
 
 

  
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 



 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

 

 

 



 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 Ι2𝜋
 

 

 1 × 4

 2 × 4

 

 
 

 

𝑁 ×𝑀



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

2 × 4

(𝑎𝑧 =  −3°, 𝑒𝑙 = 0°)

(𝑎𝑧 =  3°, 𝑒𝑙 = 0°)

𝛥0, 𝛥3 𝑑𝐵 .

1550 𝑛𝑚

𝜑 =

0° 𝜃 ∈ [−20°, 20°]

𝑎𝑧 − 𝑒𝑙 −20° −20°



 

2 × 4

1 × 4

2 × 4

𝑈(𝜃, 𝜑)

+𝛿𝜑𝑖
−𝛿𝜑𝑖

{1,2,4} × 16
𝑖

𝑆

{1,2,4} × 16
𝑖

{1,2,4} × 16
𝑖

+𝛿𝜑𝑖 −𝛿𝜑𝑖



 

{1,2,4} × 16
𝑖

𝑎𝑧 − 𝑒𝑙

8 × 8 (0°, 0°) 𝑎𝑛,𝑚

(3°, 0°)
(0°, 3°)

(3°, 3°)

𝑟𝐴𝐸,𝑥(𝑛) 𝑟𝐴𝐸,𝑦(𝑚)

(𝑛,𝑚)

𝛗 − 𝚰

Ι2π

2 × 4
𝐼2𝜋

1 × 4



 

1 × 4

1 × 4

1 × 4

2 × 4

2 × 4

(0°, 0°)
(1°, 2.5°) (0°, 2°) (0°, −1°)

(−3°, 0°) (3°, 0°)

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



 



 



 



 

2 × 4

2 × 4

(𝑎𝑧 =  −3°, 𝑒𝑙 = 0°)

(𝑎𝑧 =  3°, 𝑒𝑙 = 0°)

(𝑎𝑧 =  −3°, 𝑒𝑙 = 0°)

(𝑎𝑧 =  3°, 𝑒𝑙 = 0°)



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

∯ D⃗⃗ ∙dS⃗ 
S

= ∭ ρdV
V

  (2.1)

∯ B⃗⃗ ∙dS⃗ 
S

= 0  (2.2)

∮ �⃗� ∙ 𝑑𝑙 
𝐶

 = − 
𝜕

𝜕𝑡
(∬ �⃗� ∙ 𝑑𝑆 

𝑆

 ) (2.3)

∮ �⃗� ∙ 𝑑𝑙 
𝐶

 = ∬ 𝐽 ∙ 𝑑𝑆 
𝑆

+ 
𝜕

𝜕𝑡
(∬ �⃗⃗� ∙ 𝑑𝑆 

𝑆

 ) (2.4)



 

▪ 𝜌(𝑟 , 𝑡) 𝐶/𝑚3

▪ 𝐽 (𝑟 , 𝑡) 𝐴/𝑚2

▪ �⃗⃗� (𝑟 , 𝑡) ∶ 𝑉/𝑚

▪ �⃗⃗� (𝑟 , 𝑡) ∶ 𝐶/𝑚

▪ �⃗⃗� (𝑟 , 𝑡) ∶ 𝐴/𝑚

▪ �⃗⃗� (𝑟 , 𝑡) ∶ 𝑊𝑏/𝑚2

�⃗⃗�  , �⃗⃗� 

�⃗⃗� 

�⃗� (𝑟 , 𝑡) =  ∇⃗⃗  × 𝐴 (𝑟 , 𝑡) (2.5)

�⃗� (𝑟 , 𝑡) = −∇⃗⃗ 𝜑(𝑟 , 𝑡) −
𝜕𝐴 (𝑟 , 𝑡)

𝜕𝑡
 (2.6)

𝜑

∇⃗⃗ ∙ 𝐽 (𝑟 , 𝑡) + 
𝜕𝜌(𝑟 , 𝑡)

𝜕𝑡
= 0 (2.7)



 

�̂� ∙ (�⃗⃗� 2 − �⃗⃗� 1 ) = 𝜎 (2.8)

�̂� ∙ (�⃗� 2 − �⃗� 1 ) = 0 (2.9)

�̂� × (�⃗� 2 − 𝐸1⃗⃗⃗⃗ ) = 0 (2.10)

�̂� × (�⃗⃗� 2 − �⃗⃗� 1 ) = �⃗⃗� (2.11)

�̂� ∙ (𝐽 2 − 𝐽 1 ) = −∇⃗⃗ ∙ �⃗⃗� −
𝜕𝜎

𝜕𝑡
(2.12)

 

▪ �̂�

▪ 𝜎(𝑟 , 𝑡) 𝐶/𝑚2

▪ �⃗⃗� (𝑟 , 𝑡) 𝐴/𝑚

 𝜌, 𝐽 

�⃗⃗� = 𝑓(�⃗� , �⃗� ) �⃗⃗� = 𝑔(�⃗� , �⃗� )  𝑓, 𝑔

�⃗⃗� = 휀0�⃗�  (2.13)

�⃗⃗� =
1

𝜇0
∗ �⃗� (2.14)

휀0 𝜇0



 

𝑟(𝑥, 𝑦, 𝑧, 𝑡) = 𝑎(𝑥, 𝑦, 𝑧) cos(𝜔𝑡 + 𝜑(𝑥, 𝑦, 𝑧)) (2.15)

𝑅(𝑥, 𝑦, 𝑧) = 𝑎(𝑥, 𝑦, 𝑧)𝑒𝑗𝜑(𝑥,𝑦,𝑧) (2.16)

∇⃗⃗ × �⃗� (𝑟 ) =  −𝑗𝜔�⃗� (𝑟 ) =  −𝑗𝜔𝜇(𝜔)�⃗⃗� (𝑟 ) (2.17)

∇⃗⃗ × �⃗⃗� (𝑟 ) =  𝐽 (𝑟 ) + 𝑗𝜔�⃗⃗� (𝑟 ) =  𝐽 (𝑟 ) + 𝑗𝜔휀(𝜔)�⃗� (𝑟 ) (2.18)

∇⃗⃗ ∙ �⃗⃗� (𝑟 ) = 휀(𝜔)∇⃗⃗ ∙ �⃗� (𝑟 ) = 𝜌(𝑟 ) (2.19)

∇⃗⃗ ∙ �⃗� (𝑟 ) = 𝜇(𝜔)∇⃗⃗ ∙ �⃗⃗� (𝑟 ) = 0 (2.20)

∯ (�⃗� × �⃗⃗� ) ∙ 𝑑𝑆 
𝑆

+
𝑑

𝑑𝑡
{∭ 𝑤𝑒𝑚𝑑𝑉

𝑉

} + ∭ 𝜎(�⃗� ∙ �⃗� )𝑑𝑉
𝑉

= − ∭ (�⃗� ∙ 𝐽𝑠⃗⃗ )𝑑𝑉
𝑉

(2.21)

𝑤𝑒𝑚 =
1

2
[휀|�⃗� |

2
+  𝜇|�⃗⃗� |

2
] (2.22)



 

�⃗⃗� (𝑟 , 𝑡) ≜  �⃗� (𝑟 , 𝑡)  ×  �⃗⃗� (𝑟 , 𝑡) (2.23)

〈�⃗⃗� (𝑟 , 𝑡)〉 =  
1

2
𝑅𝑒{�⃗� (𝑟 )  ×  �⃗⃗� (𝑟 )∗} =  �⃗� 𝑎𝑣(𝑟 ) (2.24)

𝑆 (𝑟 ) ≜
1

2
 �⃗� (𝑟 )  ×  �⃗⃗� (𝑟 )∗ (2.25)

• 

• 

• 

• 

• 

• 



 

▪ 

▪ 

▪ 

𝑅1 = 0.62(
𝐷3

𝜆
)

1
2

(2.26)

𝐷 𝜆

𝑅1

𝑅2 =
2𝐷2

𝜆
 (2.27)

𝑅2



 

𝑈(𝜃, 𝜑) =  𝑟2|�⃗� 𝑎𝑣(𝑟 )| (2.28)

𝛺

𝑊𝑟𝑎𝑑 = ∫ 𝑑𝜑
2𝜋

0

∫ 𝑑𝜃[𝑈(𝜃, 𝜑) sin(𝜃)]
𝜋

0

 (2.29)

(𝐷)

𝐷 =
𝑈

𝑈0
=
4𝜋𝑈

𝑊𝑟𝑎𝑑
 (2.30)

𝐷𝑚𝑎𝑥 =
4𝜋𝑈𝑚𝑎𝑥
𝑊𝑟𝑎𝑑

 (2.31)



 

𝐷

𝐷0

𝑈
𝑊𝑎𝑡𝑡

𝜇𝜊𝜈ά𝛿𝛼 𝜎𝜏 𝜌 ά𝜍 𝛾𝜔𝜈ί𝛼𝜍

𝑈_𝑚𝑎𝑥 
𝑊𝑎𝑡𝑡

𝜇𝜊𝜈ά𝛿𝛼 𝜎𝜏 𝜌 ά𝜍 𝛾𝜔𝜈ί𝛼𝜍

𝑈0
𝑊𝑎𝑡𝑡

𝜇𝜊𝜈ά𝛿𝛼 𝜎𝜏 𝜌 ά𝜍 𝛾𝜔𝜈ί𝛼𝜍

𝑊𝑟𝑎𝑑 (𝑊𝑎𝑡𝑡)

𝐺 =
4𝜋𝑈

𝑊𝑖𝑛

(2.32)

𝐺 =
4𝜋𝑈𝑚𝑎𝑥
𝑊𝑖𝑛

(2.33)

𝑛𝑟

𝑊𝑟𝑎𝑑 = 𝑛𝑟𝑊𝑖𝑛 (2.34)



 

 𝛥0

𝛥3𝑑𝐵

𝛥0, 𝛥3 𝑑𝐵 .

▪ 

▪ 

▪ 



 

𝑀

𝑟 𝑚(𝑟𝑚, 𝜑𝑚, 𝜃𝑚)
𝛲(𝑟, 𝜃, 𝜑)

𝑈(𝜃, 𝜑)

𝑈(𝜃, 𝜑) = 𝑈0(𝜃, 𝜑)|𝐴𝐹(𝜃, 𝜑)|
2 (2.35)

𝑈0(𝜃, 𝜑) 𝐴𝐹(𝜃, 𝜑)

A𝐹(𝜃, 𝜑) =  ∑ 𝑐𝑚𝑒
𝑗(𝑘𝑟𝑚 cos(𝜓𝑚))

0≤𝑚≤𝑀−1

 (2.36)

cos(𝜓𝑚) = cos(𝜃𝑚) cos(𝜃) + sin(𝜃𝑚) sin(𝜃) cos(𝜑 − 𝜑𝑚) (2.37)

𝑐𝑚 =
𝐼𝑚
𝐼0
= 𝑎𝑚𝑒

𝑗𝑏𝑚 (2.38)

𝛪0
𝛪𝑚 𝑚

𝑐𝑚
𝑚.



 

(𝜑0, 𝜃0)

(𝜃0, 𝜑0) = 𝑎𝑟𝑔𝑚𝑎𝑥{𝐴𝐹(𝜃, 𝜑; 𝑐1, … , 𝑐𝑚)} (2.39)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

1550 𝑛𝑚 0.7
𝑑𝐵

𝑐𝑚

𝑛𝑐𝑜𝑟𝑒 = 1.48 𝑛𝑐𝑙𝑎𝑑 = 1.45



 

𝑎, 𝑏 𝑆

𝐽
𝑆

𝑀𝑆

𝐸𝑜, 𝐻𝑜

𝑆

𝑆

𝐽 
𝑆
= �̂�  ×  �⃗⃗� 𝑜 = �̂�  × (�̂�𝐻𝑜𝑥 + �̂�𝐻𝑜𝑦) = �̂�𝐻𝑜𝑥 − �̂�𝐻𝑜𝑦 (3.1)

�⃗⃗⃗� 𝑆 = −�̂�  ×  �⃗⃗� 𝑜 = −�̂� × (�̂�𝐸𝑜𝑥 + �̂�𝐸𝑜𝑦) = −�̂�𝐸𝑜𝑥 + �̂�𝐸𝑜𝑦 (3.2)



 

�̂� 𝐻𝑜𝑥, 𝐻𝑜𝑦 , 𝐸𝑜𝑥, 𝐸𝑜𝑦

𝐻𝑥, 𝐻𝑦 , 𝐸𝑥, 𝐸𝑦

𝐸𝑥 𝛨𝑦 𝐸𝑦 𝛨𝑥

𝐽 
𝑆

𝑇𝐸
= −�̂�𝐻𝑜𝑦 (3.3)

𝐽 
𝑆

𝑇𝑀
= + �̂�𝐻𝑜𝑥 (3.4)

�⃗⃗⃗� 𝑆
𝑇𝐸
= −�̂�𝐸𝑜𝑥 (3.5)

�⃗⃗⃗� 𝑆
𝑇𝑀

= + �̂�𝐸𝑜𝑦 (3.6)

𝐽 
𝑆
, �⃗⃗⃗� 𝑆 (3.3) − (3.6)

�⃗⃗� , �⃗� 

𝛮𝜃(𝜃, 𝜑) =  ∬[𝐽
𝑥
∙ cos(𝜃) ∙ cos(𝜑) + 𝐽

𝑦
∙ cos(𝜃) ∙ sin(𝜑)] ∙ 𝑒𝑗𝑘𝑟

′ cos(𝜓)𝑑𝑠′ 

𝑆

(3.7)

𝛮𝜑(𝜃, 𝜑) =  ∬[−𝐽
𝑥

∙ 𝑠𝑖𝑛(𝜑) + 𝐽
𝑦

∙ cos(𝜑)] ∙ 𝑒𝑗𝑘𝑟
′ cos(𝜓)𝑑𝑠′ 

𝑆

(3.8)

𝐿𝜃(𝜃, 𝜑) =  ∬[𝑀𝑥 ∙ cos(𝜃) ∙ cos(𝜑) + 𝑀𝑦 ∙ cos(𝜃) ∙ sin(𝜑)] ∙ 𝑒
𝑗𝑘𝑟′ cos(𝜓)𝑑𝑠′ 

𝑆

(3.9)

𝐿𝜑(𝜃, 𝜑) =  ∬[−𝑀𝑥 ∙ 𝑠𝑖𝑛(𝜑) + 𝑀𝑦 ∙ cos(𝜑)] ∙ 𝑒𝑗𝑘𝑟
′ cos(𝜓)𝑑𝑠′ 

𝑆

(3.10)

𝜃, 𝜑 𝑘

𝑑𝑠′ = 𝑑𝑥′𝑑𝑦′

𝑆 𝑟′ 𝜓

𝑟′

𝑟

cos(𝜓) = 𝑥′ ∙ sin(𝜃) ∙ cos(𝜑) + 𝑦′ ∙ sin(𝜃) ∙ sin(𝜑)  (3.11)



 

𝐸𝑟(𝜃, 𝜑)  ≈ 0 (3.12)

𝐸𝜃(𝜃, 𝜑)  ≈  −
𝑗 ∙ 𝑘 ∙ 𝑒−𝑗∙𝑘∙𝑟

4𝜋𝑟
[𝐿𝜑(𝜃, 𝜑) + 𝜂 ∙ 𝛮𝜃(𝜃, 𝜑)] (3.13)

𝐸𝜑(𝜃, 𝜑)  ≈  
𝑗 ∙ 𝑘 ∙ 𝑒−𝑗∙𝑘∙𝑟

4𝜋𝑟
[𝐿𝜃(𝜃, 𝜑) − 𝜂 ∙ 𝛮𝜑(𝜃, 𝜑)] (3.14)

𝛨𝑟(𝜃, 𝜑)  ≈ 0 (3.15)

𝛨𝜃(𝜃, 𝜑)  ≈  
𝑗 ∙ 𝑘 ∙ 𝑒−𝑗∙𝑘∙𝑟

4𝜋𝑟
[𝛮𝜑(𝜃, 𝜑) −

𝐿𝜃(𝜃, 𝜑)

𝜂
] (3.16)

𝛨𝜑(𝜃, 𝜑)  ≈ − 
𝑗 ∙ 𝑘 ∙ 𝑒−𝑗∙𝑘∙𝑟

4𝜋𝑟
[𝛮𝜃(𝜃, 𝜑) −

𝐿𝜑(𝜃, 𝜑)

𝜂
] (3.17)

�⃗� 𝑎𝑣(𝑟, 𝜃, 𝜑) =
1

2
 𝑅𝑒[𝐸𝜃 ∙ 𝛨𝜑

∗  −  𝐸𝜑 ∙ 𝛨𝜃
∗] ∙ �̂� (3.18)

𝑈𝑜(𝜃, 𝜑) = 𝑟2 ∙ |�⃗� 𝑎𝑣(𝑟, 𝜃, 𝜑)| (3.19)

3.2 𝜇𝑚 × 3.2 𝜇𝑚

1.48 1.45



 

1550 𝑛𝑚

U(𝜑 = 0 𝑑𝑒𝑔, 𝜃)  𝑈(𝑎𝑧, 𝑒𝑙)



 

𝜑 =

0° 𝜃 ∈ [−20°, 20°]

𝑎𝑧 − 𝑒𝑙 −20° −20°

𝜃 = 0 𝑑𝑒𝑔

𝑧 𝛥3 𝑑𝐵
12.7 𝑑𝑒𝑔

𝑐𝑚

A𝐹(𝜃, 𝜑) =  ∑ ∑ 𝑐𝑛,𝑚𝑒
𝑗(𝑘𝑟𝑛,𝑚 cos(𝜓𝑛,𝑚))

1≤𝑚≤𝑀1≤𝑛≤𝑁

(3.20)

𝑐𝑛,𝑚 = 𝑏𝑛,𝑚𝑒
𝑗𝑎𝑛,𝑚 = 𝑒𝑗𝑎𝑛,𝑚  (3.21)

𝑎𝑛,𝑚 = 𝑟𝑛 ∙ 𝑃 + 𝑟𝑚 ∙ 𝑄 = 𝑎𝑛 + 𝑎𝑚 (3.22)

𝑃 =  −𝑘0 sin(𝜃0) cos(𝜑0) (3.23)

𝑄 =  −𝑘0 sin(𝜃0) sin(𝜑0) (3.24)

(𝜑0, 𝜃0)



 

A𝐹(𝜃, 𝜑) = ( ∑ 𝑒𝑗(𝑘𝑟𝑛 sin(𝜃) cos(𝜑)+𝑎𝑛)

1≤𝑛≤𝑁

) ∙ ( ∑ 𝑒𝑗(𝑘𝑟𝑚 sin(𝜃) sin(𝜑)+𝑎𝑚)

1≤𝑚≤𝑀

)  (3.25)

𝛮𝛭

𝛭,𝛮 𝛭 × 𝛮

2 × 4

𝑎𝑛,𝑚

1 × 4 2 × 4



 

2 × 4

1 × 4

2 × 4

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒𝑥  𝜖 ℝ𝑛{𝑓𝑖(𝑥 )} ∀ 𝑖 =  1, … ,𝑀 (4.1)

𝜑𝑖(𝑥 ) = 0   ∀ 𝑖 =  1, … , 𝐽 (4.2)

𝜓𝑘(𝑥 ) ≤ 0   ∀ 𝑘 =  1, … , 𝐾 (4.3)

𝐿𝑖 ≤ 𝑥𝑖 ≤ 𝐻𝑖   𝜇휀 𝑖 = 1,… , 𝑁 (4.4)

𝑓𝑖(𝑥 ), 𝜑𝑖(𝑥 ), 𝜓𝑘(𝑥 ) �⃗� �⃗� 

𝑓
𝑖
(�⃗� )

𝜑
𝑖
(�⃗� )  𝜓

𝑘
(�⃗� ) 



 

𝑓𝑖(𝑥 ), 𝜑𝑖(𝑥 ), 𝜓𝑘(𝑥 )



 

𝜂

(𝑓) (𝑥 𝑛−1)

(𝑥 𝑛)

𝑓: ℝ𝑛 → ℝ

𝑥 

(𝑛 − 1)

𝑥 (𝑛) 

𝑥 𝑛  =  𝑥 𝑛−1 − 𝜂 ∙ �⃗� 𝑥 𝑓(𝑥 n−1) (4.5)  

�⃗� 𝑓

𝑓(𝑥 )

𝑓(𝑥 )

𝑓

𝑥 

𝑥 𝑛  =  𝑥 𝑛−1 − 𝜂 ∙ �⃗� 𝑥 𝑓(𝑥 n−1) (4.6)

𝑓(𝑥 )

𝑓(𝑥 ) ≈ 𝑓(𝑥  )

𝑓(𝑥  )



 

𝑓(𝑥 )

�⃗� 𝑛  =  �⃗� 𝑛−1 −
𝜂

|𝛪𝑛−1|
∙ ∑ �⃗� �⃗� 𝑓𝑗(�⃗� n−1)

𝑗 ∈ 𝐼𝑛−1

  (4.7)

𝛪𝑛−1

𝐽(𝑥 ) 𝛿𝑥 = (
𝛿𝑥1...
𝛿𝑥𝑛

)     ∈ ℝ𝑛

𝑥 𝑛  =  𝑥 𝑛−1 − 𝜂 ∙ 𝛿𝐽 𝑛−1 ∙ 𝛿𝑥 𝑛−1  (4.8)

𝛿𝐽 ≝ 𝐽 

(

  
 𝑥1 + 𝛿𝑥1.

.

.
𝑥𝑛 + 𝛿𝑥𝑛)

  
 
   −    𝐽 

(

  
 𝑥1 − 𝛿𝑥1.

.

.
𝑥𝑛 − 𝛿𝑥𝑛)

  
 
 (4.9)

𝛿𝑥 



 

𝔼[𝛿𝑥𝑖] =  0     𝜅𝛼𝜄     𝔼[𝛿𝑥𝑖 ∙ 𝛿𝑥𝑗] =  𝛿𝑖,𝑗 ≝ {
1,    𝛼𝜈 𝑖 = 𝑗
0,    𝛼𝜈 𝑖 ≠ 𝑗

  (4.10)

ALGORITHM 1: GENETIC ALGORITHM 

 1 START 
2 Generate the initial population 

3 Compute fitness 

4 REPEAT  
5    Selection 

6    Crossover 

7    Mutation 

8    Compute fitness 

9 UNTIL POPULATION HAS CONVERGED  

10 END 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

𝑀 ×𝑁

𝜑0,0

𝝋 = [

𝜑0,0 ⋯ 𝜑0,𝛭−1
⋮ ⋱ ⋮

𝜑𝛮−1,0 ⋯ 𝜑𝛮−1,𝛭−1
] = [𝜑𝑖,𝑗]𝑁×𝑀

 ∈ ℝ𝑵×𝑴    𝜇휀  𝑖 = 0,… , 𝑁 − 1 𝜅𝛼𝜄  𝑗 = 0,… ,𝑀 − 1  (5.1)

0 ≤  𝜑𝑖,𝑗 < 2𝜋  𝜅𝛼𝜄  𝜑0,0 ≡ 0 (𝜎𝜏𝜊𝜄𝜒휀ί𝜊 𝛼𝜈𝛼𝜑𝜊𝜌ά𝜍) (5.2)

𝜑𝑖,𝑗
𝑃𝑆



 

𝑧 = 0

(𝑎𝑧0, 𝑒𝑙0
(0,0) − ά𝜉𝜊𝜈𝛼𝜍 𝑧

(𝜑𝑖,𝑗 + 𝜑𝑖,𝑗
𝑃𝑆) =  𝜑0,0 (5.3)

{
 
 
 

 
 
 

(𝜑1,0 + 𝜑1,0
𝑃𝑆) = 𝜑0,0 

(𝜑2,0 + 𝜑1,0
𝑃𝑆) = 𝜑0,0 
.
.
.

(𝜑𝛮−1,𝛭−2 + 𝜑𝛮−1,𝑀−2
𝑃𝑆 ) = 𝜑0,0 

(𝜑𝛮−1,𝛭−1 + 𝜑𝑁−1,𝑀−1
𝑃𝑆 ) = 𝜑0,0 

(5.4)

𝜑𝑖,𝑗

𝜑𝑖,𝑗 = 𝜑0,0 − 𝜑𝑖,𝑗
𝑃𝑆  (5.5)

𝜑0,0
𝑃𝑆  ≡ 0

𝛮 ∙ 𝛭 − 1

𝛰𝛪(𝑓(𝑥 ), 𝑔(𝑥 )) ≝
|∫ (𝑓(𝑥 )𝑔∗(𝑥 )) ∙ (𝑑𝑥1 ∙ … ∙ 𝑑𝑥𝑛)𝑆

|
2

∫ |𝑓(𝑥 )|2 ∙ (𝑑𝑥1 ∙ … ∙ 𝑑𝑥𝑛)𝑆
∫ |𝑔(𝑥 )|2 ∙ (𝑑𝑥1 ∙ … ∙ 𝑑𝑥𝑛)𝑆

 ∈ (0,1] (5.6)



 

𝑓, 𝑔: ℝ𝑛 → ℝ 𝑥 ∈  ℝ𝑛, 𝑆 ∗

 (𝑓(𝑥 ), 𝑟 ∙ 𝑓(𝑥 )) = 𝑎𝑟𝑔𝑚𝑎𝑥(𝑂𝐼(𝑓(𝑥 ), 𝑔(𝑥 )) 𝜇휀 𝑟 ∈ ℝ (5.7)

𝛰𝛪(𝑈(𝑎𝑧, 𝑒𝑙), 𝑈𝑖𝑑𝑒𝑎𝑙(𝑎𝑧, 𝑒𝑙)) =
|∬ (𝑈(𝑎𝑧, 𝑒𝑙)𝑈𝑖𝑑𝑒𝑎𝑙

∗ (𝑎𝑧, 𝑒𝑙)) ∙ (𝑑𝑎𝑧 ∙ 𝑑𝑒𝑙)
𝑎𝑧=𝛼 ,𝑒𝑙=𝑏

𝑎𝑧=−𝛼,𝑒𝑙=−𝑏
|
2

∬ |𝑈(𝑎𝑧, 𝑒𝑙)|2 ∙ (𝑑𝑎𝑧 ∙ 𝑑𝑒𝑙)
𝑎𝑧=𝑎 ,𝑒𝑙=𝑏

𝑎𝑧=−𝑎,𝑒𝑙=−𝑏
∬ |𝑈𝑖𝑑𝑒𝑎𝑙(𝑎𝑧, 𝑒𝑙)|2 ∙ (𝑑𝑎𝑧 ∙ 𝑑𝑒𝑙)
𝑎𝑧=𝑎 ,𝑒𝑙=𝑏

𝑎𝑧=−𝑎,𝑒𝑙=−𝑏

(5.8)

𝑎𝑧 𝑒𝑙 𝛼 = 17° 𝑏 =  14° 𝑈

𝑈𝑖𝑑𝑒𝑎𝑙

𝐽 =  ∫ 𝐼(𝑥, 𝑦)𝑑𝑠
𝑆

∈ [0, +∞) (5.9)

𝐼: ℝ2 → ℝ 

𝑆

𝑆𝐿𝑆𝑅 =
𝑃𝑀𝑎𝑖𝑛 𝐿𝑜𝑏𝑒
𝑃𝐺𝑟𝑎𝑡𝑖𝑛𝑔 𝐿𝑜𝑏𝑒

 (5.10)

𝑃



 

𝑈(𝜃, 𝜑)

𝑔, 𝑎𝑟𝑔𝑚𝑎𝑥(𝑔(𝑥 )) = 𝑥 ∗ 𝜖 ℝ  (5.11)

𝑥 𝑡𝑎𝑟𝑔𝑒𝑡𝜖 ℝ

∑ (𝑥𝑖
∗ − 𝑥𝑖

𝑡𝑎𝑟𝑔𝑒𝑡
)
2

1≤ 𝑖≤𝑛

 (5.12)

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑇𝑎𝑟𝑔𝑒𝑡(𝑔(𝑥 ); 𝑥 𝑡𝑎𝑟𝑔𝑒𝑡) =   
𝛢

𝛢 + ∑ (𝑥𝑖
∗ − 𝑥𝑖

𝑡𝑎𝑟𝑔𝑒𝑡
)
2

1≤ 𝑖 ≤𝑛  
 ∈ (0,1] (5.13)

𝛢



 

𝑎𝑛,𝑚
− 𝛿𝜑 +𝛿𝜑 𝑄𝐹+

𝑄𝐹−

▪ 𝑄𝐹𝑚𝑎𝑥

▪ 𝑖𝑇𝐻
▪ 𝑖

▪ 𝟙𝑛,𝑚 𝕆𝑁×𝑀 𝑛,𝑚

▪ 𝛿𝜑𝑖
[0°, 50°]

▪ 𝜱𝑖 𝛮 ×𝛭

𝑖

▪ 𝜟𝜱 𝛮 ×𝛭

± 𝛿𝜑𝑖

▪ 𝑏𝑒𝑠𝑡 𝑝ℎ𝑎𝑠𝑒𝑠

▪ 𝑎𝑟𝑔𝑚𝑎𝑥()

▪ max ()

▪ 𝑠𝑖𝑔𝑛(𝑥)

𝑠𝑖𝑔𝑛(𝑥) =  {
−1  휀ά𝜈 𝑥 < 0
0     휀ά𝜈 𝑥 = 0
+1  휀ά𝜈 𝑥 > 0

(5.14)



 

+𝛿𝜑𝑖 −𝛿𝜑𝑖

{1,2,4} × 16

𝜎

4 × 16

97%

ALGORITHM 2: BGD FOR OPA PHASE CALIBRATION 

 1: START 
2: initialize 𝜱0, 𝑄𝐹𝑚𝑎𝑥 , 𝑖𝑇𝐻 

3: 𝑖  ←  1 

4: while 𝑖 ≤  𝑖𝑇𝐻 or 𝑄𝐹 ≤ 𝑄𝐹𝑚𝑎𝑥 do: 
5:  for each antenna element 𝒏,𝒎 do: 

 6:   Compute 𝑄𝐹+(𝜱𝑖−1 + 𝛿𝜑𝑖 ∙ 𝟙𝑛,𝑚) 

7:   Compute 𝑄𝐹−(𝜱𝑖−1 − 𝛿𝜑𝑖 ∙ 𝟙𝑛,𝑚) 

8:    

9:   𝛥𝛷𝑛,𝑚 ←  𝑠𝑖𝑔𝑛(𝑄𝐹+ − 𝑄𝐹−) ∙ 𝛿𝜑𝑖 

10:        

11:  𝜱𝑖  ← 𝜱𝑖−1 + 𝜟𝜱 

12:  Compute 𝑄𝐹𝑖(𝜱𝑖) 

13:  𝑖  ←  𝑖 + 1 

14: return 𝑏𝑒𝑠𝑡 𝑝ℎ𝑎𝑠𝑒𝑠 ← 𝑎𝑟𝑔𝑚𝑎𝑥[max𝑗≤𝑖(𝑄𝐹𝑗)]   

15: END 



 

(98%)

1 × 16

{1,2,4} × 16

𝑖

𝑆

𝑈(𝑎𝑧, 𝑒𝑙)

𝑆 (𝑎𝑧0, 𝑒𝑙0).

(𝑎𝑧0, 𝑒𝑙0)

𝜱𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙(𝑡𝑎𝑟𝑔𝑒𝑡)

𝑄𝐹𝑐𝑙𝑎𝑠𝑠𝑖𝑐)

𝜱𝒊



 

▪ 〈𝛪𝐿𝑂𝐵𝐸〉
± 𝑆

±

± 𝛿𝜑𝑖 〈 〉

▪ 𝑡𝑎𝑟𝑔𝑒𝑡 𝑆

𝑖

▪ 𝜱𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙(𝑡𝑎𝑟𝑔𝑒𝑡): 

(0
0
) 𝑡𝑎𝑟𝑔𝑒𝑡 =  (𝑎𝑧0

𝑒𝑙0
)  ή (𝜃0

𝜑0
).

𝑆

ALGORITHM 3:  DE-BGD FOR OPA PHASE CALIBRATION 

 1: START 
2: initialize 𝜱0, 𝑄𝐹𝑚𝑎𝑥 , 𝑖𝑇𝐻 

3: 𝑖  ←  1 

4: while (𝑖 ≤  𝑖𝑇𝐻 or 𝑄𝐹 ≤ 𝑄𝐹𝑚𝑎𝑥) do: 
5:  for each antenna element 𝒏,𝒎 do: 

6:   Compute 𝑄𝐹+(𝜱𝑖−1 + 𝛿𝜑𝑖 ∙ 𝟙𝑛,𝑚) & 〈𝛪𝐿𝑂𝐵𝐸〉𝑛,𝑚
+   

7:   Compute 𝑄𝐹−(𝜱𝑖−1 − 𝛿𝜑𝑖 ∙ 𝟙𝑛,𝑚)  & 〈𝛪𝐿𝑂𝐵𝐸〉𝑛,𝑚
−   

8:    

9:   𝛥𝛷𝑛,𝑚 ←  𝑠𝑖𝑔𝑛(𝑄𝐹+ − 𝑄𝐹−) ∙ 𝛿𝜑𝑖 

10:   

11:  𝜱𝑐𝑙𝑎𝑠𝑠𝑖𝑐  ← 𝜱𝑖−1 + 𝜟𝜱 

15:  Compute 𝑄𝐹𝑐𝑙𝑎𝑠𝑠𝑖𝑐 ← 𝑄𝐹(𝜱𝑐𝑙𝑎𝑠𝑠𝑖𝑐) 

16:   

17:  𝜱𝐵𝑒𝑎𝑚 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛  ← 𝑎𝑟𝑔𝑚𝑎𝑥[max𝑛,𝑚(〈𝛪𝐿𝑂𝐵𝐸〉𝑛,𝑚
+ , 〈𝛪𝐿𝑂𝐵𝐸〉𝑛,𝑚

− )] 

18:  𝑡𝑎𝑟𝑔𝑒𝑡 ← 𝐶𝑒𝑛𝑡𝑒𝑟 𝑜𝑓 𝐸𝑙𝑙𝑖𝑝𝑠𝑒 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑠 𝑡𝑜 𝜱𝐵𝑒𝑎𝑚 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛  

19:  𝜱𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑖𝑠𝑡𝑖𝑐  ← 𝜱𝐵𝑒𝑎𝑚 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 −𝜱𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙(𝑡𝑎𝑟𝑔𝑒𝑡)    

20:  Compute 𝑄𝐹𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑖𝑠𝑡𝑖𝑐 ← 𝑄𝐹(𝜱𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑖𝑠𝑡𝑖𝑐) 

21:   

22:  𝑄𝐹𝑖  ←  max(𝑄𝐹𝑐𝑙𝑎𝑠𝑠𝑖𝑐 , 𝑄𝐹𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑖𝑠𝑡𝑖𝑐) 

23:  𝜱𝑖  ← 𝑎𝑟𝑔𝑚𝑎𝑥(𝑄𝐹𝑖) 

24:  𝑖  ←  𝑖 + 1 

25: return 𝑏𝑒𝑠𝑡 𝑝ℎ𝑎𝑠𝑒𝑠 ← 𝑎𝑟𝑔𝑚𝑎𝑥[max𝑗≤𝑖(𝑄𝐹𝑗)]   



 

(97% & 98%)

{1,2,4} × 16

𝑖

𝑖

𝜱𝒊 𝑄𝐹𝑐𝑙𝑎𝑠𝑠𝑖𝑐 , 𝑄𝐹𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑖𝑠𝑡𝑖𝑐
𝑄𝐹𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐

2𝑁𝑀

𝑄𝐹 − 𝐶𝑦𝑐𝑙𝑒

26: END 



 

{1,2,4} × 16

𝑖

ALGORITHM 4:  SDE-BGD FOR OPA PHASE CALIBRATION 

 1: START 
2: initialize 𝜱0, 𝑄𝐹𝑇𝐻, 𝑖𝑇𝐻 

3: 𝑖  ←  1 

4: while (𝑖 ≤  𝑖𝑇𝐻 or 𝑄𝐹 ≤ 𝑄𝐹𝑇𝐻) do: 
5:  for each antenna element 𝒏,𝒎 do: 

6:   Compute 𝑄𝐹+(𝜱𝑖−1 + 𝛿𝜑𝑖 ∙ 𝟙𝑛,𝑚) & 〈𝛪𝐿𝑂𝐵𝐸〉𝑛,𝑚
+  

7:   Compute 𝑄𝐹−(𝜱𝑖−1 − 𝛿𝜑𝑖 ∙ 𝟙𝑛,𝑚)  & 〈𝛪𝐿𝑂𝐵𝐸〉𝑛,𝑚
−   

8:    

9:   𝛥𝛷𝑛,𝑚 ←  𝑠𝑖𝑔𝑛(𝑄𝐹+ − 𝑄𝐹−) ∙ 𝛿𝜑𝑖 

10:     

11:    
12:  𝜱𝑐𝑙𝑎𝑠𝑠𝑖𝑐  ← 𝜱𝑖−1 + 𝜟𝜱 

13:  Compute 𝑄𝐹𝑐𝑙𝑎𝑠𝑠𝑖𝑐 ← 𝑄𝐹(𝜱𝑐𝑙𝑎𝑠𝑠𝑖𝑐) 

14:   

15:  𝜱𝐵𝑒𝑎𝑚 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛  ←   𝑎𝑟𝑔𝑚𝑎𝑥[max𝑛,𝑚(〈𝛪𝐿𝑂𝐵𝐸〉𝑛,𝑚
+ , 〈𝛪𝐿𝑂𝐵𝐸〉𝑛,𝑚

− )] 

16:  𝑡𝑎𝑟𝑔𝑒𝑡 ← 𝐶𝑒𝑛𝑡𝑒𝑟 𝑜𝑓 𝐸𝑙𝑙𝑖𝑝𝑠𝑒 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑠 𝑡𝑜 𝜱𝐵𝑒𝑎𝑚 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛  

17:  𝜱𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑖𝑠𝑡𝑖𝑐  ← 𝜱𝐵𝑒𝑎𝑚 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 −𝜱𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙(𝑡𝑎𝑟𝑔𝑒𝑡)    

21:  Compute 𝑄𝐹𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑖𝑠𝑡𝑖𝑐 ← 𝑄𝐹(𝜱𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑖𝑠𝑡𝑖𝑐) 

22:   

23:  𝜱𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐  ←   𝑎𝑟𝑔𝑚𝑎𝑥{max𝑛,𝑚[𝑚𝑎𝑥(𝑄𝐹𝑛,𝑚
+ , 𝑄𝐹𝑛,𝑚

− )]}  

24:  Compute 𝑄𝐹𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 ← 𝑄𝐹(𝜱𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐) 

25:   

26:  𝑄𝐹𝑖  ←  max(𝑄𝐹𝑐𝑙𝑎𝑠𝑠𝑖𝑐 , 𝑄𝐹𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑖𝑠𝑡𝑖𝑐 , 𝑄𝐹𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐) 

27:  𝜱𝑖  ← 𝑎𝑟𝑔𝑚𝑎𝑥(𝑄𝐹𝑖) 

28:  𝑖  ←  𝑖 + 1 

29: return 𝑏𝑒𝑠𝑡 𝑝ℎ𝑎𝑠𝑒𝑠 ← 𝑎𝑟𝑔𝑚𝑎𝑥[max𝑗≤𝑖(𝑄𝐹𝑗)]   

30: END 



 

+𝛿𝜑𝑖
−𝛿𝜑𝑖

(𝑖𝑆𝑃𝐺𝐷)

(𝑖𝐵𝐺𝐷) (±𝛿𝜑𝑖)

𝑖𝐵𝐺𝐷 =
3 ∙ 𝑖𝑆𝑃𝐺𝐷

2 ∙ (𝛮𝛭) + 1
(5.15)

𝛿𝜑𝑖 = {
𝑢([0°, 50°])   𝛼𝜈 𝑄𝐹 ≤ 0.9

𝑢([0°, 25°])   𝛼𝜈 𝑄𝐹 > 0.9
(5.16)

𝑢

𝜂 0.5



 

{1,2,4} × 16

𝑖

ALGORITHM 5: PHASES EXTRACTION (SPGD) 

 
1: START 

2: initialize 𝜱0, 𝑄𝐹𝑇𝐻, 𝑖𝑇𝐻, 𝑎 

3: 𝑖  ←  1 

4: while 𝑖 ≤  𝑖𝑇𝐻 or 𝑄𝐹 ≤ 𝑄𝐹𝑇𝐻 do: 

5:  Compute 𝑄𝐹+(𝜱𝑖−1 + 𝛿𝝋𝑖) 

6:  Compute 𝑄𝐹−(𝜱𝑖−1 − 𝛿𝝋𝑖) 

7:   

8:  𝛿𝑄𝐹  ←  𝑠𝑖𝑔𝑛(𝑄𝐹+ −  𝑄𝐹−) 

9:   

10:  𝜱𝑖  ← 𝜱𝑖−1 + 𝑎 ∙ 𝛿𝑄𝐹 ∙ 𝛿𝝋𝑖 

11:  Compute 𝑄𝐹𝑖(𝜱𝑖) 

12:  𝑖  ←  𝑖 + 1 

13: return 𝑏𝑒𝑠𝑡 𝑝ℎ𝑎𝑠𝑒𝑠 ← 𝑎𝑟𝑔𝑚𝑎𝑥[max𝑗≤𝑖(𝑄𝐹𝑗)]   

14: END 



 

0.98

𝛮 × 𝛮 𝛮 = 2, 4, 8, 12 16
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𝑎𝑛,𝑚
(𝜃0, 𝜑0)

(3.22) − (3.24)

(𝑎𝑧0, 𝑒𝑙0)

𝑎𝑛,𝑚 (𝑎𝑧, 𝑒𝑙) =  {(0°, 0°), (3°, 0°), (0°, 3°), (3°, 3°)}

(𝜃0, 𝜑0)

(𝑎𝑧0, 𝑒𝑙0) (𝜃0
′ , 𝜑0

′ )

(𝑎𝑧0
′ , 𝑒𝑙0

′ )

(𝑎𝑧0, 𝑒𝑙0) (𝑎𝑧0
′ , 𝑒𝑙0

′ )

𝑎𝑧 − 𝑒𝑙



 

  

  

8 × 8 (0°, 0°) 𝑎𝑛,𝑚

(3°, 0°) (0°, 3°)

(3°, 3°)



 

(𝑎𝑧0
𝑒𝑙0
)

𝜱

𝜱((
𝑎𝑧0
𝑒𝑙0

)) = 𝜱𝒄𝒂𝒍𝒊𝒃𝒓𝒂𝒕𝒊𝒐𝒏 +𝜱((
𝑎𝑧0

′

𝑒𝑙0
′ )) +𝜱𝒆𝒓𝒓 ((

𝑎𝑧0
𝑒𝑙0

)) (5.17)

𝜱𝒄𝒂𝒍𝒊𝒃𝒓𝒂𝒕𝒊𝒐𝒏

(0,0)

𝜱((
𝑎𝑧0

′

𝑒𝑙0
′ )), 

𝜱𝒄𝒂𝒍𝒊𝒃𝒓𝒂𝒕𝒊𝒐𝒏 +𝜱((
𝑎𝑧0

′

𝑒𝑙0
′ ))

(𝑎𝑧0
𝑒𝑙0
)

𝜱𝒆𝒓𝒓 ((
𝑎𝑧0
𝑒𝑙0
))

ALGORITHM 6: BEAM STEERING 

 1: START 

2: choose target (𝐚𝐳𝟎
𝐞𝐥𝟎
) 

3:  

4: read the corresponding value (
𝐚𝐳𝟎
′

𝐞𝐥𝟎
′ ) from the theoretical grid 

5: read the corresponding phase error 𝜱𝒆𝒓𝒓 ((
𝑎𝑧0
𝑒𝑙0
)) 

6: transform (
𝒂𝒛𝟎
′

𝒆𝒍𝟎
′ ) to (

𝜽𝟎
′

𝝋𝟎
′) 

7:  

8: P ←  −k0 sin(θ0
′ ) cos(φ0

′ ) 

9: Q ←  −k0 sin(θ0
′ ) sin(φ0

′ ) 



 

𝑟𝐴𝐸,𝑥(𝑛) 𝑟𝐴𝐸,𝑦(𝑚)

(𝑛,𝑚)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

10:  

11: 𝑎𝑛,𝑚  ← rAE,x(n) ∙  𝑃 + rAE,x(m) ∙  𝑄 𝑤𝑖𝑡ℎ 𝑛 = 0,… , 𝑁 − 1 & 𝑚 = 0,… ,𝑀 − 1 

12:  

13: 𝚽𝐭𝐚𝐫𝐠𝐞𝐭  ← 𝚽calibration + 𝒂 +𝜱𝒆𝒓𝒓 

14:  

15: stimulate the phase shifters with currents corresponding to phases 𝚽𝐭𝐚𝐫𝐠𝐞𝐭      

16:  

17: End 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

1563 𝑛𝑚

0.3

𝑓1, 𝑓2 100 𝑚𝑚, 500 𝑚𝑚



 

1/2" 

768 × 494

8.4 𝜇𝑚 × 9.8 𝜇𝑚

17° 14°

0°

(𝑎𝑧, 𝑒𝑙)

2 × 16 50 𝜇𝑚



 

(𝐼𝑜𝑢𝑡)

𝛪𝑂𝑈𝑇 = 𝛪𝐼𝑁

𝛪𝑂𝑈𝑇,𝑓𝑖𝑡𝑡𝑒𝑑 = 𝑎𝐼𝐼𝑁 + 𝑏 𝑎, 𝑏



 

25 𝑚𝐴

𝜑

IPS = Ι2π (√
φ

2π
) (6.1)

Ι2𝜋
2𝜋

𝛗 − 𝚰



 

1 𝑘𝐻𝑧

500 𝑚𝑠

𝚰𝟐𝛑

𝛪2𝜋

(IPSi = 0)

𝑅𝑃(IPSi = 0)

(IPSi) Imin Ιmax
𝑅𝑃(IPSi)

𝑅𝑃(IPSi = 0)

2𝜋

1 × 4 2 × 4 Ι2𝜋,1×4 = 17.2 𝑚𝐴 & I2𝜋,2×4 = 18 𝑚𝐴

1 × 4 2 × 4

ALGORITHM 7: PHASE SHIFTER 𝐈𝟐𝛑 EXTRACTION 

 1: START 
2: choose a Phase Shifter (𝑃𝑆𝑖) 

3:  

4: run an algorithm for OPA Phase Calibration with I𝑃𝑆𝑖 = 0   

5:  

6: for IPSi  current in range [I𝑚𝑖𝑛 , I𝑚𝑎𝑥] do: 



 

Ι2π

 

2 × 4

𝐼2𝜋

1 × 4

𝑡𝑆𝐸𝑅
𝑡𝐶𝑂𝑁𝑇𝑅𝑂𝐿

𝑡𝑃𝑆

𝑡𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛
𝑡𝐶𝑂𝑀

7:   

8:  Compute 𝑂𝐼[𝑅𝑃(IPSi), 𝑅𝑃(IPSi = 0)] 

9:   

10:  if 𝑂𝐼 = 1  do: 

11:   return Ι2𝜋,𝑖  ← IPSi   

12:   

13: End 



 

𝑡𝑃𝑅𝑂𝐶𝐸𝑆𝑆
𝑡𝑖𝑚𝑎𝑔𝑒 𝑝𝑟𝑜𝑐𝑐𝑒𝑠𝑠𝑖𝑛𝑔

t𝑎𝑐𝑐𝑒𝑠𝑠

 𝑖 2 ∙ (𝛮𝛭) + 1

3

𝛮𝐵𝐺𝐷 𝛮𝑆𝑃𝐺𝐷

𝑡𝐵𝐺𝐷 = 𝑁𝐵𝐺𝐷 ∙ [2 ∙ (𝛮𝛭) + 1] ∙ 𝑡𝑎𝑐𝑐𝑒𝑠𝑠 (6.2)

𝑡𝑆𝑃𝐺𝐷 = 𝑁𝑆𝑃𝐺𝐷 ∙ 3 ∙ 𝑡𝑎𝑐𝑒𝑠𝑠 (6.3)

16 × 16 𝑂𝑃𝐴

6.85 4.23

𝑡𝑎𝑐𝑐𝑒𝑠𝑠 = 𝑡𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 + 𝑡𝑖𝑚𝑎𝑔𝑒 𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔  ≈ 𝑡𝑃𝑆 ≈ 500 𝑚𝑠 (6.4)

𝑡𝐵𝐺𝐷 = 29.28 𝑚𝑖𝑛

𝑡𝑆𝑃𝐺𝐷 = 18.08 𝑚𝑖𝑛



 

1 × 4 2 × 4

Ι2π

Ι2π 16 𝑚𝐴

 

𝟏 × 𝟒

1 × 4



 

1 × 4



 

1 × 4

[0.85 − 0.88]

𝟐 × 𝟒

1 × 4 2 × 4

2 × 4

2 × 4

  



 

2 × 4



 

2 × 4

(𝑎𝑧, 𝑒𝑙)  ∈ {(0°, 0°), (1°, 2.5°), (0°, 2°),

(0°, −1°), (−3°, 0°), (3°, 0°)}

(0°, 0°)

(1°, 2.5°) (0°, 2°) (0°, −1°)

(−3°, 0°) (3°, 0°)

  

  

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

𝐺𝑏𝑝𝑠

1 × 4 2 × 4



 

❖ 1 × 4 2 × 4

❖ 

❖ 

❖ 

❖ 

❖ 

❖ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

𝑟 =  (
𝑥
𝑦
𝑧
) ℝ3 𝑟 𝑥𝑧

𝑟  𝑦 = 0 𝑥𝑧

∡𝑎𝑧 = (𝑟 𝑥𝑧 , �̂�)
̂       &      ∡𝑒𝑙 = (𝑟 , 𝑟 𝑥𝑧)

̂



 

𝑵 ×𝑴 𝐎𝐏𝐀 

𝑃𝑆𝑆(𝜑0,0𝑃𝑆≡0)
= (

0 ⋯ 𝜑0,𝑀−1
𝑃𝑆

⋮ ⋱ ⋮
𝜑𝑁−1,0
𝑃𝑆 ⋯ 𝜑𝑁−1,𝑀−1

𝑃𝑆
)

𝛮×𝑀

(𝛮 × 𝛭 − 1

𝑃𝑆𝑆(𝜑𝑖,𝑗
𝑃𝑆≡0) = (−𝜑𝑖,𝑗

𝑃𝑆) ∙ 𝕀𝑁×𝑀
𝑖,𝑗

+ 𝑃𝑆𝑆(𝜑0,0𝑃𝑆≡0)

𝕀𝑁×𝑀
𝑖,𝑗

= (𝕚𝑘,𝑙)
𝑖,𝑗
= {

0 ,   𝑘 = 𝑖 𝜅𝛼𝜄 𝑙 = 𝑗 

1 , 𝛼𝜆𝜆𝜊ύ

𝑈𝑥=𝑥0

𝑈𝑦=𝑦0

𝑈𝑥=𝑥0 𝑈𝑦=𝑦0



 

𝑄𝐹 − 𝑐𝑦𝑐𝑙𝑒, 𝑂𝐼 − 𝑐𝑦𝑐𝑙𝑒, 𝑃𝑜𝑤𝑒𝑟 𝑎𝑡 𝑆𝑒𝑛𝑠𝑜𝑟 𝐶𝑒𝑛𝑡𝑒𝑟 −

𝑐𝑦𝑐𝑙𝑒, 𝐴𝑟𝑔𝑎𝑚𝑥 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑧𝑒𝑟𝑜 − 𝑐𝑦𝑐𝑙𝑒
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