝐼𝑀𝑂
𝑅𝐴𝑌 ≈  𝑆𝑁𝑅𝑀𝐼𝑀𝑂

−𝑑 ≈ (𝑔𝑆𝐴𝑆𝑁𝑅𝑆𝐼𝑆𝑂)
−𝑀𝑁

𝑔𝑆𝐴 = 1 

(𝑀 × 𝑁)

𝑑



 

𝑟

𝐇

𝑟 = 𝑟𝑎𝑛𝑘(𝐇) = min(𝑀,𝑁)

𝑟 𝑟

𝑟

𝑟 = lim
𝑆𝑁𝑅→ ∞

𝐶(𝑆𝑁𝑅)

log(𝑆𝑁𝑅)

𝐶𝐴𝑊𝐺𝑁 = 𝐶𝑆𝐼𝑆𝑂 = 𝐵 log2(1 + 𝑆𝑁𝑅)

𝑀

𝐶𝑆𝐼𝑀𝑂 = 𝐶𝑀𝐼𝑆𝑂 = 𝐵 log2(1 + 𝑀 · 𝑆𝑁𝑅)

𝐶𝑀𝐼𝑀𝑂 = 𝑟𝐵 log2(1 + 𝑆𝑁𝑅) = min(𝑀, 𝑁) 𝐶𝑆𝐼𝑆𝑂    



𝑟

𝑟

𝜂 (
𝑏𝑝𝑠

𝐻𝑧
)

𝐶 𝑟

𝐵

𝐵 = 1𝐺𝐻𝑧

(𝑀 × 𝑁)

𝑟



 

𝑟

𝑑

𝑔𝑆𝐴)

(𝐾 × 𝐿)

𝑔𝑆𝐴 = 𝐾𝐿

(𝐾 × 𝐿)

(𝑀 × 𝑁)

𝑑 = 𝑀𝑁

𝑟 = min(𝑀,𝑁)



 

▪ 

𝑟 = min(𝑀,𝑁) = 1

𝑔𝑆𝐴

(𝐾 × 𝐿)

(𝑀 × 𝑁)



▪ 

𝑑 = 𝑀𝑁 = 2

𝐵𝐸𝑅~ 𝑆𝑁𝑅−𝑑 = 𝑆𝑁𝑅−2

▪ 

𝑟 = min(𝑀,𝑁) = 2

𝐶𝑀𝐼𝑀𝑂 = 𝑟𝐵 log(1 + 𝑆𝑁𝑅) = 2𝐶𝑆𝐼𝑆𝑂 𝑟

𝑔𝑆𝐴
1

𝑟
=

1

2
→ −3𝑑𝐵 

(𝐾 × 𝐿)

▪ 

𝑟 = min(𝑀,𝑁) = 4

𝐶𝑀𝐼𝑀𝑂 = 𝑟𝐵 log(1 + 𝑆𝑁𝑅) = 4𝐶𝑆𝐼𝑆𝑂 𝑟

1

𝑟
=

1

4
→ −6 𝑑𝐵 𝑔𝑆𝐴

(𝐾 × 𝐿)



 

 



 

 

𝑍𝐴

𝑍𝐴 =
𝑉𝐴
𝐼𝐴
= 𝑅𝐴 + 𝑗𝑋𝐴     ()

𝑅𝐴 𝑋𝐴

𝑅𝐴 = 𝑅𝑟 + 𝑅𝐿      ()

𝑅𝑟 𝑅𝐿

𝑋𝐴 > 0

𝑋𝐴 < 0 

𝑋𝐴(𝑓𝑜) = 0

𝑓𝑜



 

Г = |Г|𝑒𝑗𝜃 =
𝑉−

𝑉+
=
𝑍𝐴 − 𝑍𝑜
𝑍𝐴 + 𝑍𝑜

     ;    |Г|  ∈ [0,1]

𝑍𝑜

𝑅𝐿 = −20 log|Г| (𝑑𝐵)

 

𝑉𝑆𝑊𝑅 =
|𝑉𝑚𝑎𝑥|

|𝑉𝑚𝑖𝑛|
=
1 + |Г|

1 − |Г|
  ∈ [1,∞)

 

𝜂𝑟 =
𝑅𝑟

𝑅𝑟 + 𝑅𝐿
=

𝑃𝑟
𝑃𝑟 + 𝑃𝐿



 

𝜂𝐴 = 𝜂𝑟𝜂𝑚 = 𝜂𝑟 · (1 − |Г|
2)

𝜂𝑚

|Г| = 0 ; 𝑍𝐴 = 𝑍𝑜 ; 𝑉𝑆𝑊𝑅 = 1).

 



𝑃(𝑥, 𝑦, 𝑧)   ;   𝑃(𝑟, , )

𝑥 = 𝑟𝑠𝑖𝑛 𝑐𝑜𝑠

𝑦 = 𝑟𝑠𝑖𝑛 𝑠𝑖𝑛

𝑧 = 𝑟𝑐𝑜𝑠

𝑟 𝜃



𝜃 

0° ∀

180° ∀

90° 90°

90° 270°

90° 0°

90° 180°

90° ∀

∀ 0°

∀ 90°



 

|𝑬| |𝑯|, 

 

(𝜃, ),

 

|𝑬|, |𝑯|,



⃗⃗⃗⃗ (𝜃, ) =  { �⃗�  ×  �⃗⃗� ∗ }          [
𝑊

𝑚2
]

𝑅 > 2𝐷2/𝜆 𝐷

𝜆

𝜂

|�⃗� |

|�⃗⃗� |
= 𝜂

⃗⃗⃗⃗ (𝜃, ) =
|𝐸⃗⃗  ⃗𝜃|

2 + |𝐸⃗⃗  ⃗|
2 

𝜂
 �̂�       [

𝑊

𝑚2
]



𝑃𝑟 = ∫ ∫ ⃗⃗⃗⃗ (𝜃, )𝑑𝐴
=𝜋

=0

=2𝜋

=0

= ∫ ∫ ⃗⃗⃗⃗ (𝜃, )𝑟2𝑑
=𝜋

=0

=2𝜋

=0

       [𝑊]

𝑑 = 𝑠𝑖𝑛 𝑑 𝑑

𝑃𝑟 = ∫ ∫ ⃗⃗⃗⃗ (𝜃, )𝑟2𝑠𝑖𝑛 𝑑 𝑑     [𝑊]
=𝜋

=0

=2𝜋

=0

• 

• 



▪ 

▪ 

▪ 

▪ 

▪ 

▪ 

▪ 

▪ 



 

𝐷(𝜃, ) =
(𝜃, )


𝐼𝑆𝑂
(𝜃, )

𝐷 =


𝑚𝑎𝑥


𝐼𝑆𝑂
(𝜃, )

𝑃𝑟 = ∫ ∫ 
𝐼𝑆𝑂
(𝜃, )𝑑𝐴

=𝜋

=0

=2𝜋

=0

=
𝐼𝑆𝑂
(𝜃, )𝐴𝑒𝑠𝑓𝑒𝑟𝑎 =

𝐼𝑆𝑂
(𝜃, )4𝜋𝑟2


𝐼𝑆𝑂
(𝜃, ) =

𝑃𝑟
4𝜋𝑟2

𝐷 =


𝑚𝑎𝑥

𝑃𝑟
4𝜋𝑟2

𝐷 =


𝑚𝑎𝑥

∫ ∫ (𝜃, )𝑟2𝑠𝑖𝑛 𝑑 𝑑
=𝜋

=0

=2𝜋

=0

4𝜋𝑟2

=
4𝜋

∫ ∫
(𝜃, )


𝑚𝑎𝑥
𝑠𝑖𝑛 𝑑 𝑑

=𝜋

=0

=2𝜋

=0



𝑡(𝜃, ) =
(𝜃, )


𝑚𝑎𝑥

=
𝐷(𝜃, )

𝐷

𝐷 =
4𝜋

∫ ∫ 𝑡(𝜃, )𝑑
=𝜋

=0

=2𝜋

=0

=
4𝜋

𝑒

𝑒

𝑒 = ∫ ∫ 𝑡(𝜃, )𝑑
=𝜋

=0

=2𝜋

=0

= ∫ ∫ 𝑡(𝜃, )𝑠𝑖𝑛 𝑑 𝑑
=𝜋

=0

=2𝜋

=0

 

𝑃𝐴

𝑃𝑟

𝐺 =


𝑚𝑎𝑥

𝑃𝐴
4𝜋𝑟2

=
𝑃𝑟
𝑃𝐴


𝑚𝑎𝑥

𝑃𝑟
4𝜋𝑟2

= 𝜂𝑟 · 𝐷

𝐷𝑑𝐵 = 10 log𝐷    [𝑑𝐵]

𝐺𝑑𝐵 = 10 log𝐺 = 𝐷𝑑𝐵 + 10 log 𝜂𝑟    [𝑑𝐵]



 

�⃗� (𝑟 , 𝑡)



�⃗� (𝑧; 𝑡) = (�⃗� 𝑥 + �⃗� 𝑦)𝑒
𝑗(𝑤𝑡−𝑘𝑧)

�⃗� 𝑥 = 𝐸𝑥𝑜𝑒
𝑗𝜑𝑥�̂�

�⃗� 𝑦 = 𝐸𝑦𝑜𝑒
𝑗𝜑𝑦�̂�

𝐸𝑥𝑜 𝐸𝑦𝑜

 

�⃗� (𝑧; 𝑡)

∆𝜑 = 𝜑𝑦 − 𝜑𝑥 = 𝑛𝜋   ;    𝑛 = 0, 1, 2, 3…

 

𝜋/2

|𝐸𝑥| = |𝐸𝑦| → 𝐸𝑥𝑜 = 𝐸𝑦𝑜

∆𝜑 = 𝜑𝑦 − 𝜑𝑥 = {
+(

1

2
+ 2𝑛)𝜋 ,     𝑛 = 0, 1, 2, …   𝐶𝑊  𝑅𝐻𝐶𝑃

−(
1

2
+ 2𝑛) 𝜋 ,     𝑛 = 0, 1, 2, …   𝐶𝐶𝑊  𝐿𝐻𝐶𝑃



 

𝜋/2

|𝐸𝑥|  ≠ |𝐸𝑦| → 𝐸𝑥𝑜 ≠ 𝐸𝑦𝑜

∆𝜑 = 𝜑𝑦 − 𝜑𝑥 = {
+(

1

2
+ 2𝑛)𝜋 ,     𝑛 = 0, 1, 2, …   𝐶𝑊  𝑅𝐻𝐶𝑃

−(
1

2
+ 2𝑛) 𝜋 ,     𝑛 = 0, 1, 2, …   𝐶𝐶𝑊  𝐿𝐻𝐶𝑃

 

𝐹𝐵𝑊(𝐶,%) =
∆𝑓

𝑓𝑜
· 100 =

𝑓2 − 𝑓1
𝑓𝑜

· 100

𝑆11 ≤ 𝑆11
𝑇𝐻 |  𝑉𝑆𝑊𝑅 ≤ 𝑉𝑆𝑊𝑅𝑇𝐻 | 𝐴𝑅 ≤ 𝐴𝑅𝑇𝐻 | 𝐺 ≥ 𝐺𝑇𝐻)

𝑓2 𝑓1



 

 

• 

• 𝑁

• 𝑑

• (𝑎𝑛)

• 𝛼)

• 𝐹𝐴(𝜓)

• 



 

 

𝑑

𝐼𝑛 = 𝑎𝑛𝑒
𝑗𝑛𝛼             𝑛 = 0, 1, 2, …𝑁 − 1

𝑎𝑛 𝛼

�⃗� 0(𝑟 ), 𝐹𝐴(𝜓)

�⃗� 𝑇(𝑟 ) = �⃗� 0(𝑟 )𝐹𝐴(𝜓)

 

𝐹𝐴(𝜓)

𝑎𝑛

Ψ:

𝐹𝐴(𝜓) = ∑ 𝑎𝑛𝑒
𝑗𝑛𝜓

𝑁−1 

𝑛=0

𝑘 =
2𝜋

𝜆
 𝑑 𝛼[𝑟𝑎𝑑]



𝜓𝑧 = 𝑘𝑧𝑑 + 𝛼 = 𝑘𝑑𝑐𝑜𝑠𝜃 + 𝛼

𝜓𝑦 = 𝑘𝑦𝑑 + 𝛼 = 𝑘𝑑𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜙 + 𝛼

𝜓𝑥 = 𝑘𝑥𝑑 + 𝛼 = 𝑘𝑑𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜙 + 𝛼

𝑎𝑛

𝜓 = 0:

𝐹𝐴𝑚𝑎𝑥 = 𝐹𝐴(𝜓 = 0) = ∑ 𝑎𝑛

𝑁−1 

𝑛=0

𝜓 2𝜋

𝜓 (𝜃, 𝜙),

𝜓

(𝜃, 𝜙)

𝜓 ∈ [𝜓𝑚𝑖𝑛, 𝜓𝑚𝑎𝑥] ∈ [−𝑘𝑑 + 𝛼[𝑟𝑎𝑑], 𝑘𝑑 + 𝛼[𝑟𝑎𝑑]]

2𝜋

𝜓 = 0 ±  2𝜋𝑛.

𝐹𝐴(𝜓 = ±2𝜋) 

|𝑘𝑑 + 𝛼[𝑟𝑎𝑑]| ≤ |2𝜋 −
∆𝜓𝑧
2
|

∆𝜓𝑧

(𝜃, 𝜙) 

𝜓 𝐹𝐴(𝜓)



𝜓 = 0.

 𝜓𝑧 = 0

𝜃𝑚𝑎𝑥 = cos−1 (−
𝛼[𝑟𝑎𝑑]

𝑘𝑑
)

𝐷 =
4𝜋

𝑒
 

𝑒 = ∫ ∫ |𝐹𝐴̅̅ ̅̅ (𝜃, 𝜙)|2𝑠𝑖𝑛𝜃𝑑𝜃𝑑𝜙
𝜋

0

2𝜋

0

𝐹𝐴̅̅ ̅̅ (𝜃, 𝜙)

𝐹𝐴̅̅ ̅̅ (𝜃, 𝜙, ) =
𝐹𝐴(𝜃, 𝜙)

𝐹𝐴𝑚𝑎𝑥

 

𝑃(𝑧) = ∑ 𝑎𝑛𝑧
𝑛

𝑁−1

𝑛=0

𝐹𝐴(𝜓) = 𝑃(𝑧)|𝑧=𝑒𝑗𝜓



 

 

𝑎𝑛
𝑈 = 1

𝐹𝐴𝑈(𝜓) = ∑ 𝑒𝑗𝑛𝜓
𝑁−1 

𝑛=0

𝐹𝐴𝑈𝑚𝑎𝑥 = 𝐹𝐴𝑈(𝜓 = 0) = ∑ 1

𝑁−1 

𝑛=0

= 𝑁

|𝐹𝐴𝑈(𝜓)| = |
sin (

𝑁𝜓
2 ) 

sin (
𝜓
2)

|

∆𝜓𝑧
𝑈 =

4𝜋

𝑁

∆𝜃𝑧
𝑈 = 2 cos−1 (

𝜆

𝑁𝑑
)



 

𝑁′ =
𝑁+1

2
:

𝑎𝑛
𝑇 = 𝑎𝑛1

𝑈 ∗ 𝑎𝑛2
𝑈

𝑎𝑛
𝑇 = {

2𝑛

𝑁 + 1
    0 ≤ 𝑛 ≤

𝑁 − 1

2

2 −
2𝑛

𝑁 + 1
        

𝑁 − 1

2
< 𝑛 ≤ 𝑁

 

|𝐹𝐴𝑇(𝜓)| = |𝐹𝐴𝑈(𝜓)|
2|
𝑁=

𝑁+1
2

|𝐹𝐴𝑇(𝜓)| = |
|
sin ((

𝑁 + 1
2 )

𝜓
2) 

sin(𝜓 /2)  |
|

2

∆𝜓𝑧
𝑇 =

4𝜋

𝑁 + 1
2

 

𝑎𝑛

𝑃(𝑧) = (1 + 𝑧)𝑁−1 =
1

(𝑁 + 1)
+
(𝑁 − 1)

(𝑁 + 1)
𝑧 +

(𝑁 − 1)(𝑁 − 2)

2! (𝑁 + 1)
𝑧2 +

(𝑁 − 1)(𝑁 − 2)(𝑁 − 3)

3! (𝑁 + 1)
𝑧3 +⋯ 



|𝐹𝐴𝐵(𝜓)| = |1 + 𝑒𝑗𝜓|
𝑁−1

= (2 cos
𝜓

2
)
𝑁−1

 

• 𝑎𝑛

• 𝑁

• 𝑑

• 𝛼

• 𝐹𝐴(𝜓)

• 𝐷

• 

• 𝜃𝑚𝑎𝑥

• 

• 



 

𝜓

𝐷𝑈 > 𝐷𝑇 > 𝐷𝐵

∆𝜓𝑧
𝑈 < ∆𝜓𝑧

𝑇 < ∆𝜓𝑧
𝐵



𝑁𝐿𝑃𝑆𝐵 > 𝑁𝐿𝑃𝑆𝑇 > 𝑁𝐿𝑃𝑆𝑈

(𝜃, 𝜙)

𝛼 = 0° 𝑑 = 𝜆/2



𝑁𝐿𝑃𝑆𝑈(𝑑𝐵) = 𝐿𝑃𝑈(𝑑𝐵) − 𝐿𝑆𝑈(𝑑𝐵) = 0 𝑑𝐵 − (−13 𝑑𝐵) = 13 𝑑𝐵

𝑁𝐿𝑃𝑆𝑇(𝑑𝐵) = 𝐿𝑃𝑇(𝑑𝐵) − 𝐿𝑆𝑇(𝑑𝐵) = 0 𝑑𝐵 − (−26 𝑑𝐵) ≅ 26 𝑑𝐵



 





 

∆𝜃𝑧
𝑈 = 2 cos−1 (

𝜆

𝑁𝑑
)

𝜓 ∈ [𝜓𝑚𝑖𝑛, 𝜓𝑚𝑎𝑥] ∈ [−𝑘𝑑 + 𝛼, 𝑘𝑑 + 𝛼]

𝐹𝐴(𝜓 = ±2𝜋)

𝑑 <
2𝜋 −

∆𝜓𝑧
2 − 𝛼

𝑘

𝑑 <
2𝜋 −

∆𝜓𝑧
2

𝑘



𝑑𝑈 < 𝜆 (1 −
1

𝑁
)

𝑑𝑇 < 𝜆(1 −
1

𝑁 + 1
2

)



𝑑𝐵
𝑚𝑎𝑥 < 𝑑𝑇

𝑚𝑎𝑥 < 𝑑𝑈
𝑚𝑎𝑥

𝐹𝐴(𝜓 = ±2𝜋)

𝑑𝑈 < 0.8𝜆

𝑑𝑈 = 0,9𝜆 𝑦  𝑑𝑈 = 𝜆,

𝜃 = 0°, 180°)



𝜆0/2



𝐾 × 𝐿

𝑎𝑗) (𝑏𝑗)

𝑗.

𝐾 × 𝐿 

𝐾 = 2,  

𝐿 = 1

[
𝑏1
𝑏2
] = [

𝑆11 𝑆12
𝑆21 𝑆22

] [
𝑎1
𝑎2
] = [

𝑎1𝑆11 + 𝑎2𝑆12
𝑎1𝑆21 + 𝑎2𝑆22

]

(𝑆𝑖𝑖) (𝑆𝑗𝑖)

𝑆11 =
𝑏1
𝑎1
|𝑎2=0        𝑆22 =

𝑏2
𝑎2
|𝑎1=0         𝑆12 =

𝑏1
𝑎2
|𝑎1=0           𝑆21 =

𝑏2
𝑎1
|𝑎2=0   

𝑆𝑖𝑗

𝑗 𝑖



 

𝜃𝑚𝑎𝑥 = cos−1 (−
𝛼[𝑟𝑎𝑑]

𝑘𝑑
) = cos−1 (−

𝛼[𝑑𝑒𝑔]𝜋

180𝑘𝑑
)  

𝛼



± 𝑍



𝑑

𝜆
< 1 −

|𝛼 [𝑑𝑒𝑔]|

360

𝛼[𝑑𝑒𝑔] = −
180cos(𝜃𝑚𝑎𝑥) 𝑘𝑑

𝜋

𝜃𝑚𝑎𝑥

𝑑

𝜆
<

1

1 + |cos (𝜃𝑚𝑎𝑥)|

𝜃0

(𝑃𝑙𝑎𝑛𝑜 𝑋𝑌, 𝜃 = 90°

𝜃0 = 90° − 𝜃𝑚𝑎𝑥      ;       𝜃𝑚𝑎𝑥 = 90° − 𝜃0 

sin(𝜃0) = cos(90 − θ0) = cos (𝜃𝑚𝑎𝑥)

𝜃0

𝛼[𝑑𝑒𝑔] = −
180sin(𝜃0) 𝑘𝑑

𝜋

𝜃0



𝜃0

|𝜃0|

𝑑

𝜆
<

1

1 + sin |𝜃0|

𝛼 

𝜃𝑚𝑎𝑥 , 𝜃0



𝛼 = 0°, 𝜃𝑚𝑎𝑥 = 90°, 𝜃0 = 0°)

|𝜃0|

|𝜃0| = 50°

𝑑

𝜆
< 0.56



± 𝜃 = 0°, 180°)

𝜃0 = ±50°

|𝜃0| = 50 °



 

𝑀 ×𝑁

𝑀 × 𝑁 

𝑑𝑥

𝑑𝑦 𝐼𝑚𝑛.



𝐹𝐴(𝜓𝑥, 𝜓𝑦) = ∑ ∑𝑎𝑚𝑛𝑒
𝑗𝑚𝜓𝑥𝑒𝑗𝑛𝜓𝑦

𝑁−1

𝑛=0

𝑀−1

𝑚=0

𝜓𝑥 = 𝑘𝑥𝑑𝑥 + 𝛼𝑥 = 𝑘𝑑𝑥 sin(𝜃) cos(𝜙) + 𝛼𝑥

𝜓𝑦 = 𝑘𝑦𝑑𝑦 + 𝛼𝑦 = 𝑘𝑑𝑦 sin(𝜃) sin(𝜙) + 𝛼𝑦

(𝜃 = 𝜃0, 𝜙 = 𝜙0

𝜓𝑥 = 𝜓𝑦 = 0

𝛼𝑥 = −𝑘𝑑𝑥 sin(𝜃0) cos (𝜙0)

𝛼𝑦 = −𝑘𝑑𝑦 sin(𝜃0) sin (𝜙0)

(𝜃0, 𝜙0)

𝛼𝑥, 𝛼𝑦 𝑑𝑥, 𝑑𝑦

𝜃0 = sin
−1(√(

𝛼𝑥
𝑘𝑑𝑥

)
2

+ (
𝛼𝑦

𝑘𝑑𝑦
)

2

) 

𝜙0 = tan−1 (
𝛼𝑦𝑑𝑥

𝛼𝑥𝑑𝑦
)



 

 

▪ (𝐿𝑠𝑔 ×𝑊𝑠𝑔) (𝑡)

▪ (𝐿𝑠𝑔 ×𝑊𝑠𝑔)

휀𝑟 (ℎ)

▪ (𝐿 ×𝑊) 𝑡)



 

▪ 

▪ 

▪ 

▪ 

▪ 

▪ 

▪ 

▪ 

▪ 

▪ 

 

▪ 

▪ 

▪ 

▪ 

▪ 

▪ 

 

▪ 

▪ 

▪ 

▪ 

▪ 

▪ 



 

▪ 

▪ 

▪ 

▪ 

▪ 

▪ 

▪ 

▪ 

 

 



 

ℎ > 0.02𝜆0



 

𝑍𝑐

𝑌𝑖 = 𝐺𝑖 + 𝑗𝐵𝑖



𝑊 =
1

2𝑓𝑟√𝜇0휀0
√

2

휀𝑟 + 1
=
𝜐0
2𝑓𝑟

√
2

휀𝑟 + 1

휀𝑟𝑒𝑓𝑓:

휀𝑟𝑒𝑓𝑓 =
휀𝑟 + 1

2
+
휀𝑟 + 1

2
(1 +

12ℎ

𝑊
)
−
1
2
 



∆𝐿

휀𝑟𝑒𝑓𝑓

∆𝐿 = 0.412ℎ
(휀𝑟𝑒𝑓𝑓 + 0.3)(

𝑊
ℎ
+ 0.264)

(휀𝑟𝑒𝑓𝑓 − 0.258) (
𝑊
ℎ
+ 0.8)

𝑓𝑟

휀𝑟𝑒𝑓𝑓

𝐿𝑒𝑓𝑓 =
1

2𝑓𝑟√휀𝑟𝑒𝑓𝑓√𝜇0휀0
=

𝜐0

2𝑓𝑟√휀𝑟𝑒𝑓𝑓

𝐿 = 𝐿𝑒𝑓𝑓 − 2∆𝐿

𝐿 ≈ (0.47 − 0.49)
𝜆0

√휀𝑟
= (0.47 − 0.49)𝜆𝑑 

𝜆𝑑

ℎ 𝐿 ×𝑊:

𝐿𝑠𝑔 = 6ℎ + 𝐿

𝑊𝑠𝑔 = 6ℎ +𝑊



 

𝑅𝑖𝑛

𝑅𝑖𝑛(𝑦 = 0, 𝐿)

𝑅𝑖𝑛 (𝑦 =
𝐿

2
) = 0

𝑅𝑖𝑛(𝑦 = 0) > 𝑍𝑐 = 50 

𝑦0

𝑊0 𝑍𝑐

𝑦0

𝑅𝑖𝑛(𝑦 = 𝑦0) = 𝑍𝑐

𝑅𝑖𝑛(𝑦 = 0)

𝐺1 𝐺12



𝐺1 =
1

120𝜋2
∫ [

sin (
𝑘0𝑊
2 cos(𝜃))

cos(𝜃)
]

2

sin3 𝜃 𝑑𝜃
𝜋

0

𝐺12 =
1

120𝜋2
∫ [

sin (
𝑘0𝑊
2 cos(𝜃))

cos(𝜃)
]

2

𝐽0(𝑘0𝐿𝑠𝑖𝑛𝜃) sin
3 𝜃 𝑑𝜃

𝜋

0

𝐽0

𝑇𝑀010

𝑅𝑖𝑛(𝑦 = 0) =
1

2(𝐺1 + 𝐺12)

𝑦0

𝑅𝑖𝑛(𝑦 = 𝑦0) = 𝑅𝑖𝑛(𝑦 = 0) cos2 (
𝜋

𝐿
𝑦0)

𝑦0

𝑅𝑖𝑛(𝑦 = 𝑦0) = 𝑍𝑐

𝑦0 =
𝐿

𝜋
cos−1(√

𝑅𝑖𝑛(𝑦 = 𝑦0)

𝑅𝑖𝑛(𝑦 = 0)
)



 

[37]

𝑄 =
𝐸𝑛𝑒𝑟𝑔í𝑎 𝑎𝑙𝑚𝑎𝑐𝑒𝑛𝑎𝑑𝑎

𝐸𝑛𝑒𝑟𝑔í𝑎 𝑑𝑖𝑠𝑖𝑝𝑎𝑑𝑎

𝑄𝑡

1

𝑄𝑡
=

1

𝑄𝑟𝑎𝑑
+
1

𝑄𝑐
+
1

𝑄𝑑
+

1

𝑄𝑠𝑤

𝑄𝑟𝑎𝑑 𝑄𝑐,  𝑄𝑑 𝑄𝑠𝑤

𝑄𝑟𝑎𝑑 =
2𝜔휀𝑟
ℎ𝐺𝑡/𝑙

𝐾

𝑄𝑐 = ℎ√𝜋𝑓𝜇𝜎

𝑄𝑑 =
1

𝑡𝑎𝑛𝛿

𝐹𝐵𝑊 =
∆𝑓

𝑓0
=
1

𝑄𝑡



(ℎ ≪ 𝜆0)

|𝑉𝑆𝑊𝑅 ≤ 2| 

𝐵𝑊 = 3.771 [
휀𝑟 − 1

(휀𝑟)2
]
ℎ

𝜆0
(
𝑊

𝐿
) 

𝑒𝑐𝑑𝑠𝑤 =
1/𝑄𝑟𝑎𝑑
1/𝑄𝑡

=
𝑄𝑡
𝑄𝑟𝑎𝑑

ℎ

휀𝑟 

𝑄𝑟𝑎𝑑

𝑄𝑠𝑤 𝑒𝑐𝑑𝑠𝑤

𝑒𝑐𝑑𝑠𝑤

𝐹𝐵𝑊(%)

ℎ/𝜆0



 

 

𝑓𝑟 = 28 𝐺𝐻𝑧

 

 



𝐹𝐵𝑊 =
∆𝑓

𝑓0
· 100 =

1 · 109 𝐻𝑧

28 · 109 𝐻𝑧
· 100 = 3.57 %

ℎ

휀𝑟

휀𝑟 ℎ 

휀𝑟 = 2.2,  

𝐹𝐵𝑊 = 3.57 % ℎ/𝜆0 = 0.025

ℎ = 0.268 𝑚𝑚

ℎ/𝜆0 = 0.025 휀𝑟 = 2.2 𝑒𝑐𝑑𝑠𝑤 = 0.9 → 90%



휀𝑟 = 2.2 ℎ = 0.381 𝑚𝑚 tan 𝛿 = 0.0009

𝐹𝐵𝑊 ≥ 3.57 % 

 

𝑓𝑟 = 28 𝐺𝐻𝑧, 

휀𝑟 = 2.2 ℎ = 0.381 𝑚𝑚

휀𝑟𝑒𝑓𝑓

∆𝐿

𝐿𝑒𝑓𝑓

𝐿 

𝑡 = 35 𝜇𝑚



𝑓0 28 𝐺𝐻𝑧

𝜆0 = 𝑣0/𝑓0 10.7142 𝑚𝑚

휀𝑟 2.2

휀𝑟𝑒𝑓𝑓 2.016

𝑡𝑎𝑛𝛿 0.0009

ℎ 0.381 𝑚𝑚

∆𝐿 0.19749 𝑚𝑚

𝐿𝑒𝑓𝑓 3.7704 𝑚𝑚

𝐿 3.3754 𝑚𝑚

𝑊 4.2323 𝑚𝑚

𝐿𝑠𝑔 = 𝐿 + 6ℎ 5.6614 𝑚𝑚

𝑊𝑠𝑔 = 𝑊 + 6ℎ 6.5183 𝑚𝑚

𝑡 0.035 𝑚𝑚



𝑍0 = 50  𝑊0

𝑥0 = 𝑊/2 𝑦0

𝑦0

�̂�.

𝐺1 𝐺12

𝑅𝑖𝑛(𝑦 = 0)

𝑦0

𝑍0

𝑅𝑖𝑛(𝑦 = 𝑦0) = 𝑍0 = 50 



𝑊0

ℎ,

𝑍0 휀𝑟𝑒𝑓𝑓

𝑍0 =

{
 
 

 
 

60

√휀𝑟𝑒𝑓𝑓
ln[ 

8ℎ

𝑊0
+
𝑊0

4ℎ
,                                               

𝑊0

ℎ
≤ 1

120𝜋

√휀𝑟𝑒𝑓𝑓[
𝑊0

ℎ
+ 1.391 + 0.667 ln (

𝑊0

ℎ
+ 1.444)]

,   
𝑊0

ℎ
> 1    

                  

𝑊0

휀𝑟 = 2, ℎ = 0.381 𝑚𝑚,

𝑡 = 0.035 𝑚𝑚, 𝑡𝑎𝑛𝛿 = 0.0009,

𝜎 = 5.88 · 107𝑆/𝑚

𝑓𝑟 = 28 𝐺𝐻𝑧 𝑍0 = 50 

𝑊0 = 1.1575 𝑚𝑚

𝑊0



𝐺1 1.5724 𝑚𝑆

𝐺12 0.5494 𝑚𝑆

𝑅𝑖𝑛(𝑦 = 0) 235.6469 

𝑦0 1.1734 𝑚𝑚

𝑊𝑖 = 𝑊/25 0.16929 𝑚𝑚

𝑍0 50 

𝑊0 1.15755 𝑚𝑚

 



 

�̂� 

𝑥0 = 𝑊/2



 

𝑡 𝐿𝑠𝑔 ×𝑊𝑠𝑔

 

ℎ,

휀𝑟 = 2.2 𝑡𝑎𝑛𝛿 = 0.0009 𝐿𝑠𝑔 ×𝑊𝑠𝑔



 

𝐿 ×𝑊 𝑡



 

𝑅𝑖𝑛(𝑦 = 0) = 235.64  > 𝑍0 = 50 

𝑦0

𝑊0 = 1.15755 𝑚𝑚

(𝑥0 =
𝑊

2
, 𝑦0) 𝑅𝑖𝑛(𝑦 = 𝑦0) =  𝑍0 = 50 

𝑦0





 

𝑍0 = 50 

:

 



𝜆0/8

𝐸𝑡 = 0 𝑍𝑚𝑖𝑛.

 

𝑆11

𝑉𝑆𝑊𝑅

𝑍0 = 50 



𝑆11(𝑑𝐵)

28 𝐺𝐻𝑧

500 𝑀𝐻𝑧

𝑆11 = −21.956 𝑑𝐵 @ 27.51 𝐺𝐻𝑧

𝑦𝑜



27.5 𝐺𝐻𝑧 28 𝐺𝐻𝑧

𝑦0

𝑦0

𝐿:



𝑍0 = 50 

𝐿 = 3.315 𝑚𝑚 𝑍𝐴 = 54.99 + 𝑗14.18 

𝐿 = 3.315 𝑚𝑚 𝑦0

𝑍0 = 50 

𝑦0



𝑍0 = 50  𝑦0

𝑦0



𝐿 = 3.315 𝑚𝑚 𝑦0 = 1.04667 𝑚𝑚

�̅�𝐴 =
𝑍𝐴
𝑍0
=
49.974 − 𝑗0.101 

50 
≈ 1

𝑳 3.3754 𝑚𝑚 𝟑. 𝟑𝟏𝟓 𝒎𝒎

𝑾 4.2323 𝑚𝑚 4.2323 𝑚𝑚

𝑳𝒔𝒈 = 𝑳 + 𝟔𝒉 5.6614 𝑚𝑚 𝟓. 𝟔𝟎𝟏 𝒎𝒎

𝑾𝒔𝒈 = 𝑾+ 𝟔𝒉 6.5183 𝑚𝑚 6.5183 𝑚𝑚

𝒉 0.381 𝑚𝑚 0.381 𝑚𝑚

𝒕 0.035 𝑚𝑚 0.035 𝑚𝑚

𝑾𝟎 1.15755 𝑚𝑚 1.15755 𝑚𝑚

𝑾𝒊 = 𝑾/𝟐𝟓 0.1692 𝑚𝑚 0.1692 𝑚𝑚

𝒚𝟎 1.1734 𝑚𝑚 𝟏. 𝟎𝟒𝟔𝟔𝟕 𝒎𝒎





𝑆11 = −59.231 𝑑𝐵

𝑉𝑆𝑊𝑅 = 1.0021 

𝑆11
𝑇𝐻 = −10 𝑑𝐵, 𝑉𝑆𝑊𝑅𝑇𝐻 = 1.92 𝐵𝑊 = 1.12 𝐺𝐻𝑧

𝐹𝐵𝑊 = 4% > 1 𝐺𝐻𝑧

𝑒 = −0.1694 𝑑𝐵 → 96,17 %

𝐷 = 7.812 𝑑𝐵𝑖

𝐺 = 𝐷 + 𝑒 = 7.642 𝑑𝐵𝑖



𝑥𝑜 = 𝑊/2

�̂�

�̂�

�̂� �̂�

 𝜙 = 90°



�̂� �̂�

 𝜙 = 0°

𝜙 = 90°

𝜙 = 0°



(𝜃 = 0°

𝐷 = 7.81 𝑑𝐵𝑖

𝑁𝐿𝑃𝑆 =  19.2 𝑑𝐵

∆𝜃−3𝑑𝐵
𝐸 = 80.4 °

∆𝜃−3𝑑𝐵
𝐻 = 74.7 °.

𝒁𝑨 𝑺𝟏𝟏(𝒅𝑩) 𝑽𝑺𝑾𝑹 𝑩𝑾 𝑭𝑩𝑾 𝒆

49.974
− 𝑗0.101 

−59.231 𝑑𝐵 1.0021 1.12 𝐺𝐻𝑧 4 % 96.17 %

𝑷𝒐𝒍 𝑫 𝑮 𝑵𝑳𝑷𝑺 ∆𝜽−𝟑𝒅𝑩
𝑬 ∆𝜽−𝟑𝒅𝑩

𝑯

�̂� 7.81 𝑑𝐵𝑖 7.64 𝑑𝐵𝑖 19.2 𝑑𝐵 80.4 ° 74.7 °



 

 

𝑑

(𝐾 × 𝐿)

𝑔𝑆𝐴 = 𝐾𝐿

(𝐾 × 𝐿)

(𝑀 × 𝑁)

𝑑 = 𝑀𝑁

𝑟 = min(𝑀,𝑁)



↑

↓

↑



 

 

𝑓𝑜 = 28 𝐺𝐻𝑧

𝐵𝑊 = 1 𝐺𝐻𝑧

(4 × 4)

(𝐾 = 𝐿 = 16) (𝑀 = 𝑁 = 1)



𝛾 = 2

𝐾 = 𝐿 = 16

𝑀 = 𝑁 = 1

𝑔𝑆𝐴 = 𝐾𝐿 = 256 ≅ 24 𝑑𝐵

𝑔𝑆𝐴𝑇𝑥 = 𝐾 = 16 ≅ 12 𝑑𝐵

𝑆𝑁𝑅𝑀𝐼𝑀𝑂 = 𝑔𝑆𝐴𝑆𝑁𝑅𝑆𝐼𝑆𝑂 = 256 · 𝑆𝑁𝑅𝑆𝐼𝑆𝑂

𝑑 = 𝑀𝑁 = 1 = 0 𝑑𝐵

𝐵𝐸𝑅𝑀𝐼𝑀𝑂
𝐴𝑊𝐺𝑁 = 𝑄(√2𝑆𝑁𝑅𝑀𝐼𝑀𝑂) = 𝑄(√512𝑆𝑁𝑅𝑆𝐼𝑆𝑂)

𝑟 = min(𝑀,𝑁) = 1 = 0 𝑑𝐵

𝐶𝑀𝐼𝑀𝑂 = 𝑟𝐵 log(1 + 𝑆𝑁𝑅) = 𝐶𝑆𝐼𝑆𝑂 = 𝐶𝐴𝑊𝐺𝑁



 

𝑑𝑒 = 0.5 

|𝜃𝑜|

|𝑆𝑗𝑖|

𝜌𝑒

−1.5𝑑 1.5𝑑



𝑑

−𝑑



𝐾 = 16 (𝑋, 𝑌, 𝑍)

𝐾 = 16



𝜆0/8



 

𝑆𝑖𝑖

𝑆𝑗𝑖

𝑎𝑛

|𝜃𝑜|

𝑍0 = 50 



𝑆𝑖𝑖

𝑑𝑒 = 0.5

𝑆𝑖𝑖 𝑑𝑒 = 0.5

𝑑𝑒 = 0.55 𝑑𝑒 = 0.6

𝑆𝑖𝑖 𝑑𝑒 = 0.55



𝑆𝑖𝑖 𝑑𝑒 = 0.6

𝐾 = 16

−20 𝑑𝐵 @ 28 𝐺𝐻𝑧

𝑑𝑒 = 0.6

𝑆𝑗𝑖



𝐿

𝑓𝑜 = 28 𝐺𝐻𝑧

𝐿 = 3.276 𝑚𝑚

𝑦𝑜 = 1.03111

𝑦𝑜



𝑑𝑒 = 0.6, 𝐿 = 3.276 𝑚𝑚  𝑦𝑜 = 1.0311 𝑚𝑚 𝐾 = 16

@ 28 𝐺𝐻𝑧

𝐵𝑊 = 1.15 𝐺𝐻𝑧  

 𝐹𝐵𝑊 = 4.10 % 𝑆𝑖𝑖
𝑇𝐻 = −10 𝑑𝐵.

𝑆𝑖𝑖



𝑆𝑗𝑖 < −20 𝑑𝐵 𝐾 =

16 

𝑆𝑗𝑖

𝐾 = 16 



𝐾 = 16 

𝐾 = 16

(𝐼 = 4 × 𝐽 = 4)

𝑤𝑖𝑗 = 𝑎𝑖𝑗∠(𝛼𝑦𝑖 + 𝛼𝑥𝑗)        𝑖 = 0, 1, 2, 𝐼 − 1 = 3   ,   𝑗 = 0, 1, 2, 𝐽 − 1 = 3 

𝑎𝑖𝑗 𝑖𝑗 𝛼𝑥, 𝛼𝑦  

(𝐼 = 4 × 𝐽 = 4) 𝐾 = 16

𝒘 =

(

 
 

𝑎11∠0°
𝑎21∠𝛼𝑦
𝑎31∠2𝛼𝑦
𝑎41∠3𝛼𝑦

𝑎12∠𝛼𝑥
𝑎22∠(𝛼𝑥 + 𝛼𝑦)

𝑎32∠(𝛼𝑥 + 2𝛼𝑦)

𝑎42∠(𝛼𝑥 + 3𝛼𝑦)

𝑎13∠2𝛼𝑥
𝑎23∠(2𝛼𝑥 + 𝛼𝑦)

𝑎33∠(2𝛼𝑥 + 2𝛼𝑦)

𝑎43∠(2𝛼𝑥 + 3𝛼𝑦)

𝑎14∠3𝛼𝑥
𝑎24∠(3𝛼𝑥 + 𝛼𝑦)

𝑎34∠(3𝛼𝑥 + 2𝛼𝑦)

𝑎44∠(3𝛼𝑥 + 3𝛼𝑦))

 
 

𝛼𝑥, 𝛼𝑦



𝜃𝑜 = 0°

𝑎𝑖𝑗
𝑈 = 1    ∀𝑖 , ∀𝑗

𝑎𝑖𝑗 = 𝑎𝑖𝑗
𝑈 = 1

𝛼𝑥 = 𝛼𝑦 = 0°

(𝐼 = 4 × 𝐽 = 4) 𝐾 = 16

𝒘𝑼 = (

1∠0° 1∠0° 1∠0° 1∠0°
1∠0° 1∠0° 1∠0° 1∠0°
1∠0° 1∠0° 1∠0° 1∠0°
1∠0° 1∠0° 1∠0° 1∠0°

)

𝑎𝑛
𝑇 = {

2𝑛

𝑁 + 1
    0 ≤ 𝑛 ≤

𝑁 − 1

2

2 −
2𝑛

𝑁 + 1
        

𝑁 − 1

2
< 𝑛 ≤ 𝑁

(4 × 4)

𝑁 = 5 

𝑛 = 1, 2, . . 𝑁 = 5

𝑎𝑛
𝑇 = [0.33, 0.66, 1, 0.66, 0.33]



𝑎𝑖𝑗 = 𝑎𝑛
𝑇

𝛼𝑥 = 𝛼𝑦 = 0°

(𝐼 = 4 × 𝐽 = 4) 𝐾 = 16

𝒘𝑻 = (

0.33∠0° 0.66∠0° 0.66∠0° 0.33∠0°
0.66∠0° 1∠0° 1∠0° 0.66∠0°
0.66∠0° 1∠0° 1∠0° 0.66∠0°

0.33∠0° 0.66∠0° 0.66∠0° 0.33∠0°

)

𝑃(𝑧) = (1 + 𝑧)𝑁−1 =
1

(𝑁 + 1)
+
(𝑁 − 1)

(𝑁 + 1)
𝑧 +

(𝑁 − 1)(𝑁 − 2)

2! (𝑁 + 1)
𝑧2 +

(𝑁 − 1)(𝑁 − 2)(𝑁 − 3)

3! (𝑁 + 1)
𝑧3 +⋯ 

𝑁 = 5

𝑎𝑛
𝐵 = [0.16, 0.66, 1, 0.66, 0.16]

𝑎𝑖𝑗 = 𝑎𝑛
𝐵

𝛼𝑥 = 𝛼𝑦 = 0°

(𝐼 = 4 × 𝐽 = 4) 𝐾 = 16

𝒘𝑩 = (

0.16∠0° 0.66∠0° 0.66∠0° 0.16∠0°
0.66∠0° 1∠0° 1∠0° 0.66∠0°
0.66∠0° 1∠0° 1∠0° 0.66∠0°

0.16∠0° 0.66∠0° 0.66∠0° 0.16∠0°

)







𝜙 = 0°

𝜙 = 0°

𝐺𝑈 = 19 𝑑𝐵 > 𝐺𝑇 = 18.28 𝑑𝐵 > 𝐺𝐵 = 17.81 𝑑𝐵



𝑁𝐿𝑃𝑆𝑈 = 13.83 𝑑𝐵 < 𝑁𝐿𝑃𝑆𝑇 = 23.25 𝑑𝐵 < 𝑁𝐿𝑃𝑆𝐵 = 30.01 𝑑𝐵

𝜙 = 0°.

|𝜃0

𝑑𝑒 = 0.6

|𝜃𝑜| = 40°



|𝜃0| 𝜙 = 0° 

𝛼𝑥 = 0°,±30°, ± 60°, ±90°, …   𝑦 𝛼𝑦 = 0°

|𝜃𝑜| 𝜙 = 90°

𝛼𝑥 = 0° 

𝛼𝑦 = 0°,±30°, ± 60°, ±90°, …

𝒘𝑻 =

(

 
 

0.33∠0°
0.66∠𝛼𝑦
0.66∠2𝛼𝑦
0.33∠3𝛼𝑦

0.66∠𝛼𝑥
1∠(𝛼𝑥 + 𝛼𝑦)

1∠(𝛼𝑥 + 2𝛼𝑦)

0.66∠(𝛼𝑥 + 3𝛼𝑦)

0.66∠2𝛼𝑥
1∠(2𝛼𝑥 + 𝛼𝑦)

1∠(2𝛼𝑥 + 2𝛼𝑦)

0.66∠(2𝛼𝑥 + 3𝛼𝑦)

0.33∠3𝛼𝑥
0.66∠(3𝛼𝑥 + 𝛼𝑦)

0.66∠(3𝛼𝑥 + 2𝛼𝑦)

0.33∠(3𝛼𝑥 + 3𝛼𝑦))

 
 



|𝜃𝑜 = 30°|

𝜙 = 0°

𝐺(𝜃𝑜 = ±30, 𝜙 = 0°) = 17.1 

𝐺(𝜃0 = 0°)  18.27 𝑑𝐵

= 10 

(𝜃𝐺𝐿 = ±60 ° 𝜙 = 90°)

|𝜃𝑜 = 30°| 𝜙 = 0°

|𝜃𝑜 = 30°| 𝜙 = 0°



|𝜃𝑜 = 25°|

𝜙 = 90°

𝐺(𝜃𝑜 = ±25°, 𝜙 = 90°) = 17.3 

 𝐺(𝜃𝑜 = 0°) = 18.27 𝑑𝐵 = 10

𝜃𝐺𝐿 = ±65 ° 𝜙 = 90°)

|𝜃𝑜 = 25°| 𝜙 = 90°

|𝜃𝑜 = 25°| 𝜙 = 90°



(𝜃𝑜 = 0° @ 

𝐺𝑜 = 𝐺(𝜃 = 0°, 𝑓 = 28 𝐺𝐻𝑧) = 18.27 𝑑𝐵



(𝑀 = 𝑁 = 1)

𝑔𝐵𝐹 = 𝑔𝑆𝐴 = 𝐾𝐿 = 16 · 16 = 256 ≈ 24 𝑑𝐵

𝑔𝐵𝐹𝑇𝑥 = 𝑔𝑆𝐴𝑇𝑥 = 𝐾 = 16 ≈ 12 𝑑𝐵

𝐺𝑀𝐼𝑀𝑂
#1 𝐺𝑀𝑆𝐴:

𝑔𝐵𝐹𝑇𝑥
#1 = 𝑔𝑆𝐴𝑇𝑥

#1 = 𝐺𝑀𝐼𝑀𝑂
#1 − 𝐺𝑀𝑆𝐴 = 18.27 𝑑𝐵 − 7.64 𝑑𝐵 = 10.63 𝑑𝐵 = 11.56 

∆𝑔 = 𝑔𝐵𝐹𝑇𝑥 − 𝑔𝐵𝐹𝑇𝑥
#1 = 12 𝑑𝐵 − 10.63 𝑑𝐵 = 1.37 𝑑𝐵

𝑔𝐵𝐹
#1 = 𝑔𝑆𝐴

#1 = (𝑔𝑆𝐴𝑇𝑥
#1 )

2
= 11.562 = 133.63 = 21.25 𝑑𝐵



 

𝐵𝐸𝑅𝑆𝐼𝑆𝑂 = 𝑄(√2𝑆𝑁𝑅𝑆𝐼𝑆𝑂)

(𝐾 = 16 × 𝐿 = 1)

𝐵𝐸𝑅#1𝑀𝐼𝑀𝑂
𝑇𝑥

= 𝑄 (√2𝑆𝑁𝑅#1𝑀𝐼𝑀𝑂
𝑇𝑥

) = (√2𝑔𝑆𝐴𝑇𝑥
#1 𝑆𝑁𝑅𝑆𝐼𝑆𝑂) = (√2 · 11.56𝑆𝑁𝑅𝑆𝐼𝑆𝑂)

(𝐾 = 16 × 𝐿 = 1)

𝐵𝐸𝑅𝑀𝐼𝑀𝑂
𝑇𝑥 = 𝑄 (√2𝑆𝑁𝑅𝑀𝐼𝑀𝑂

𝑇𝑥 ) = (√2𝑔𝑆𝐴𝑇𝑥𝑆𝑁𝑅𝑆𝐼𝑆𝑂) = (√2 · 16𝑆𝑁𝑅𝑆𝐼𝑆𝑂)

(𝐾 = 16 × 𝐿 = 16)

𝐵𝐸𝑅𝑀𝐼𝑀𝑂
#1 = 𝑄(√2𝑆𝑁𝑅𝑀𝐼𝑀𝑂

#1 ) = (√2𝑔𝑆𝐴
#1𝑆𝑁𝑅𝑆𝐼𝑆𝑂) = (√2 · 133.63𝑆𝑁𝑅𝑆𝐼𝑆𝑂)

(𝐾 = 16 × 𝐿 = 16)

𝐵𝐸𝑅𝑀𝐼𝑀𝑂 = 𝑄(√2𝑆𝑁𝑅𝑀𝐼𝑀𝑂) = (√2𝑔𝑆𝐴𝑆𝑁𝑅𝑆𝐼𝑆𝑂) = (√2 · 256𝑆𝑁𝑅𝑆𝐼𝑆𝑂)



𝐺𝑀𝑆𝐴 = 7.64 𝑑𝐵

𝐺𝑀𝐼𝑀𝑂
#1 = 18.28 𝑑𝐵

𝑔𝑆𝐴 = 𝐾𝐿 = 256 24 𝑑𝐵

𝑔𝑆𝐴𝑇𝑥 = 𝐾 = 16

𝑔𝑆𝐴
#1 = (𝑔𝑆𝐴𝑇𝑥

#1 )
2
= 133.63 = 21.25 𝑑𝐵

𝑔𝑆𝐴𝑇𝑥
#1 = 𝐺𝑀𝐼𝑀𝑂

#1 − 𝐺𝑀𝑆𝐴 = 11.56 = 10.63 𝑑𝐵

𝐵𝐸𝑅𝑆𝐼𝑆𝑂 = 𝑄(√2𝑆𝑁𝑅𝑆𝐼𝑆𝑂)

(𝐾 = 16 × 𝐿 = 1)
𝐵𝐸𝑅#1𝑀𝐼𝑀𝑂

𝑇𝑥
= 𝑄 (√2𝑆𝑁𝑅#1𝑀𝐼𝑀𝑂

𝑇𝑥
) = (√2𝑔𝑆𝐴𝑇𝑥

#1 𝑆𝑁𝑅𝑆𝐼𝑆𝑂)

(𝐾 = 16 × 𝐿 = 1)
𝐵𝐸𝑅𝑀𝐼𝑀𝑂

𝑇𝑥 = 𝑄 (√2𝑆𝑁𝑅𝑀𝐼𝑀𝑂
𝑇𝑥 ) = (√2𝑔𝑆𝐴𝑇𝑥𝑆𝑁𝑅𝑆𝐼𝑆𝑂)

𝐵𝐸𝑅𝑀𝐼𝑀𝑂
#1 = 𝑄(√2𝑆𝑁𝑅𝑀𝐼𝑀𝑂

#1 ) = (√2𝑔𝑆𝐴
#1𝑆𝑁𝑅𝑆𝐼𝑆𝑂)

𝐵𝐸𝑅𝑀𝐼𝑀𝑂 = 𝑄(√2𝑆𝑁𝑅𝑀𝐼𝑀𝑂) = (√2𝑔𝑆𝐴𝑆𝑁𝑅𝑆𝐼𝑆𝑂)



𝐵𝐸𝑅 = 10−2

(𝐾 = 16 × 𝐿 = 1 )

𝐵𝐸𝑅 = 10−2

𝑔𝑆𝐴𝑇𝑥
#1 = 10.53 𝑑𝐵



 

𝑃𝑟(𝑊) 𝑁𝑜 (
𝑊

𝐻𝑧
)

𝐵(𝐻𝑧)

𝑆𝑁𝑅 =
𝑃𝑟
𝑃𝑁

=
𝑃𝑟
𝑁𝑜𝐵

 

𝑃𝑟 = 𝑃𝑡𝐺𝑡𝐺𝑟𝐿

𝑃𝑡 𝐺𝑡

𝐺𝑟 𝐿

𝛾

𝐿 = (
𝑐

4𝜋𝑓
)
2

(
1

𝑑
)
𝛾

𝛾 = 2



𝑆𝑁𝑅 =
𝑃𝑡𝐺𝑡𝐺𝑟
𝑃𝑁

𝐿 =
𝑃𝑡𝐺𝑡𝐺𝑟

𝑘𝐵𝑇𝑜(10
𝑁𝐹
10 − 1)𝐵

(
𝑐

4𝜋𝑓
)
2

(
1

𝑑
)
𝛾

𝑃𝑁

𝑃𝑁 = 𝑁𝑜𝐵 = 𝑘𝐵𝑇𝑒𝐵 = 𝑘𝐵𝑇𝑜(10
𝑁𝐹
10 − 1)𝐵

𝑁𝑜 (
𝑊

𝐻𝑧
) 𝑘𝐵 = 1.381 · 10−23 𝐽/𝐾

𝑇𝑒  (𝐾)

𝑇𝑜 = 290 𝐾  𝑁𝐹(𝑑𝐵) 

𝐵 (𝐻𝑧)



𝐸𝐼𝑅𝑃(𝑑𝐵𝑚) = 𝑃𝑡(𝑑𝐵𝑚) + 𝐺𝑡(𝑑𝐵𝑖)

𝑓 = 28 𝐺𝐻𝑧, 𝐵 = 1𝐺𝐻𝑧

𝛾 = 2 𝑘𝐵 = 1.381 · 10−23 𝐽/

𝐾, 𝑇𝑜 = 290 𝐾 

𝑁𝐹 = 5.5 𝑑𝐵  [39], 𝑐 = 3 · 108 𝑚/𝑠

𝐸𝐼𝑅𝑃𝑚𝑎𝑥 = 50 𝑑𝐵𝑚 𝑃𝑡 = 𝐸𝐼𝑅𝑃𝑚𝑎𝑥 − 𝐺𝑀𝐼𝑀𝑂 ≅

30 𝑑𝐵𝑚 = 1 𝑊 𝐺𝑡 , 𝐺𝑟  ∈

{𝐺𝑀𝑆𝐴, 𝐺𝑀𝐼𝑀𝑂 , 𝐺𝑀𝐼𝑀𝑂
#1 }

𝐺𝑀𝑆𝐴 = 7.63 𝑑𝐵 = 5.80, 

𝐺𝑀𝐼𝑀𝑂 = 𝐺𝑀𝑆𝐴 + 𝑔𝑆𝐴𝑇𝑥 = 7.63 𝑑𝐵 + 12 𝑑𝐵 = 19.63 𝑑𝐵 = 92.04  

𝐺𝑀𝐼𝑀𝑂
#1 = 𝐺𝑀𝑆𝐴 + 𝑔𝑆𝐴𝑇𝑥

#1 = 7.63 𝑑𝐵 + 10.64 𝑑𝐵 = 18.28 𝑑𝐵 = 67.14



𝑆𝑁𝑅 =
𝑃𝑡𝐺𝑡𝐺𝑟

𝑘𝐵𝑇𝑜(10
𝑁𝐹
10 − 1)𝐵

(
𝑐

4𝜋𝑓
)
2

(
1

𝑑
)
𝛾

𝐸𝐼𝑅𝑃𝑚𝑎𝑥 = 50 𝑑𝐵𝑚

𝐺𝑀𝑆𝐴 = 7.63 𝑑𝐵 = 5.80

𝐺𝑀𝐼𝑀𝑂
#1 = 𝐺𝑀𝑆𝐴 + 𝑔𝑆𝐴𝑇𝑥

#1 = 18.28 𝑑𝐵 = 67.14

𝐺𝑀𝐼𝑀𝑂 = 𝐺𝑀𝑆𝐴 + 𝑔𝑆𝐴𝑇𝑥 = 19.63 𝑑𝐵 = 92.04

𝐺𝑡 , 𝐺𝑟  ∈ {𝐺𝑀𝑆𝐴, 𝐺𝑀𝐼𝑀𝑂
#1 , 𝐺𝑀𝐼𝑀𝑂}

𝑃𝑡 = 𝐸𝐼𝑅𝑃𝑚𝑎𝑥 − 𝐺𝑀𝐼𝑀𝑂 ≅ 30 𝑑𝐵𝑚 = 1𝑊

𝑘𝐵 = 1.381 · 10
−23 𝐽/𝐾

𝑇𝑜 = 290 𝐾

@ 28 𝐺𝐻𝑧 𝑁𝐹 = 5.5 𝑑𝐵

𝐵 = 1 𝐺𝐻𝑧

𝑐 = 3 · 108 𝑚/𝑠

𝑓 = 28 𝐺𝐻𝑧

𝛾 = 2



𝑑 = 200𝑚.

28 𝐺𝐻𝑧

(𝐾 = 16 × 𝐿 = 16)

𝑑 = 1800 𝑚

 

𝑟 = 1



𝐶𝑀𝐼𝑀𝑂
#1 = 𝑟𝐵log2(1 + 𝑆𝑁𝑅) = 𝐵log2(1 + 𝑆𝑁𝑅) = 𝐶𝑆𝐼𝑆𝑂

𝐵 = 1𝐺𝐻𝑧 



 

𝑀 = 𝑁 = 1

𝐾 = 𝐿 = 16

𝑃𝑡 = 30 𝑑𝐵𝑚 = 1𝑊

𝑓𝑜 = 28 𝐺𝐻𝑧

(𝐿𝑠𝑔 = 27.76) × (𝑊𝑠𝑔 = 31.43)

𝑑 = 0.6𝜆𝑜

�̂�

𝑆𝑖𝑖 < −34 𝑑𝐵

𝑆𝑗𝑖 < −20 𝑑𝐵

𝐵 = 1.15 𝐺𝐻𝑧

𝐺𝑀𝐼𝑀𝑂
#1 = 18.28 𝑑𝐵

𝑁𝐿𝑃𝑆 = 23.25 𝑑𝐵

𝑒 = −0.23 𝑑𝐵 

|𝜃𝑜 = 30°| 

|𝜃𝑜 = 25°|

𝑔𝑆𝐴𝑇𝑥
#1 = 10.63 𝑑𝐵



 

 

𝑓𝑜 = 28 𝐺𝐻𝑧

𝐵𝑊 = 1 𝐺𝐻𝑧

(4 × 4)

(𝐾 = 𝐿 = 8) (𝑀 = 𝑁 = 2)



(𝑀 = 𝑁 = 1, 𝐾 = 𝐿 = 16)

𝛾 = 2.5

𝐾 = 𝐿 = 8

𝑀 = 𝑁 = 2

𝑔𝑆𝐴 = 𝐾𝐿 = 64 ≅ 18 𝑑𝐵

𝑔𝑆𝐴𝑇𝑥 = 𝐾 = 8 ≅ 9 𝑑𝐵

𝑆𝑁𝑅𝑀𝐼𝑀𝑂 = 𝑔𝑆𝐴𝑆𝑁𝑅𝑆𝐼𝑆𝑂 = 64 · 𝑆𝑁𝑅𝑆𝐼𝑆𝑂

𝑑 = 𝑀𝑁 = 4 ≅ 6 𝑑𝐵

𝐵𝐸𝑅𝑀𝐼𝑀𝑂 = 𝑆𝑁𝑅𝑀𝐼𝑀𝑂
−𝑑 = (64 · 𝑆𝑁𝑅𝑆𝐼𝑆𝑂)

−4

𝑟 = 1 = 0 𝑑𝐵

𝐶𝑀𝐼𝑀𝑂 = 𝑟𝐵 log(1 + 𝑆𝑁𝑅) = 𝑟𝐶𝑆𝐼𝑆𝑂 = 𝐶𝑆𝐼𝑆𝑂



 

(4 × 4)

 

𝒘 =

(

 
 

𝑎11∠0°

𝑎21∠𝛼𝑦
1

𝑎31∠0°

𝑎41∠𝛼𝑦
2

𝑎12∠𝛼𝑥
1

𝑎22∠(𝛼𝑥
1 + 𝛼𝑦

1)

𝑎32∠𝛼𝑥
2

𝑎42∠(𝛼𝑥
2 + 𝛼𝑦

2)

𝑎13∠2𝛼𝑥
1

𝑎23∠(2𝛼𝑥
1 + 𝛼𝑦

1)

𝑎33∠2𝛼𝑥
2

𝑎43∠(2𝛼𝑥
2 + 𝛼𝑦

2)

𝑎14∠3𝛼𝑥
1

𝑎24∠(3𝛼𝑥
1 + 𝛼𝑦

1)

𝑎34∠3𝛼𝑥
2

𝑎44∠(3𝛼𝑥
2 + 𝛼𝑦

2))

 
 

𝛼𝑥
1 = +90° 𝛼𝑦

1 = 0°

𝛼𝑥
2 = −90° 𝛼𝑦

2 = 0°



𝑎𝑖𝑗 = 1

𝒘#𝟐𝑨 = (

1∠0°
1∠0°
1∠0°
1∠0°

1∠90°
1∠90°
1∠ − 90°
1∠ − 90°

    

1∠180°
1∠180°
1∠ − 180°
1∠ − 180°

1∠270°
1∠270°
1∠ − 270°
1∠ − 270°

)



|𝜃𝑜 = 22°|

𝜙 = 0°

𝐺𝑀𝐼𝑀𝑂
#2𝐴 (𝜃𝑜 = 22°, 𝜙𝑜 = 0°) = 12.45 𝑑𝐵

𝐺𝑀𝐼𝑀𝑂
#2𝐴 (𝜃𝑜 = −22°, 𝜙𝑜 = 0°) = 12.5 𝑑𝐵

𝐺𝑀𝐼𝑀𝑂
#2𝐴 = 12.5 𝑑𝐵.

𝑔𝑆𝐴𝑇𝑥
#2𝐴 = 𝐺𝑀𝐼𝑀𝑂

#2𝐴 − 𝐺𝑀𝑆𝐴 = 12.5 𝑑𝐵 − 7.63 𝑑𝐵 = 4.87 𝑑𝐵 = 3.1

𝑔𝑆𝐴
#2𝐴 = (𝑔𝑆𝐴𝑇𝑥

#2𝐴 )2 = 3.12 = 9.61 = 9.82 𝑑𝐵



 

±90°

(𝑀 = 𝑁 = 1,𝐾 = 𝐿 = 16)



 

𝛼𝑥 = 180°, 𝛼𝑦 = 0°

𝒘#𝟐𝑩 = (

0.33∠0°
0.66∠0°
0.66∠0°
0.33∠0°

0.66∠180°
1∠180°
1∠180°
0.66∠180°

    

0.66∠360°
1∠360°
1∠360°
0.66∠360°

0.33∠520°
0.66∠520°
0.66∠520°
0.33∠520°

)



|𝜃𝑜 = 43°|

𝜙 = 0°

𝐺#2𝐵(𝜃𝑜 = −43°, 𝜙𝑜 = 0°) = 14.51 𝑑𝐵

𝐺#2𝐵(𝜃𝑜 = 43°, 𝜙𝑜 = 0°) = 13.59 𝑑𝐵

𝐺𝑀𝐼𝑀𝑂
#2𝐵 = 14 𝑑𝐵.

𝑔𝑆𝐴𝑇𝑥
#2𝐵 = 𝐺𝑀𝐼𝑀𝑂

#2𝐵 − 𝐺𝑀𝑆𝐴 = 14 𝑑𝐵 − 7.63 𝑑𝐵 = 6.37 𝑑𝐵 = 4.33

𝑔𝑆𝐴
#2𝐵 = (𝑔𝑆𝐴𝑇𝑥

#2𝐵 )2 = 4.332 = 18.79 = 12.74 𝑑𝐵



∆𝑔 = 𝑔𝑆𝐴
#2𝐵 − 𝑔𝑆𝐴

#2𝐴 = 12.74 𝑑𝐵 − 9.82 𝑑𝐵 ≈ 3 𝑑𝐵

|𝜃𝑜| = 43°

 

𝑑 = 1

𝐵𝐸𝑅𝑆𝐼𝑆𝑂 = 𝑆𝑁𝑅𝑆𝐼𝑆𝑂
−𝑑 = 𝑆𝑁𝑅𝑆𝐼𝑆𝑂

−1

 (𝑀 = 2,𝑁 = 1,𝐾 = 8, 𝐿 = 1) 𝑑 = 𝑀 = 2:

𝐵𝐸𝑅𝑀𝐼𝑆𝑂
#2𝐴 = (𝑆𝑁𝑅𝑀𝐼𝑆𝑂

#2𝐴 )
−𝑑
= (𝑔𝑆𝐴𝑇𝑥

#2𝐴 𝑆𝑁𝑅𝑆𝐼𝑆𝑂)
−𝑀

= (3.1𝑆𝑁𝑅𝑆𝐼𝑆𝑂)
−2

 (𝑀 = 1,𝑁 = 1,𝐾 = 8, 𝐿 = 1) 𝑑 = 2 

𝐵𝐸𝑅𝑀𝐼𝑆𝑂
#2𝐵 = (𝑆𝑁𝑅𝑀𝐼𝑆𝑂

#2𝐵 )
−𝑑
= (𝑔𝑆𝐴𝑇𝑥

#2𝐵 𝑆𝑁𝑅𝑆𝐼𝑆𝑂)
−2
= (4.33𝑆𝑁𝑅𝑆𝐼𝑆𝑂)

−2

 (𝑀 = 2,𝑁 = 1,𝐾 = 8, 𝐿 = 1) 𝑑 = 𝑀 = 2 



𝐵𝐸𝑅𝑀𝐼𝑆𝑂 = 𝑆𝑁𝑅𝑀𝐼𝑆𝑂
−𝑑 = (𝑔𝑆𝐴𝑇𝑥𝑆𝑁𝑅𝑆𝐼𝑆𝑂)

−𝑀 = (8𝑆𝑁𝑅𝑆𝐼𝑆𝑂)
−2 

𝑀 = 2 

𝑑 = 𝑀𝑁 = 2 · 2 = 4

(𝑀 = 𝑁 = 2,𝐾 = 𝐿 = 8) 𝑑 = 𝑀𝑁 = 4 

𝐵𝐸𝑅𝑀𝐼𝑀𝑂
#2𝐴 = (𝑆𝑁𝑅𝑀𝐼𝑀𝑂

#2𝐴 )
−𝑑
= (𝑔𝑆𝐴

#2𝐴𝑆𝑁𝑅𝑆𝐼𝑆𝑂)
−𝑀𝑁

= (9.61𝑆𝑁𝑅𝑆𝐼𝑆𝑂)
−4

(𝑀 = 𝑁 = 1,𝐾 = 𝐿 = 16) 𝑑 = 4

𝐵𝐸𝑅𝑀𝐼𝑀𝑂
#2𝐵 = (𝑆𝑁𝑅𝑀𝐼𝑀𝑂

#2𝐵 )
−𝑑
= (𝑔𝑆𝐴

#2𝐵𝑆𝑁𝑅𝑆𝐼𝑆𝑂)
−4
= (18.79𝑆𝑁𝑅𝑆𝐼𝑆𝑂)

−4

(𝑀 = 𝑁 = 2,𝐾 = 𝐿 = 8) 𝑦 𝑑 = 𝑀𝑁 = 4

𝐵𝐸𝑅𝑀𝐼𝑀𝑂 = (𝑆𝑁𝑅𝑀𝐼𝑀𝑂)
−𝑑 = (𝑔𝑆𝐴𝑆𝑁𝑅𝑆𝐼𝑆𝑂)

−𝑀𝑁 = (64𝑆𝑁𝑅𝑆𝐼𝑆𝑂)
−4



𝐺𝑀𝑆𝐴 = 7.64 𝑑𝐵

𝐺𝑀𝐼𝑀𝑂
#2𝐴 = 12.5 𝑑𝐵

𝐺𝑀𝐼𝑀𝑂
#2𝐵 = 14.5 𝑑𝐵

𝑔𝑆𝐴 = 𝐾𝐿 = 64  𝑑𝐵

𝑔𝑆𝐴𝑇𝑥 = 𝐾 = 8

𝑔𝑆𝐴
#2𝐴 = (𝑔𝑆𝐴𝑇𝑥

#2𝐴 )
2
= 9.61 = 9.82 𝑑𝐵

𝑔𝑆𝐴𝑇𝑥
#2𝐴 = 𝐺𝑀𝐼𝑀𝑂

#2𝐴 − 𝐺𝑀𝑆𝐴 = 3.1 = 4.87 𝑑𝐵

𝑔𝑆𝐴
#2𝐵 = (𝑔𝑆𝐴𝑇𝑥

#2𝐵 )
2
= 18.79 = 12.74 𝑑𝐵

𝑔𝑆𝐴𝑇𝑥
#2𝐵 = 𝐺𝑀𝐼𝑀𝑂

#2𝐵 − 𝐺𝑀𝑆𝐴 = 4.33 = 6.37 𝑑𝐵

𝑑 = 𝑀𝑁

𝐵𝐸𝑅𝑆𝐼𝑆𝑂 = 𝑆𝑁𝑅𝑆𝐼𝑆𝑂
−1

(𝑀 = 2 ·  𝐾 = 8 × 𝑁 = 1 ·  𝐿 = 1)
𝐵𝐸𝑅𝑀𝐼𝑆𝑂

#2𝐴 = (𝑆𝑁𝑅𝑀𝐼𝑆𝑂
#2𝐴 )

−𝑑
= (𝑔𝑆𝐴𝑇𝑥

#2𝐴 𝑆𝑁𝑅𝑆𝐼𝑆𝑂)
−2

(𝑀 = 1 ·  𝐾 = 16 × 𝑁 = 1 ·  𝐿 = 1)
𝐵𝐸𝑅𝑀𝐼𝑆𝑂

#2𝐵 = (𝑆𝑁𝑅𝑀𝐼𝑆𝑂
#2𝐵 )

−𝑑
= (𝑔𝑆𝐴𝑇𝑥

#2𝐵 𝑆𝑁𝑅𝑆𝐼𝑆𝑂)
−2

(𝑀 = 2 ·  𝐾 = 8 × 𝑁 = 1 ·  𝐿 = 1)
𝐵𝐸𝑅𝑀𝐼𝑆𝑂 = 𝑆𝑁𝑅𝑀𝐼𝑆𝑂

−𝑑 = (𝑔𝑆𝐴𝑇𝑥𝑆𝑁𝑅𝑆𝐼𝑆𝑂)
−2

(𝑀 = 2 ·  𝐾 = 8 × 𝑁 = 2 ·  𝐿 = 8)
𝐵𝐸𝑅𝑀𝐼𝑀𝑂

#2𝐴 = (𝑆𝑁𝑅𝑀𝐼𝑀𝑂
#2𝐴 )

−𝑑
= (𝑔𝑆𝐴

#2𝐴𝑆𝑁𝑅𝑆𝐼𝑆𝑂)
−4

(𝑀 = 1 ·  𝐾 = 16 × 𝑁 = 1 ·  𝐿 = 16)
𝐵𝐸𝑅𝑀𝐼𝑀𝑂

#2𝐵 = (𝑆𝑁𝑅𝑀𝐼𝑀𝑂
#2𝐵 )

−𝑑
= (𝑔𝑆𝐴

#2𝐵𝑆𝑁𝑅𝑆𝐼𝑆𝑂)
−4

 
(𝑀 = 2 ·  𝐾 = 8 × 𝑁 = 2 ·  𝐿 = 8)

𝐵𝐸𝑅𝑀𝐼𝑀𝑂 = (𝑆𝑁𝑅𝑀𝐼𝑀𝑂)
−𝑑 = (𝑔𝑆𝐴𝑆𝑁𝑅𝑆𝐼𝑆𝑂)

−4



𝑔𝑆𝐴 𝑑 

𝑔𝑆𝐴 

𝑑

𝐵𝐸𝑅 = 10−1

𝐵𝐸𝑅 = 10−3



𝐵𝐸𝑅 = 10−9.

 

𝐿 = (
𝑐

4𝜋𝑓
)
2

(
1

𝑑
)
𝛾

𝛾



𝛾

𝑆𝑁𝑅 =
𝑃𝑡𝐺𝑡𝐺𝑟
𝑃𝑁

𝐿 =
𝑃𝑡𝐺𝑡𝐺𝑟

𝑘𝐵𝑇𝑜(10
𝑁𝐹
10 − 1)𝐵

(
𝑐

4𝜋𝑓
)
2

(
1

𝑑
)
𝛾

𝑓 = 28 𝐺𝐻𝑧, 𝐵 = 1𝐺𝐻𝑧

𝛾 = 2.5 𝑘𝐵 = 1.381 · 10
−23 𝐽/𝐾, 

𝑇𝑜 = 290 𝐾 

𝑁𝐹 = 5.5 𝑑𝐵  [39], 𝑐 = 3 · 108 𝑚/𝑠

𝑃𝑡 = 𝐸𝐼𝑅𝑃𝑚𝑎𝑥 − 𝐺𝑀𝐼𝑀𝑂 = 50 𝑑𝐵𝑚 − 16.63 𝑑𝐵𝑖 ≅ 33 𝑑𝐵𝑚 =

2 𝑊 𝐺𝑡 , 𝐺𝑟  ∈

{𝐺𝑀𝑆𝐴, 𝐺𝑀𝐼𝑀𝑂 , 𝐺𝑀𝐼𝑀𝑂
#2𝐴 , 𝐺𝑀𝐼𝑀𝑂

#2𝐵 }

𝐺𝑀𝑆𝐴 = 7.63 𝑑𝐵 = 5.80

𝐺𝑀𝐼𝑀𝑂 = 𝐺𝑀𝑆𝐴 + 𝑔𝑆𝐴𝑇𝑥 = 7.63 𝑑𝐵 + 9 𝑑𝐵 = 16.63 𝑑𝐵 = 46.02

𝐺𝑀𝐼𝑀𝑂
#2𝐴 = 𝐺𝑀𝑆𝐴 + 𝑔𝑆𝐴𝑇𝑥

#2𝐴 = 7.63 𝑑𝐵 + 4.87 𝑑𝐵 = 12.5 𝑑𝐵 = 17.78

𝐺𝑀𝐼𝑀𝑂
#2𝐵 = 𝐺𝑀𝑆𝐴 + 𝑔𝑆𝐴𝑇𝑥

#2𝐵 = 7.63 𝑑𝐵 + 6.37 𝑑𝐵 = 14.5 𝑑𝐵 = 28.18



𝑆𝑁𝑅 =
𝑃𝑡𝐺𝑡𝐺𝑟

𝑘𝐵𝑇𝑜(10
𝑁𝐹
10 − 1)𝐵

(
𝑐

4𝜋𝑓
)
2

(
1

𝑑
)
𝛾

𝐸𝐼𝑅𝑃𝑚𝑎𝑥 = 50 𝑑𝐵𝑚

𝐺𝑀𝑆𝐴 = 7.63 𝑑𝐵 = 5.80

𝐺𝑀𝐼𝑀𝑂
#2𝐴 = 𝐺𝑀𝑆𝐴 + 𝑔𝑆𝐴𝑇𝑥

#2𝐴 = 12.5 𝑑𝐵 = 17.78

𝐺𝑀𝐼𝑀𝑂
#2𝐵 = 𝐺𝑀𝑆𝐴 + 𝑔𝑆𝐴𝑇𝑥

#2𝐵 = 14.5 𝑑𝐵 = 28.18

𝐺𝑀𝐼𝑀𝑂 = 𝐺𝑀𝑆𝐴 + 𝑔𝑆𝐴𝑇𝑥 = 16.63 𝑑𝐵 = 46.02

𝐺𝑡 , 𝐺𝑟  ∈ {𝐺𝑀𝑆𝐴, 𝐺𝑀𝐼𝑀𝑂
#2𝐴 , 𝐺𝑀𝐼𝑀𝑂

#2𝐵 , 𝐺𝑀𝐼𝑀𝑂}

𝑃𝑡 = 𝐸𝐼𝑅𝑃𝑚𝑎𝑥 − 𝐺𝑀𝐼𝑀𝑂 ≅ 33 𝑑𝐵𝑚 = 2𝑊

𝑘𝐵 = 1.381 · 10−23 𝐽/𝐾

𝑇𝑜 = 290 𝐾

@ 28 𝐺𝐻𝑧 𝑁𝐹 = 5.5 𝑑𝐵

𝐵 = 1 𝐺𝐻𝑧

𝑐 = 3 · 108 𝑚/𝑠

𝑓 = 28 𝐺𝐻𝑧

𝛾 = 2.5



𝑑 = 200𝑚.

28 𝐺𝐻𝑧

(𝐾 = 8 × 𝐿 = 8)

𝑑 = 450 𝑚



 

𝑀 = 2

𝑟 = 1 = 0 𝑑𝐵

𝐵 = 1𝐺𝐻𝑧

𝐶𝑀𝐼𝑀𝑂
#2 = 𝑟𝐵log2(1 + 𝑆𝑁𝑅) = 𝐵log2(1 + 𝑆𝑁𝑅) = 𝐶𝑆𝐼𝑆𝑂



 

𝑀 = 𝑁 = 2

𝐾 = 𝐿 = 8

𝑃𝑡 = 33 𝑑𝐵𝑚 = 2 𝑊

𝑓𝑜 = 28 𝐺𝐻𝑧

(𝐿𝑠𝑔 = 27.76) × (𝑊𝑠𝑔 = 31.43)

𝑑 = 0.6𝜆𝑜

�̂�

𝑆𝑖𝑖 < −34 𝑑𝐵

𝑆𝑗𝑖 < −20 𝑑𝐵

𝐵 = 1.15 𝐺𝐻𝑧

𝐺𝑀𝐼𝑀𝑂
#2𝐴 (𝜃𝑜 = ±22°, 𝜙𝑜 = 0°) = 12.5 𝑑𝐵

𝑁𝐿𝑃𝑆 = 18.6 𝑑𝐵

𝑒 = −0.2 𝑑𝐵 

|𝜃𝑜 = 22°| 

𝑔𝑆𝐴𝑇𝑥
#2𝐴 = 4.87 𝑑𝐵



 

𝑀 = 𝑁 = 1

𝐾 = 𝐿 = 16

𝑃𝑡 = 33 𝑑𝐵𝑚 = 2 𝑊

𝑓𝑜 = 28 𝐺𝐻𝑧

(𝐿𝑠𝑔 = 27.76) × (𝑊𝑠𝑔 = 31.43)

𝑑 = 0.6𝜆𝑜

�̂�

𝑆𝑖𝑖 < −34 𝑑𝐵

𝑆𝑗𝑖 < −20 𝑑𝐵

𝐵 = 1.15 𝐺𝐻𝑧

𝐺𝑀𝐼𝑀𝑂
#2𝐵 (𝜃𝑜 = ±43°, 𝜙𝑜 = 0°) = 14.5 𝑑𝐵

𝑁𝐿𝑃𝑆 = 12.4 𝑑𝐵

𝑒 = −0.2 𝑑𝐵 

|𝜃𝑜 = 43°| 

𝑔𝑆𝐴𝑇𝑥
#2𝐵 = 6.37 𝑑𝐵



 

 

𝑓𝑜 = 28 𝐺𝐻𝑧

𝐵 = 1 𝐺𝐻𝑧



𝛾 = 3

𝐾 = 𝐿 = 8

𝑀 = 𝑁 = 2

𝑔𝑆𝐴 = 𝐾𝐿 = 64 ≅ 18 𝑑𝐵

𝑔𝑆𝐴𝑇𝑥 = 𝐾 = 8 ≅ 9 𝑑𝐵

𝑆𝑁𝑅𝑀𝐼𝑀𝑂 = 𝑔𝑆𝐴𝑆𝑁𝑅𝑆𝐼𝑆𝑂 = 64 · 𝑆𝑁𝑅𝑆𝐼𝑆𝑂

𝑑 = 1 = 0 𝑑𝐵

𝐵𝐸𝑅𝑀𝐼𝑀𝑂 = 𝑆𝑁𝑅𝑀𝐼𝑀𝑂
−𝑑 = (64 · 𝑆𝑁𝑅𝑆𝐼𝑆𝑂)

−1

𝑟 = min(𝑀,𝑁) = 2 = 3 𝑑𝐵

𝐶𝑀𝐼𝑀𝑂 = 𝑟𝐵 log(1 + 𝑆𝑁𝑅) = 𝑟𝐶𝑆𝐼𝑆𝑂 = 2𝐶𝑆𝐼𝑆𝑂



 

(4 × 4)

𝐾 = 𝐿 = 8 𝑀 = 𝑁 = 2

 

𝒘𝟏 = (
𝑎11∠0° 𝑎12∠𝛼𝑥

1 𝑎13∠2𝛼𝑥
1 𝑎14∠3𝛼𝑥

1

𝑎21∠𝛼𝑦
1 𝑎22∠(𝛼𝑥

1 + 𝛼𝑦
1) 𝑎23∠(2𝛼𝑥

1 + 𝛼𝑦
1) 𝑎24∠(3𝛼𝑥

1 + 𝛼𝑦
1)
)

𝒘𝟐 = (
𝑎31∠0° 𝑎32∠𝛼𝑥

1 𝑎33∠2𝛼𝑥
1 𝑎34∠3𝛼𝑥

1

𝑎41∠𝛼𝑦
1 𝑎42∠(𝛼𝑥

1 + 𝛼𝑦
1) 𝑎43∠(2𝛼𝑥

1 + 𝛼𝑦
1) 𝑎44∠(3𝛼𝑥

1 + 𝛼𝑦
1)
)



𝛼𝑥
1 = +90° 𝛼𝑦

1 = 0°

𝒘𝟏 = (
0.5∠0° 1∠90° 1∠180° 0.5∠270°
0.5∠0° 1∠90° 1∠180° 0.5∠270°

)

𝜙 = 0° 



𝜃0 = −22° 𝜙𝑜 = 0°

𝛼𝑥
2 = −90° 𝛼𝑦

2 = 0°

𝒘𝟐 = (
0.5∠0° 1∠ − 90° 1∠ − 180° 0.5∠ − 270°
0.5∠0° 1∠ − 90° 1∠ − 180° 0.5∠ − 270°

)



𝜙 = 0°

𝜃0 = 22° 𝜙𝑜 = 0°



𝜙 = 0°

|𝜃𝑜 = 22|

𝐺1
#3(𝜃𝑜 = −22°, 𝜙𝑜 = 0°) = 15.03 𝑑𝐵

𝐺2
#3(𝜃𝑜 = 22°, 𝜙𝑜 = 0°) = 15.04 𝑑𝐵

𝐺𝑀𝐼𝑀𝑂
#3 = 15 𝑑𝐵

𝑔𝑆𝐴𝑇𝑥
#3 = 𝐺𝑀𝐼𝑀𝑂

#3 − 𝐺𝑀𝑆𝐴 = 15 𝑑𝐵 − 7.63 𝑑𝐵 = 7.37 𝑑𝐵 = 5.5

𝑔𝑆𝐴
#3 = (𝑔𝑆𝐴𝑇𝑥

#3 )
2
= 5.52 = 30.25 = 14.8 𝑑𝐵 



 

𝑑 = 1:

𝐵𝐸𝑅𝑆𝐼𝑆𝑂 = 𝑆𝑁𝑅𝑆𝐼𝑆𝑂
−𝑑 = 𝑆𝑁𝑅𝑆𝐼𝑆𝑂

−1

𝑑 = 1 = 0 𝑑𝐵.

 (𝑀 = 2,𝑁 = 1,𝐾 = 8, 𝐿 = 1) 𝑑 = 1

𝐵𝐸𝑅𝑀𝐼𝑆𝑂
#3 = (𝑆𝑁𝑅𝑀𝐼𝑆𝑂

#3 )
−𝑑
= (𝑔𝑆𝐴𝑇𝑥

#3 𝑆𝑁𝑅𝑆𝐼𝑆𝑂)
−1
= (5.5 · 𝑆𝑁𝑅𝑆𝐼𝑆𝑂)

−1

 (𝑀 = 1,𝑁 = 1,𝐾 = 8, 𝐿 = 1) 𝑑 = 1

𝐵𝐸𝑅𝑀𝐼𝑆𝑂 = (𝑆𝑁𝑅𝑀𝐼𝑆𝑂)
−𝑑 = (𝑔𝑆𝐴𝑇𝑥𝑆𝑁𝑅𝑆𝐼𝑆𝑂)

−1 = (8 · 𝑆𝑁𝑅𝑆𝐼𝑆𝑂)
−1

(𝑀 = 𝑁 = 2,𝐾 = 𝐿 = 8) 𝑑 = 1

𝐵𝐸𝑅𝑀𝐼𝑀𝑂
#3 = (𝑆𝑁𝑅𝑀𝐼𝑀𝑂

#3 )
−𝑑
= (𝑔𝑆𝐴

#3𝑆𝑁𝑅𝑆𝐼𝑆𝑂)
−1
= (30.25 · 𝑆𝑁𝑅𝑆𝐼𝑆𝑂)

−1

(𝑀 = 𝑁 = 2,𝐾 = 𝐿 = 8) 𝑑 = 1

𝐵𝐸𝑅𝑀𝐼𝑀𝑂 = (𝑆𝑁𝑅𝑀𝐼𝑀𝑂)
−𝑑 = (𝑔𝑆𝐴𝑆𝑁𝑅𝑀𝐼𝑀𝑂)

−1 = (64 · 𝑆𝑁𝑅𝑆𝐼𝑆𝑂)
−1



𝐺𝑀𝑆𝐴 = 7.64 𝑑𝐵

𝐺𝑀𝐼𝑀𝑂
#3 = 15 𝑑𝐵

𝑔𝑆𝐴 = 𝐾𝐿 = 64  𝑑𝐵

𝑔𝑆𝐴𝑇𝑥 = 𝐾 = 8

𝑔𝑆𝐴
#3 = (𝑔𝑆𝐴𝑇𝑥

#3 )
2
= 30.25 = 14.8 𝑑𝐵 

𝑔𝑆𝐴𝑇𝑥
#3 = 𝐺𝑀𝐼𝑀𝑂

#3 − 𝐺𝑀𝑆𝐴 = 5.5 = 7.37 𝑑𝐵

𝑑 = 1 = 0 𝑑𝐵

𝐵𝐸𝑅𝑆𝐼𝑆𝑂 = 𝑆𝑁𝑅𝑆𝐼𝑆𝑂
−1

(𝑀 = 2 ·  𝐾 = 8 × 𝑁 = 1 ·  𝐿 = 1)
𝐵𝐸𝑅𝑀𝐼𝑆𝑂

#3 = (𝑆𝑁𝑅𝑀𝐼𝑆𝑂
#3 )

−𝑑
= (𝑔𝑆𝐴𝑇𝑥

#3 𝑆𝑁𝑅𝑆𝐼𝑆𝑂)
−1

(𝑀 = 2 ·  𝐾 = 8 × 𝑁 = 1 ·  𝐿 = 1)
𝐵𝐸𝑅𝑀𝐼𝑆𝑂 = 𝑆𝑁𝑅𝑀𝐼𝑆𝑂

−𝑑 = (𝑔𝑆𝐴𝑇𝑥𝑆𝑁𝑅𝑆𝐼𝑆𝑂)
−1

(𝑀 = 2 ·  𝐾 = 8 × 𝑁 = 2 ·  𝐿 = 8)
𝐵𝐸𝑅𝑀𝐼𝑀𝑂

#3 = (𝑆𝑁𝑅𝑀𝐼𝑀𝑂
#3 )

−𝑑
= (𝑔𝑆𝐴

#3𝑆𝑁𝑅𝑆𝐼𝑆𝑂)
−1

 
(𝑀 = 2 ·  𝐾 = 8 × 𝑁 = 2 ·  𝐿 = 8)

𝐵𝐸𝑅𝑀𝐼𝑀𝑂 = (𝑆𝑁𝑅𝑀𝐼𝑀𝑂)
−𝑑 = (𝑔𝑆𝐴𝑆𝑁𝑅𝑆𝐼𝑆𝑂)

−1



𝐵𝐸𝑅 = 10−2

𝐵𝐸𝑅 = 10−2



 

𝑆𝑁𝑅 =
𝑃𝑡𝐺𝑡𝐺𝑟
𝑃𝑁

𝐿 =
𝑃𝑡𝐺𝑡𝐺𝑟

𝑘𝐵𝑇𝑜(10
𝑁𝐹
10 − 1)𝐵

(
𝑐

4𝜋𝑓
)
2

(
1

𝑑
)
𝛾

𝑓 = 28 𝐺𝐻𝑧, 𝐵 = 1𝐺𝐻𝑧

𝛾 = 3 𝑘𝐵 = 1.381 · 10−23 𝐽/

𝐾, 𝑇𝑜 = 290 𝐾 

𝑁𝐹 = 5.5 𝑑𝐵  [39], 𝑐 = 3 · 108 𝑚/𝑠

𝑃𝑡 = 𝐸𝐼𝑅𝑃𝑚𝑎𝑥 − 𝐺𝑀𝐼𝑀𝑂 = 50 𝑑𝐵𝑚 − 16.63 𝑑𝐵𝑖 ≅

33 𝑑𝐵𝑚 = 2 𝑊 𝐺𝑡 , 𝐺𝑟  ∈

{𝐺𝑀𝑆𝐴, 𝐺𝑀𝐼𝑀𝑂 , 𝐺𝑀𝐼𝑀𝑂
#3 }

𝐺𝑀𝑆𝐴 = 7.63𝑑𝐵 = 5.8, 

𝐺𝑀𝐼𝑀𝑂 = 𝐺𝑀𝑆𝐴 + 𝑔𝑆𝐴𝑇𝑥 = 7.63 𝑑𝐵 + 9 𝑑𝐵 = 16.63 𝑑𝐵 = 46.02  

𝐺𝑀𝐼𝑀𝑂
#3 = 𝐺𝑀𝑆𝐴 + 𝑔𝑆𝐴𝑇𝑥

#3 = 7.63 𝑑𝐵 +

7.37 𝑑𝐵 = 15 𝑑𝐵 = 31.62.



𝑆𝑁𝑅 =
𝑃𝑡𝐺𝑡𝐺𝑟

𝑘𝐵𝑇𝑜(10
𝑁𝐹
10 − 1)𝐵

(
𝑐

4𝜋𝑓
)
2

(
1

𝑑
)
𝛾

𝐸𝐼𝑅𝑃𝑚𝑎𝑥 = 50 𝑑𝐵𝑚

𝐺𝑀𝑆𝐴 = 7.63 𝑑𝐵 = 5.80

𝐺𝑀𝐼𝑀𝑂
#3 = 𝐺𝑀𝑆𝐴 + 𝑔𝑆𝐴𝑇𝑥

#3 = 15 𝑑𝐵 = 31.62

𝐺𝑀𝐼𝑀𝑂 = 𝐺𝑀𝑆𝐴 + 𝑔𝑆𝐴𝑇𝑥 = 16.63 𝑑𝐵 = 46.02

𝐺𝑡 , 𝐺𝑟  ∈ {𝐺𝑀𝑆𝐴, 𝐺𝑀𝐼𝑀𝑂
#3 , 𝐺𝑀𝐼𝑀𝑂}

𝑃𝑡 = 𝐸𝐼𝑅𝑃𝑚𝑎𝑥 − 𝐺𝑀𝐼𝑀𝑂 ≅ 33 𝑑𝐵𝑚 = 2𝑊

𝑘𝐵 = 1.381 · 10−23 𝐽/𝐾

𝑇𝑜 = 290 𝐾

@ 28 𝐺𝐻𝑧 𝑁𝐹 = 5.5 𝑑𝐵

𝐵 = 1 𝐺𝐻𝑧

𝑐 = 3 · 108 𝑚/𝑠

𝑓 = 28 𝐺𝐻𝑧

𝛾 = 3



𝑑 = 70𝑚.

28 𝐺𝐻𝑧

(𝐾 = 8 × 𝐿 = 8)

𝑑 = 250 𝑚



 

𝑀 = 2

𝑀 = 2 

𝑟 = 𝑟𝑎𝑛𝑘(𝑯) = min(𝑀,𝑁) = min(2,2) = 2

𝑟

𝐇

𝑟 𝑟

𝐶𝐴𝑊𝐺𝑁 = 𝐵 log2(1 + 𝑆𝑁𝑅) = 𝐶𝑆𝐼𝑆𝑂 = 𝐶𝑀𝐼𝑀𝑂
#1 = 𝐶𝑀𝐼𝑀𝑂

#2

𝑀 = 2

𝐶𝑆𝐼𝑀𝑂
#3 = 𝐶𝑀𝐼𝑆𝑂

#3 = 𝐵 log2(1 + 𝑀 · 𝑆𝑁𝑅) =𝐵 log2(1 + 2𝑆𝑁𝑅)

𝑟 = min(2,2) = 2 

𝐶𝑀𝐼𝑀𝑂
#3 = 𝑟𝐵 log2(1 + 𝑆𝑁𝑅) = 2𝐵𝑙𝑜𝑔2(1 + 𝑆𝑁𝑅) 



𝐵 = 1𝐺𝐻𝑧

𝐶 = 5 𝐺𝑏𝑝𝑠. 

𝐶 = 6 𝐺𝑏𝑝𝑠

𝐶 = 10 𝐺𝑏𝑝𝑠 𝑟 = 2 



 

𝑀 = 𝑁 = 2

𝐾 = 𝐿 = 8

𝑃𝑡 = 33 𝑑𝐵𝑚 = 2 𝑊

𝑓𝑜 = 28 𝐺𝐻𝑧

(𝐿𝑠𝑔 = 27.76) × (𝑊𝑠𝑔 = 31.43)

𝑑 = 0.6𝜆𝑜

�̂�

𝑆𝑖𝑖 < −34 𝑑𝐵

𝑆𝑗𝑖 < −20 𝑑𝐵

𝐵 = 1.15 𝐺𝐻𝑧

𝐺𝑀𝐼𝑀𝑂
#3 = 15 𝑑𝐵

𝑁𝐿𝑃𝑆 = 16 𝑑𝐵

𝑒 = −0.2 𝑑𝐵 

|𝜃𝑜 = 22°| 

𝑔𝑆𝐴𝑇𝑥
#3 = 7.37 𝑑𝐵



 

 





|𝜃𝑜|



 





 



 

















 

 

%Light speed 

c = physconst('LightSpeed'); 

%Frequency vector 

f = linspace (1,1000,1000); 

%Tx-Rx distance 

d = 1e3; 

%Free field Loss 

L = abs(20.*log10(c./(4.*pi.*f.*1e9.*d))); 

%Visualization 

semilogx(f,L,'LineWidth',2); 

title("Free Field Propagation Loss "); 

legend("L(dB/Km)"); 

xlabel("f [GHz]"); 

ylabel("Attenuation [dB/Km]"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

 

 

%SNR in db 

SNRdb = linspace(0,20,1000); 

%SNR 

SNR = 10.^(SNRdb/10); 

%AWGN Channel BER 

BERawgn = qfunc(sqrt(2.*SNR)); 

%Rayleigh Channel BER 

BERray = SNR.^-1; 

%BER visualization 

semilogy(SNRdb,BERawgn,'LineWidth',2,'Marker','o','MarkerSize',8,'MarkerIndice

s',1:50:1000); 

hold on; 

semilogy(SNRdb,BERray,'LineWidth',2,'Marker','s','MarkerSize',8,'MarkerIndices

',1:50:1000); 



xlabel("SNR[dB]"); 

ylabel("BER"); 

axis ([0 20 10^-5 10^0]); 

legend("AWGN Channel","Rayleigh Channel"); 

title("BER over AWGN and Rayleigh Channels"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

 

%Markers 

m = ['o','s','v','d','^','h']; 

%Number of Tx antennas per sub-array Tx. 

K = [1 2 4 8 16]; 

%Number of Rx antennas per sub-array Rx. 

L = [1 2 4 8 16]; 

%Signal-to-noise ratio in db 

SNRdb = linspace(-30,40,1000); 

%Signal-to-noise ratio 

SNR = 10.^(SNRdb/10); 

figure(1) 

for i = 1:5 

%Subarray gain 

gSA = K(i).*L(i); 

%AWGN Channel Bit error rate (BER) 

BERawgn = qfunc(sqrt(2.*gSA.*SNR)); 

semilogy(SNRdb,BERawgn,'LineWidth',2,'Marker',m(i),'MarkerSize',8,'MarkerIndic

es',1:50:1000); 

hold on; 

end; 

xlabel("SNR[dB]"); 

ylabel("BER"); 

axis ([-30 20 10.^-15 10.^0]); 

legend("AWGN MIMO (K=1 X L=1)","AWGN MIMO (K=2 X L=2)","AWGN MIMO (K=4 X 

L=4)","AWGN MIMO (K=8 X L=8)","AWGN MIMO (K=16 X L=16)"); 

title("Sub-array gain effect on SNR over AWGN MIMO sub-channel"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

figure(2); 

for i = 1:5 

%Subarray gain 



gSA = K(i).*L(i); 

%Rayleigh Bit error rate (BER) 

BERray = (SNR*gSA).^-1; 

semilogy(SNRdb,BERray,'LineWidth',2,'Marker',m(i),'MarkerSize',8,'MarkerIndice

s',1:100:1000); 

hold on; 

end; 

xlabel("SNR[dB]"); 

ylabel("BER"); 

axis ([-20 40 10.^-5 10.^0]); 

legend("Rayleigh MIMO (K=1 X L=1)","Rayleigh MIMO (K=2 X L=2)","Rayleigh MIMO 

(K=4 X L=4)","Rayleigh MIMO (K=8 X L=8)","Rayleigh MIMO (K=16 X L=16)"); 

title("Sub-array gain effect on SNR over Rayleigh MIMO sub-channel"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

 

%Markers 

m = ['o','s','v','d','^','h']; 

%Number of Tx antennas per sub-array Tx. 

K = 1; 

%Number of Rx antennas per sub-array Rx. 

L = 1; 

%Number of sub-arrays Tx 

M = [1 2 2 4 8]; 

%Number of sub-arrays Rx 

N = [1 1 2 4 8]; 

%Signal-to-noise ratio in db 

SNRdb = linspace(0,40,1000); 

%Signal-to-noise ratio 

SNR = 10.^(SNRdb/10); 

for i = 1:5 

%Subarray gain 

gSA = K.*L; 

%Diversity gain 

d = M(i).*N(i); 

%Rayleigh channel Bit error rate (BER) 

BER= (SNR*gSA).^-d; 

semilogy(SNRdb,BER,'LineWidth',2,'Marker',m(i),'MarkerSize',8,'MarkerIndices',

1:50:1000); 

hold on; 



end; 

xlabel("SNR[dB]"); 

ylabel("BER"); 

axis ([0 30 10.^-5 10.^0]); 

legend("Rayleigh SISO (M=1 X N=1)","Rayleigh MISO/SIMO (M/N=2)","Rayleigh MIMO 

(M=2 X N=2)","Rayleigh MIMO (M=4 X N=4)","Rayleigh MIMO (M=8 X N=8)"); 

title("Spatial diversity gain effect on BER curve slope over Rayleigh 

Channel"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

 

%Markers 

m = ['o','s','v','d','^','h']; 

%Number of Tx antennas per sub-array Tx. 

K = 1; 

%Number of Rx antennas per sub-array Rx. 

L = 1; 

%Number of sub-arrays Tx 

M = [1 2 2 4 8]; 

%Number of sub-arrays Rx 

N = [1 1 2 4 8]; 

%Signal-to-noise ratio in db 

SNRdb = linspace(0,40,1000); 

%Signal-to-noise ratio 

SNR = 10.^(SNRdb/10); 

for i = 1:5 

%Subarray gain 

gSA = K.*L; 

%Diversity gain 

d = M(i).*N(i); 

%Rayleigh channel Bit error rate (BER) 

BER= (SNR*gSA).^-d; 

semilogy(SNRdb,BER,'LineWidth',2,'Marker',m(i),'MarkerSize',8,'MarkerIndices',

1:50:1000); 

hold on; 

end; 

xlabel("SNR[dB]"); 

ylabel("BER"); 

axis ([0 30 10.^-5 10.^0]); 



legend("Rayleigh SISO (M=1 X N=1)","Rayleigh MISO/SIMO (M/N=2)","Rayleigh MIMO 

(M=2 X N=2)","Rayleigh MIMO (M=4 X N=4)","Rayleigh MIMO (M=8 X N=8)"); 

title("Spatial diversity gain effect on BER curve slope over Rayleigh 

Channel"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

 

 

 

%Figure index 

i=1; 

%Number of elements 

for N= 3:2:9 

%Electric angle vector 

psi = linspace (2*pi, -2*pi, 18000); 

%Uniform array factor 

AFu = abs(sin(N.*psi./2)./sin(psi./2)); 

%Triangular array factor 

AFt = abs((sin((N+1).*psi./4)./sin(psi./2))).^2; 

%Binomial array factor 

AFb = abs((2.*cos(psi./2))).^(N-1); 

figure(i); 

plot(psi,AFu./max(AFu),'-b','LineWidth',2); 

hold on; 

plot(psi,AFt./max(AFt),'--r','LineWidth',2); 

hold on; 

plot(psi,AFb./max(AFb),':g','LineWidth',2); 

axis tight; 

title(sprintf("%d-ELEMENT ARRAY FACTORS FOR DIFFERENT CURRENT 

DISTRIBUTIONS",N)); 

xlabel("\Psi[rad]"); 

ylabel("FA(\Psi)"); 

legend("FA_U(\Psi)","FA_T(\Psi)","FA_B(\Psi)"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.75); 

i= i+1; 



end 

 

%Colors vector definition 

color=['b','r','g']; 

%Theta angle vector 

theta=linspace(0,2.*pi,360); 

%Number of elements 

N = 5; 

%Normalized wave number 

k= 2*pi; 

%Electric distance between elements 

d= 0.5; 

%Broadside array Progressive phase 

alpha = 0; 

%Electric angle 

psi = k*d*cos(theta) + alpha; 

%Uniform Array Factor 

AFu = abs(sin(N*psi./2)./sin(psi./2)); 

%Max Uniform Array Factor 

AFu_max= max(max(AFu)); 

%Normalized Uniform Array Factor 

AFu_norm = AFu/AFu_max; 

 

%Triangular Array Factor 

AFt = abs((sin((N+1).*psi./4)./sin(psi./2))).^2; 

%Max Triangular Array Factor 

AFt_max = max(max(AFt)); 

%Normalized Triangular Array Factor 

AFt_norm = AFt/AFt_max; 

%Binomial Array Factor 

AFb = abs((2.*cos(psi./2))).^(N-1); 

%Max Binomial Array Factor 

AFb_max = max(max(AFb)); 

%Normalized Binomial Array Factor 

AFb_norm = AFb/AFb_max; 

polarplot(theta,AFu_norm,'LineWidth',2,'Color',color(1)); 

hold on; 

polarplot(theta,AFt_norm,'LineWidth',2,'Color',color(2)); 

hold on; 



polarplot(theta,AFb_norm,'LineWidth',2,'Color',color(3)); 

legend("FA_U(\theta,N=5,\alpha=0\circ,d_e=0.5\lambda)","FA_T(\theta,N=5,\alpha

=0\circ,d_e=0.5\lambda)","FA_B(\theta,N=5,\alpha=0\circ,d_e=0.5\lambda)"); 

title("5-ELEMENT BROADSIDE ARRAY FACTOR FOR DIFFERENT CURRENT DISTRIBUTIONS"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

 

%Number of elements 

N=9; 

%Number of samples 

M = 5000; 

%Electric angle vector 

psi = linspace (2*pi, -2*pi, M); 

%Uniform array factor 

AFu = abs(sin(N.*psi./2)./sin(psi./2)); 

%Max Uniform array factor 

AFumax= max(AFu); 

%Normalized Uniform array factor in dB 

AFunorm= 20.*log10(AFu./AFumax); 

%Uniform NLPS index calculation 

uindex = find (round(AFunorm,2) == -13); 

%Triangular array factor 

AFt = abs((sin((N+1).*psi./4)./sin(psi./2))).^2; 

 

%Max Triangular array factor 

AFtmax = max(AFt); 

%Normalized Triangular array factor in dB 

AFtnorm = 20.*log10(AFt./AFtmax); 

%Triangular NLPS index calculation 

tindex = find(round(AFtnorm,2) == -26); 

%Normalized Array Factors visualization 

figure(1); 

plot(psi,AFunorm,'-b','LineWidth',2); 

hold on; 

plot(psi(uindex(3)),AFunorm(uindex(3)),'v','MarkerSize',7.5,'MarkerFaceColor',

'b','MarkerEdgeColor','b'); 

hold on; 

plot(psi,AFtnorm,'--r','LineWidth',2); 

plot(psi(tindex(2)),AFtnorm(tindex(2)),'v','MarkerSize',7.5,'MarkerFaceColor',

'r','MarkerEdgeColor','r'); 



axis ([-2*pi 2*pi -100 0]); 

legend("FA_U(\Psi) [dB]",sprintf("FA_U(\\Psi) = %.2f 

dB",AFunorm(uindex(3))),"FA_T(\Psi) [dB]",sprintf("FA_T(\\Psi) = %.2f 

dB",AFtnorm(tindex(2)))); 

title(sprintf("%d-ELEMENT ARRAY FACTORS FA(\\Psi) [dB]",N)); 

xlabel ("\Psi [rad]") 

ylabel ("FA(\Psi) [dB]"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.75); 

 

 

%Colors vector 

color=['b','r','g']; 

%Number of elements 

N = [3 5 9]; 

for i= 1:3 

%Electric angle vector 

psi = linspace (2*pi, -2*pi, 18000); 

%Uniform array factor 

AFu = abs(sin(N(i).*psi./2)./sin(psi./2)); 

figure(1); 

plot(psi,AFu./max(AFu),'-b','LineWidth',2,'Color',color(i)); 

hold on; 

end 

axis tight; 

title(sprintf("N-ELEMENT UNIFORM ARRAY FACTORS")); 

xlabel("\Psi[rad]"); 

ylabel("FA(\Psi)"); 

legend("FA_U(\Psi,N=3)","FA_U(\Psi,N=5)","FA_U(\Psi,N=9)"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.75); 

 

%Colors vector 

color=['r','g','b']; 

%Theta angle 



theta=linspace(0,2.*pi,360); 

%Number of elements vector 

N = [3 5 9]; 

%Normalized wave number 

k= 2*pi; 

%Electric distance between elements 

d= 0.5; 

%Broadside array Progressive phase 

alpha = 0; 

%Electric angle 

psi = k*d*cos(theta) + alpha; 

for i=1:3 

%Uniform array factor 

AF = abs(sin(N(i)*psi./2)./sin(psi./2)); 

%Max array factor 

AF_max= max(max(AF)); 

%Normalized array factor 

AF_norm = AF/AF_max; 

polarplot(theta,AF_norm,'LineWidth',2,'Color',color(i)); 

hold on; 

end 

legend("FA_U(\theta,N=3,\alpha=0\circ,d_e=0.5\lambda)","FA_U(\theta,N=5,\alpha

=0\circ,d_e=0.5\lambda)","FA_U(\theta,N=9,\alpha=0\circ,d_e=0.5\lambda)"); 

title("N-ELEMENT UNIFORM BROADSIDE ARRAY FACTORS"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

 

%Figure index 

i=1; 

%Number of elements 

for N= 3:2:9 

%Electric angle vector 

psi = linspace (2*pi, -2*pi, 18000); 

%Uniform array factor 

AFu = abs(sin(N.*psi./2)./sin(psi./2)); 

%Triangular array factor 

AFt = abs((sin((N+1).*psi./4)./sin(psi./2))).^2; 

%Binomial array factor 

AFb = abs((2.*cos(psi./2))).^(N-1); 



figure(1); 

subplot(2,2,i); 

plot(psi,AFu./max(AFu),'-b','LineWidth',2); 

hold on; 

plot(psi,AFt./max(AFt),'--r','LineWidth',2); 

hold on; 

plot(psi,AFb./max(AFb),':g','LineWidth',2); 

axis tight; 

title(sprintf("%d-ELEMENT ARRAY FACTORS FOR DIFFERENT CURRENT 

DISTRIBUTIONS",N)); 

xlabel("\Psi[rad]"); 

ylabel("FA(\Psi)"); 

legend("FA_U(\Psi)","FA_T(\Psi)","FA_B(\Psi)"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.75); 

i= i+1; 

end 

 

 

%Colors vector definition 

color=['b', 'r', 'g']; 

%Angle vectors definition in radians 

dtheta=pi/180; 

dphi=pi/180; 

theta=0:dtheta:pi; 

phi=0:dphi:2*pi; 

%2-D meshgrid is created to evaluate definite integrals via trapezoidal rule 

[THETA,PHI]=meshgrid(theta,phi); 

%Number of elements vector 

N = 5; 

%Number of samples 

M = 100; 

%Normalized wave number 

k= 2*pi; 

%Electric distance between elements 

d= linspace(0,1,M); 

%Broadside array progressive phase 

alpha = 0; 

%Directivity calculation for different current distributions arrays 



for i = 1:3 

for j=1:100 

%Electric angle 

psi = k*d(j)*cos(THETA) + alpha; 

%Uniform array factor 

AFu = abs(sin(N*psi./2)./sin(psi./2)); 

%Triangular array factor 

AFt = abs((sin((N+1).*psi./4)./sin(psi./2))).^2; 

%Binomial array factor 

AFb = abs((2.*cos(psi./2))).^(N-1); 

if   i==1 

    AF = AFu; 

elseif i==2 

    AF = AFt; 

    else 

        AF = AFb; 

end 

%Max array factor 

AF_max= max(max(AF)); 

%Normalized array factor 

AF_norm = AF/AF_max; 

%Equivalent solid angle [str] 

omega_e= (sum(sum((abs(AF_norm).^2).*sin(THETA)))*dtheta*dphi); 

%Directivity max calculation 

D=4*pi/omega_e; 

D_db=10*log10(D); 

%Directivity matrix storage 

M(i,j)=D_db; 

end 

%Maximum directivity 

[D_max(i),index(i)] = max(M(i,:)); 

%Distance between array elements for maximum directivity 

d_max(i)= d(index(i)); 

%Directivity vs array elements distance visualization 

figure(1); 

plot(d,M(i,:),'color',color(i),'LineWidth',2); 

hold on; 

plot(d(index(i)),D_max(i),'v','MarkerSize',7.5,'MarkerFaceColor',color(i),'Mar

kerEdgeColor',color(i)); 

hold on; 

plot(d(100),M(i,100),'d','MarkerSize',7.5,'MarkerFaceColor',color(i),'MarkerEd

geColor',color(i)); 

hold on; 



end 

 

legend('D_U(N=5,d_e)',sprintf('D_Umax(N=5,d_e=%.2f\\lambda)=%.3f 

dB',d_max(1),D_max(1)),... 

    sprintf('D_U(N=5,d_e=%d\\lambda)=%.3f 

dB',d(100),M(1,100)),'D_T(N=5,d_e)',... 

    sprintf('D_Tmax(N=5,d_e=%.2f\\lambda)=%.3f dB',d_max(2),D_max(2)),... 

    sprintf('D_T(N=5,d_e=%d\\lambda)=%.3f 

dB',d(100),M(2,100)),'D_B(N=5,d_e)',... 

    sprintf('D_Bmax(N=5,d_e=%.2f\\lambda)=%.3f dB',d_max(3),D_max(3)),... 

    sprintf('D_B(N=5,d_e=%d\\lambda)=%.3f dB',d(100),M(3,100))); 

title('5-ELEMENT BROADSIDE ARRAY DIRECTIVITY FOR DIFFERENT CURRENT 

DISTRIBUTIONS'); 

xlabel('d_e = d/\lambda'); 

ylabel('D(dB)'); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

axis ([0 1 0 10]); 

 

color=['r','g','b']; 

%theta angle 

theta=linspace(0,2.*pi,360); 

%Number of elements 

N = 5; 

%Normalized wave number 

k= 2*pi; 

%Electric distance between elements vector 

d= [0.5 0.7 0.9 1]; 

%Broadside array progressive phase 

alpha = 0; 

for i=1:4 

%Electric angle 

psi = k*d(i)*cos(theta) + alpha; 

%Uniform array factor 

AF = abs(sin(N*psi./2)./sin(psi./2)); 

%Max array factor 

AF_max= max(max(AF)); 

%Normalized array factor 

AF_norm = AF/AF_max; 

polarplot(theta,AF_norm,'LineWidth',2); 

hold on; 



end 

legend("FA_U(\theta,N=5,\alpha=0\circ,d_e=0.5\lambda)","FA_U(\theta,N=5,\alpha

=0\circ,d_e=0.7\lambda)","FA_U(\theta,N=5,\alpha=0\circ,d_e=0.9\lambda)","FA_U

(\theta,N=5,\alpha=0\circ,d_e=\lambda)"); 

title("5-ELEMENT UNIFORM BROADSIDE ARRAY FACTOR"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

 

 

color=['r','g','b']; 

%theta angle 

theta=linspace(0,2*pi,360); 

%Number of elements vector 

N = 9; 

%Normalized wave number 

k= 2*pi; 

%Electric distance between elements 

d= 0.5; 

%Array Progressive phase 

alpha = [-5*pi./6 -2*pi./3 -pi./3 0 pi./3 2*pi./3 5*pi./6] ; 

for i=1:7 

psi = k*d*cos(theta) + alpha(i); 

%Uniform array factor 

AF = abs(sin(N*psi./2)./sin(psi./2)); 

%Max array factor 

AF_max= max(max(AF)); 

%Normalized array factor 

AF_norm = AF/AF_max; 

polarplot(theta,AF_norm,'LineWidth',2); hold on; 

end 

legend("FA_U(\theta,N=9,\alpha=-

150\circ,d_e=0.5\lambda)","FA_U(\theta,N=9,\alpha=-

120\circ,d_e=0.5\lambda)",... 

    "FA_U(\theta,N=9,\alpha=-

60\circ,d_e=0.5\lambda)","FA_U(\theta,N=9,\alpha=0\circ,d_e=0.5\lambda)",... 

    

"FA_U(\theta,N=9,\alpha=60\circ,d_e=0.5\lambda)","FA_U(\theta,N=9,\alpha=120\c

irc,d_e=0.5\lambda)",... 

    "FA_U(\theta,N=9,\alpha=150\circ,d_e=0.5\lambda)"); 

title("9-ELEMENT UNIFORM PHASED ARRAY FACTOR"); 

grid on; 



set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

 𝜽𝟎

%Theta0 vector in degrees 

theta0 = -90:1:90; 

%Electric distance between elements vector 

d = [0.5 0.6 0.7 0.8 0.9 1]; 

%Normalized wavenumber 

k = 2*pi; 

%Progressive phase calculation for different electric distances vs theta0 

for i=1:6 

alphad = -180.*sind(theta0)*k*d(i)./pi 

plot(theta0,alphad,'LineWidth',2); 

hold on; 

end 

axis([-90 90 -360 360]); 

xticks(-90:10:90); 

yticks(-360:20:360); 

xlabel("\theta_0[deg]"); ylabel("\alpha[deg]"); 

legend("\alpha(\theta_0,d = 0.5\lambda)","\alpha(\theta_0,d = 0.6\lambda)",... 

    "\alpha(\theta_0,d = 0.7\lambda)","\alpha(\theta_0,d = 0.8\lambda)",... 

    "\alpha(\theta_0,d = 0.9\lambda)","\alpha(\theta_0,d = \lambda)"); 

title("Progressive phase \alpha(\theta_0,d)"); grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

 

%Theta_max angle in degrees 

theta_max = 0:1:180; 

%Theta_0 angle in degrees 

theta_0 = -90:1:90; 

%Progressive phase in degrees 

alphad = -180:1:180; 

%Electric distance between array elements vs alpha 

de_alpha = 1 - abs(alphad)./360; 

%Electric distance between array elements vs theta_max 

de_max = 1./(1+abs(cosd(theta_max))); 

%Electric distance between array elements vs theta_0 



de_0 = 1./(1+sind(abs(theta_0))); 

%Visualization 

figure(1); 

subplot(3,1,1); 

plot(alphad,de_alpha,'LineWidth',2,'Color','b'); 

axis([-180 180 0.5 1]); 

xticks(-180:10:180); 

yticks(0.5:0.05:1); 

xlabel("\alpha [deg]"); 

ylabel("d_e = d/\lambda"); 

legend("d_e(\alpha)"); 

title("Maximum electric distance between elements d_e(\alpha)"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

subplot(3,1,2); 

plot(theta_max,de_max,'LineWidth',2,'Color','g'); 

axis([0 180 0.5 1]); 

xticks(0:10:180); 

yticks(0.5:0.05:1); 

xlabel("\thetamax [deg]"); 

ylabel("d_e = d/\lambda"); 

legend("d_e(\thetamax)"); 

title("Maximum electric distance between elements d_e(\thetamax)"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

subplot(3,1,3); 

plot(theta_0,de_0,'LineWidth',2,'Color','r'); 

axis([-90 90 0.5 1]); 

xticks(-90:10:90); 

yticks(0.5:0.05:1); 

xlabel("\theta_0 [deg]"); 

ylabel("d_e = d/\lambda"); 

legend("d_e(\theta_0)"); 

title("Maximum electric distance between elements d_e(\theta_0)"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

 

 



 |𝜽𝟎| = 𝟓𝟎°

%Colors vector 

color=['r','g','b']; 

%theta angle 

theta=linspace(0,2*pi,360); 

%Number of elements vector 

N = 9; 

%Normalized wave number 

k= 2*pi; 

%Electric distance between elements 

d= 0.5; 

%Theta_0 angles 

theta_0 = [-50 -30 -10 0 10 30 50]; 

%Array Progressive phase in degrees 

alphad = -180.*sind(theta_0).*k.*d./pi; 

%Array Progressive phase in rads 

alpha = alphad.*pi./180; 

figure(1); 

subplot(3,1,1); 

for i=1:7 

psi = k*d*cos(theta) + alpha(i); 

%Uniform array factor 

AF = abs(sin(N*psi./2)./sin(psi./2)); 

%Max array factor 

AF_max= max(max(AF)); 

%Normalized array factor 

AF_norm = AF/AF_max; 

polarplot(theta,AF_norm,'LineWidth',2); 

hold on; 

end 

legend("FA_U(\theta,N=9,\theta_0=-

50\circ,d=0.5\lambda)","FA_U(\theta,N=9,\theta_0=-30\circ,d=0.5\lambda)",... 

    "FA_U(\theta,N=9,\theta_0=-

10\circ,d=0.5\lambda)","FA_U(\theta,N=9,\theta_0=0\circ,d=0.5\lambda)",... 

    

"FA_U(\theta,N=9,\theta_0=10\circ,d=0.5\lambda)","FA_U(\theta,N=9,\theta_0=30\

circ,d=0.5\lambda)",... 

    "FA_U(\theta,N=9,\theta_0=50\circ,d=0.5\lambda)"); 

title("9-ELEMENT UNIFORM PHASED ARRAY FACTORS d=0.5\lambda"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 



%Electric distance between elements 

d= 0.52; 

%Theta_0 angles 

theta_0 = [-50 -30 -10 0 10 30 50]; 

%Array Progressive phase in degrees 

alphad = -180.*sind(theta_0).*k.*d./pi; 

%Array Progressive phase in rads 

alpha = alphad.*pi./180; 

subplot(3,1,2); 

for i=1:7 

psi = k*d*cos(theta) + alpha(i); 

%Uniform array factor 

AF = abs(sin(N*psi./2)./sin(psi./2)); 

%Max array factor 

AF_max= max(max(AF)); 

%Normalized array factor 

AF_norm = AF/AF_max; 

polarplot(theta,AF_norm,'LineWidth',2); 

hold on; 

end 

legend("FA_U(\theta,N=9,\theta_0=-

50\circ,d=0.52\lambda)","FA_U(\theta,N=9,\theta_0=-30\circ,d=0.52\lambda)",... 

    "FA_U(\theta,N=9,\theta_0=-

10\circ,d=0.52\lambda)","FA_U(\theta,N=9,\theta_0=0\circ,d=0.52\lambda)",... 

    

"FA_U(\theta,N=9,\theta_0=10\circ,d=0.52\lambda)","FA_U(\theta,N=9,\theta_0=30

\circ,d=0.52\lambda)",... 

    "FA_U(\theta,N=9,\theta_0=50\circ,d=0.52\lambda)"); 

title("9-ELEMENT UNIFORM PHASED ARRAY FACTORS d=0.52\lambda"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

%Electric distance between elements 

d= 0.57; 

%Theta_0 angles 

theta_0 = [-50 -30 -10 0 10 30 50]; 

%Array Progressive phase in degrees 

alphad = -180.*sind(theta_0).*k.*d./pi; 

%Array Progressive phase in rads 

alpha = alphad.*pi./180; 

subplot(3,1,3); 

for i=1:7 

psi = k*d*cos(theta) + alpha(i); 

%Uniform array factor 

AF = abs(sin(N*psi./2)./sin(psi./2)); 



%Max array factor 

AF_max= max(max(AF)); 

%Normalized array factor 

AF_norm = AF/AF_max; 

polarplot(theta,AF_norm,'LineWidth',2); 

hold on; 

end 

legend("FA_U(\theta,N=9,\theta_0=-

50\circ,d=0.57\lambda)","FA_U(\theta,N=9,\theta_0=-30\circ,d=0.57\lambda)",... 

    "FA_U(\theta,N=9,\theta_0=-

10\circ,d=0.57\lambda)","FA_U(\theta,N=9,\theta_0=0\circ,d=0.57\lambda)",... 

    

"FA_U(\theta,N=9,\theta_0=10\circ,d=0.57\lambda)","FA_U(\theta,N=9,\theta_0=30

\circ,d=0.57\lambda)",... 

    "FA_U(\theta,N=9,\theta_0=50\circ,d=0.57\lambda)"); 

title("9-ELEMENT UNIFORM PHASED ARRAY FACTORS d=0.57\lambda"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 



 

 





 

%Resonant frequency (GHz) 

f = input("Introduce resonant frequency (GHz):\n"); 

%Relative Dielectric constant 

er = input("Introduce relative dielectric constant:\n"); 

%Susbstrate height 

h = input("Introduce substrate height (mm):\n"); 

%Speed light in vacuum 

vo = physconst("Lightspeed"); 

%Resonant frequency (Hz) 

f = f*1e9; 

%Substrate height (m) 

h = h*1e-3; 

%Wavelenght in vacuum 

lambda = vo/f; 

%Wavenumber in vacuum 

ko=2*pi/lambda; 

%Microstrip TL characteristic impedance 

Zc=50; 

 

% PATCH DIMENSIONS CALCULATION 

%Patch width 

W = (vo/(2*f))*sqrt(2/(er+1)); 

%Effective dielectric constant 

ereff = ((er+1)/2) + ((er-1)/2)*(1+12*h/W)^(-1/2); 

%Length increment due to fringing effects 

deltaL = ((0.412*h*(ereff+0.3)*((W/h)+0.264))/((ereff-0.258)*((W/h)+0.8))); 

%Effective length 

Leff = vo/(2*f*sqrt(ereff)); 

%Patch length 

L = Leff -2*deltaL; 

%Substrate/Ground Plane length 

Lsg = 6*h + L; 

%Substrate/Ground Plane Width 

Wsg = 6*h + W; 

 

%INSET DIMENSIONS CALCULATION 

%First slot conductance 

I1 = @(theta) (sin((ko*W/2)*cos(theta))./cos(theta)).^2.*sin(theta).^3; 

G1 = (1/(120*pi^2)).*integral(I1,0,pi); 

%Mutual slots conductance 



I12 = @(theta) 

((sin((ko*W/2)*cos(theta))./cos(theta)).^2).*besselj(0,ko*L*sin(theta)).*sin(t

heta).^3; 

G12 = (1/(120*pi^2)).*integral(I12,0,pi); 

%Microstrip antenna input impedance 

Rin = 1./(2*(G1+G12)); 

%Inset length 

yo = (L/pi).*acos(sqrt(Zc/Rin)); 

%Inset Width 

Wi = W/25; 

 

%PATCH AND INSET DIMENSIONS VISUALIZATION 

disp(['Effective dielectric constant ereff = ',num2str(ereff)]); 

disp(['Length increment deltaL = ',num2str(deltaL*(1e3)), ' mm']); 

disp(['Effective length Leff = ',num2str(Leff*(1e3)), ' mm']); 

disp(['Patch Width W = ',num2str(W*(1e3)), ' mm']); 

disp(['Patch Length  L = ',num2str(L*(1e3)), ' mm']); 

disp(['Substrate/Ground Plane Width  Wsg = ',num2str(Wsg*(1e3)), ' mm']); 

disp(['Substrate/Ground Plane Length   Lsg = ',num2str(Lsg*(1e3)), ' mm']); 

disp(['Conductance G1 = ',num2str(G1*(1e3)), ' mS']); 

disp(['Mutual Conductance G12 = ',num2str(G12*(1e3)), ' mS']); 

disp(['Microstrip input impedance Rin (y = 0) = ',num2str(Rin), ' ohms ']); 

disp(['Inset Length yo = ',num2str(yo*(1e3)), ' mm']); 

disp(['Inset Width Wi = ',num2str(Wi*(1e3)), ' mm']); 

 

 

 

%Markers 

m = ['o','s','v','d','^']; 

%Beamforming Tx gains 

K = [1 11.56 16 11.56 16 ]; 

%Beamforming Rx gains 

L = [1 1 1 11.56 16 ]; 

%Signal-to-noise ratio in db 

SNRdb = linspace(-30,30,1000); 

%Signal-to-noise ratio 



SNR = 10.^(SNRdb/10); 

figure(1) 

for i = 1:5 

%Subarray gain 

gSA = K(i).*L(i); 

%AWGN Channel Bit error rate (BER) 

BERawgn = qfunc(sqrt(2.*gSA.*SNR)); 

semilogy(SNRdb,BERawgn,'LineWidth',2,'Marker',m(i),'MarkerSize',8,'MarkerIndic

es',1:50:1000); 

hold on; 

end; 

xlabel("SNR[dB]"); 

ylabel("BER"); 

axis ([-30 20 10^-10 10^0]); 

legend("AWGN MSA (K=1 X L=1)","AWGN MIMO #1 (K=16 X L=1)","Theoretical AWGN 

MIMO (K=16 X L=1)","AWGN MIMO #1 (K=16 X L=16)","Theoretical AWGN MIMO (K=16 X 

L=16)"); 

title("Sub-array gain effect on SNR over AWGN MIMO Sub-Channel"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

 

clear all;;close all;; 

%Markers 

m = ['o','s','v','d','^']; 

%Frequency [Hz] 

f = [2.4e9 8.6e9 12e9 20e9 28e9]; 

%Speed of light in vacuum 

c = physconst('LightSpeed'); 

%Distance vector 

d = linspace(1,1000,1000); 

%AWGN LOS Path Loss Exponent 

PLE = 2; 

%MIMO Tx Antenna Gains 

Gt = [5.80 67.14 92.04 67.14 92.04]; 

%MIMO Rx Antenna Gains 

Gr = [5.80 5.80 5.80 67.14 92.04]; 

figure (1) 

%Path Loss calculation for different frequencies 

for i=1:5 

L = ((c./(4.*pi.*f(i))).^2).*(1./d).^PLE; 



Ldb = 10.*log10(L); 

plot(d,Ldb,'LineWidth',2,'Marker',m(i),'MarkerSize',8,'MarkerIndices',1:50:100

0); 

hold on; 

end 

xlabel("Distance [m]"); 

ylabel("Path Loss L[dB]"); 

legend("f = 2 GHz","f = 8 GHz","f = 12 GHz","f = 20 GHz","f = 28 GHz"); 

title("Path Loss effect over LOS AWGN Channel"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

 

clear all;;close all;; 

%Markers 

m = ['o','s','v','d','^']; 

%Transmitted power [W] 

Pt = 1; 

%Frequency [Hz] 

f = 28e9; 

%Speed of light in vacuum 

c = physconst('LightSpeed'); 

%Room Temperature [K] 

To = 290; 

%Boltzmann constant 

kb = physconst('Boltzmann'); 

%Receiver noise figure [dB] 

NF = 5.5; 

%Channel Bandwidth [Hz] 

B= 1e9; 

%Noise power [W] 

Pn = kb*To*(10^(NF/10)-1)*B; 

%AWGN LOS Path Loss Exponent 

PLE = 2; 

%Distance vector [m] 

d = linspace(1,2000,2000); 

%MIMO Tx Antenna Gains 

Gt = [5.80 67.14 92.04 67.14 92.04]; 

%MIMO Rx Antenna Gains 



Gr = [5.80 5.80 5.80 67.14 92.04]; 

%Path Loss 

L = ((c./(4.*pi.*f)).^2).*(1./d).^PLE; 

figure(1) 

%Distance calculation for different MIMO Antenna gains 

for i=1:5 

 SNR = Pt.*Gt(i).*Gr(i).*L./Pn; 

 SNRdB = 10.*log10(SNR); 

 

plot(d,SNRdB,'LineWidth',2,'Marker',m(i),'MarkerSize',8,'MarkerIndices',1:100:

2000); 

 hold on; 

end 

xlabel("Distance [m]"); 

ylabel("SNR[dB]"); 

legend("AWGN MSA (K=1 X L=1)","AWGN MIMO #1 (K=16 X L=1)","Theoretical AWGN 

MIMO (K=16 X L=1)","AWGN MIMO #1 (K=16 X L=16)","Theoretical AWGN MIMO (K=16 X 

L=16)"); 

title("Sub-array gain effect on SNR/distance over AWGN MIMO Channel"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

 

m = ['o','s']; 

%Number of sub-arrays Tx 

M = 1; 

%Number of sub-arrays Rx 

N = 1; 

%Spatial multiplexing gain 

r = min(M,N); 

%Signal-to-noise ratio in db 

SNRdb = linspace(-10,30,1000); 

%Signal-to-noise ratio 

SNR = 10.^(SNRdb/10); 

%Channel bandwidth (GHz) 

B=1; 

%SISO Channel capacity (Gbps) 

Csiso = B.*(log2(1+SNR)); 

%MIMO1 Channel capacity (Gbps) 

Cmimo = r.*B.*(log2(1+SNR)); 

plot(SNRdb,Csiso,'Linewidth',2,'Linestyle','--

','Marker',m(1),'MarkerSize',8,'MarkerIndices',1:50:1000); 

hold on 



plot(SNRdb,Cmimo,'Linewidth',2,'Linestyle',':','Marker',m(2),'MarkerSize',8,'M

arkerIndices',1:50:1000); 

xlabel("SNR[dB]"); 

ylabel("C [Gbps]"); 

axis ([-10 30 0 10]); 

legend('SISO MSA','AWGN MIMO #1 (M=1 X N=1)'); 

title("1GHz Channel capacity"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

 

 

%Markers 

m = ['o','s','v','d','^','h','x']; 

%Sub-array gains 

gSA = [1 3.1 4.33 8 9.61 18.79 64]; 

%Number of sub-arrays Tx 

M = [1 2 2 2 2 2 2]; 

%Number of sub-arrays Rx 

N = [1 1 1 1 2 2 2]; 

%Signal-to-noise ratio in db 

SNRdb = linspace(-20,40,1000); 

%Signal-to-noise ratio 

SNR = 10.^(SNRdb/10); 

for i = 1:7 

%Diversity gain 

d = M(i).*N(i); 

%Rayleigh channel Bit error rate (BER) 

BER= (SNR*gSA(i)).^-d; 

semilogy(SNRdb,BER,'LineWidth',2,'Marker',m(i),'MarkerSize',8,'MarkerIndices',

1:50:1000); 

hold on; 

end; 

xlabel("SNR[dB]"); 

ylabel("BER"); 

axis ([-20 40 10.^-20 10.^0]); 

legend("Rayleigh SISO (M=1·K=1 X N=1·L=1)","Rayleigh MISO #2A (M=2·K=8 X 

N=1·L=1)","Rayleigh MISO #2B (M=1·K=16 X N=1·L=1)","Theoretical Rayleigh MISO 

#2 (M=2·K=8 X N=1·L=1)","Rayleigh MIMO #2A (M=2·K=8 X N=2·L=8)","Rayleigh MIMO 

#2B (M=1·K=16 X N=1·L=16)","Theoretical Rayleigh MIMO #2 (M=2·K=8 X 

N=2·L=8)"); 



title("Generalized Beamforming effect on BER curve over Rayleigh Channel"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

 

clear all;;close all;; 

%Markers 

m = ['o','s','v','d','^','h','x']; 

%Frequency [Hz] 

f = 2.4e9; 

%Speed of light in vacuum 

c = physconst('LightSpeed'); 

%Distance vector 

d = linspace(1,1000,1000); 

%Path Loss Exponents 

PLE = [2 2.5 3 3.5 4 4.5 5]; 

figure (1) 

%Path Loss calculation for different frequencies 

for i=1:7 

L = ((c./(4.*pi.*f)).^2).*(1./d).^PLE(i); 

Ldb = 10.*log10(L); 

plot(d,Ldb,'LineWidth',2,'Marker',m(i),'MarkerSize',8,'MarkerIndices',1:50:100

0); 

hold on; 

end 

xlabel("Distance [m]"); 

ylabel("Path Loss L[dB]"); 

legend("AWGN LOS \gamma = 2","Rayleigh NLOS \gamma = 2.5","Rayleigh NLOS 

\gamma = 3","Rayleigh NLOS \gamma = 3.5",... 

    "Rayleigh NLOS \gamma = 4","Rayleigh NLOS \gamma = 4.5","Rayleigh NLOS 

\gamma = 5"); 

title("Path Loss effect over AWGN LOS and Rayleigh NLOS channel"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

 

clear all;;close all;; 

%Markers 

m = ['o','s','v','d','^','h','x']; 



%Transmitted power [W] 

Pt = 2; 

%Frequency [Hz] 

f = 28e9; 

%Speed of light in vacuum 

c = physconst('LightSpeed'); 

%Room Temperature [K] 

To = 290; 

%Boltzmann constant 

kb = physconst('Boltzmann'); 

%Receiver noise figure [dB] 

NF = 5.5; 

%Channel Bandwidth [Hz] 

B= 1e9; 

%Noise power [W] 

Pn = kb*To*(10^(NF/10)-1)*B; 

%Rayleigh NLOS Path Loss Exponent 

PLE = 2.5; 

%Distance vector [m] 

d = linspace(1,1000,1000); 

%MIMO Tx Antenna Gains 

Gt = [5.80 17.78 28.18.11 46.02 17.78 28.18 46.02]; 

%MIMO Rx Antenna Gains 

Gr = [5.80 5.80 5.80 5.80 17.78 28.18 46.02]; 

%Path Loss 

L = ((c./(4.*pi.*f)).^2).*(1./d).^PLE; 

figure(1) 

%SNR calculation for different MIMO Antenna gains 

for i=1:7 

 SNR = Pt.*Gt(i).*Gr(i).*L./Pn; 

 SNRdB = 10.*log10(SNR); 

 

plot(d,SNRdB,'LineWidth',2,'Marker',m(i),'MarkerSize',8,'MarkerIndices',1:50:1

000); 

 hold on; 

end 

xlabel("Distance [m]"); 

ylabel("SNR[dB]"); 

legend("Rayleigh MSA (K=1 X L=1)","Rayleigh MIMO #2A (K=8 X L=1)","Rayleigh 

MIMO #2B (K=16 X L=1)","Theoretical Rayleigh MIMO #2 (K=8 X L=1)","Rayleigh 

MIMO #2A (K=8 X L=8)","Rayleigh MIMO #2B (K=16 X L=16)","Theoretical Rayleigh 

MIMO #2 (K=8 X L=8)"); 

title("Sub-array gain effect on SNR/distance over Rayleigh NLOS MIMO Sub-

Channel"); 

grid on; 



set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

 

m = ['o','s','v']; 

%Number of sub-arrays Tx 

M = 1; 

%Number of sub-arrays Rx 

N = 1; 

%Spatial multiplexing gain 

r = min(M,N); 

%Signal-to-noise ratio in db 

SNRdb = linspace(-10,30,1000); 

%Signal-to-noise ratio 

SNR = 10.^(SNRdb/10); 

%Channel bandwidth (GHz) 

B=1; 

%SISO Channel capacity (Gbps) 

Csiso = B.*(log2(1+SNR)); 

%MIMO1 Channel capacity (Gbps) 

Cmimo1 = r.*B.*(log2(1+SNR)); 

%MIMO2 Channel capacity (Gbps) 

Cmimo2 = r.*B.*(log2(1+SNR)); 

 

plot(SNRdb,Csiso,'Linewidth',2,'Linestyle','--

','Marker',m(1),'MarkerSize',8,'MarkerIndices',1:50:1000); 

hold on 

plot(SNRdb,Cmimo1,'Linewidth',2,'Linestyle',':','Marker',m(2),'MarkerSize',8,'

MarkerIndices',1:50:1000); 

hold on 

plot(SNRdb,Cmimo2,'Linewidth',2,'Linestyle','-.','Marker',m(3),'MarkerSize',8,

'MarkerIndices',1:50:1000); 

xlabel("SNR[dB]"); 

ylabel("C [Gbps]"); 

axis ([-10 30 0 10]); 

legend('SISO MSA','AWGN MIMO #1 (M=1 X N=1)','Rayleigh MIMO #2 (M=2 X N=2)'); 

title("1GHz Channel capacity"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 



 

 

%Markers 

m = ['o','s','v','d','^']; 

%Sub-array gains 

gSA = [1 5.5 8 30.25 64]; 

%Signal-to-noise ratio in db 

SNRdb = linspace(-20,40,1000); 

%Signal-to-noise ratio 

SNR = 10.^(SNRdb/10); 

%Diversity gain 

d = 1; 

for i = 1:5 

%Rayleigh channel Bit error rate (BER) 

BER= (SNR*gSA(i)).^-d; 

semilogy(SNRdb,BER,'LineWidth',2,'Marker',m(i),'MarkerSize',8,'MarkerIndices',

1:50:1000); 

hold on; 

end; 

xlabel("SNR[dB]"); 

ylabel("BER"); 

axis ([-20 40 10.^-5 10.^0]); 

legend("Rayleigh SISO (M=1·K=1 X N=1·L=1)","Rayleigh MISO #3 (M=2·K=8 X 

N=1·L=1)","Theoretical Rayleigh MISO #3 (M=2·K=8 X N=1·L=1)","Rayleigh MIMO #3 

(M=2·K=8 X N=2·L=8)","Theoretical Rayleigh MIMO #3 (M=2·K=8 X N=2·L=8)"); 

title("Sub-array gain effect on BER curve over Rayleigh Channel"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

 

%Markers 

m = ['o','s','v','d','^','h','x']; 

%Transmitted power [W] 

Pt = 2; 

%Frequency [Hz] 

f = 28e9; 

%Speed of light in vacuum 



c = physconst('LightSpeed'); 

%Room Temperature [K] 

To = 290; 

%Boltzmann constant 

kb = physconst('Boltzmann'); 

%Receiver noise figure [dB] 

NF = 5.5; 

%Channel Bandwidth [Hz] 

B= 1e9; 

%Noise power [W] 

Pn = kb*To*(10^(NF/10)-1)*B; 

%Rayleigh NLOS Path Loss Exponent 

PLE = 3; 

%Distance vector [m] 

d = linspace(1,500,500); 

%MIMO Tx Antenna Gains 

Gt = [5.80 31.62 46.02 31.62 46.02]; 

%MIMO Rx Antenna Gains 

Gr = [5.80 5.80 5.80 31.62 46.02]; 

%Path Loss 

L = ((c./(4.*pi.*f)).^2).*(1./d).^PLE; 

figure(1) 

%Distance calculation for different MIMO Antenna gains 

for i=1:5 

 SNR = Pt.*Gt(i).*Gr(i).*L./Pn; 

 SNRdB = 10.*log10(SNR); 

 

plot(d,SNRdB,'LineWidth',2,'Marker',m(i),'MarkerSize',8,'MarkerIndices',1:50:5

00); 

 hold on; 

end 

xlabel("Distance [m]"); 

ylabel("SNR[dB]"); 

legend("Rayleigh MSA (K=1 X L=1)","Rayleigh MIMO #3 (K=8 X L=1)","Theoretical 

Rayleigh MIMO #3 (K=8 X L=1)","Rayleigh MIMO #3 (K=8 X L=8)","Theoretical 

Rayleigh MIMO #3 (K=8 X L=8)"); 

title("Sub-array gain effect on SNR/distance over Rayleigh NLOS MIMO Sub-

Channel"); 

grid on; 

yticks(-20:10:100); 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 

 



 

m = ['o','s','v','d','^']; 

%Number of sub-arrays Tx 

M = 2; 

%Number of sub-arrays Rx 

N = 2; 

%Spatial multiplexing gain 

r = min(M,N); 

%Signal-to-noise ratio in db 

SNRdb = linspace(-10,40,1000); 

%Signal-to-noise ratio 

SNR = 10.^(SNRdb/10); 

%Channel bandwidth (GHz) 

B=1; 

%SISO Channel capacity (Gbps) 

Csiso = B.*(log2(1+SNR)); 

%MIMO #1 Channel capacity (Gbps) 

Cmimo1 = B.*(log2(1+SNR)); 

%MIMO #2 Channel capacity (Gbps) 

Cmimo2 = B.*(log2(1+SNR)); 

%MISO Channel capacity M=2 (Gbps) 

Cmiso = B.*(log2(1+M.*SNR)); 

%MIMO #3 Channel capacity M=N=2 (Gbps) 

Cmimo3 = r.*B.*(log2(1+SNR)); 

plot(SNRdb,Csiso,'Linewidth',2,'Linestyle','--

','Marker',m(1),'MarkerSize',8,'MarkerIndices',1:50:1000); hold on; 

plot(SNRdb,Cmimo1,'Linewidth',2,'Linestyle',':','Marker',m(2),'MarkerSize',8,'

MarkerIndices',1:50:1000); hold on; 

plot(SNRdb,Cmimo2,'Linewidth',2,'Linestyle','-.','Marker',m(3),'MarkerSize',8,

'MarkerIndices',1:50:1000); hold on; 

plot(SNRdb,Cmiso,'Linewidth',2,'Marker',m(4),'MarkerSize',8,'MarkerIndices',1:

50:1000); 

hold on; 

plot(SNRdb,Cmimo3,'Linewidth',2,'Marker',m(5),'MarkerSize',8,'MarkerIndices',1

:50:1000); 

xlabel("SNR[dB]"); 

ylabel("C [Gbps]"); 

axis ([-10 30 0 20]); 

legend('SISO MSA','AWGN MIMO #1 (M=1 X N=1)','Rayleigh MIMO #2 (M=2 X 

N=2)','Rayleigh MISO #3 (M=2 X N=1)','Rayleigh MIMO #3 (M=2 X N=2)'); 

title("1GHz Channel capacity"); 

grid on; 

set(gca,'GridLineStyle',':','LineWidth',1.5,'GridAlpha',0.5); 
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