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𝑆𝐸 = 20 𝑙𝑜𝑔 |
𝝌̂𝑰

𝝌̂𝑻
|
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𝝌̂

𝑒−𝛼𝑧

𝛼

𝛿 = 1/𝛼 = 1/√𝜋𝑓𝜇𝜎

𝑆𝐸 = 𝑅𝑑𝐵 + 𝐴𝑑𝐵 + 𝑀𝑑𝐵
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|𝑅𝑑𝐵 + 𝐴𝑑𝐵| > |𝑀𝑑𝐵|

 

 

𝐸⃗̂ 𝑖 = 𝐸̂𝑖0𝑒
−𝑗𝐵0𝑧𝑎 𝑥

𝐸⃗̂ 𝑟 = 𝐸̂𝑟0𝑒
+𝑗𝐵0𝑧𝑎 𝑥

𝐸⃗̂ 1 = 𝐸̂10𝑒
−𝑗𝛾̂𝑧𝑎 𝑥

𝐸⃗̂ 2 = 𝐸̂20𝑒
+𝑗𝛾̂𝑧𝑎 𝑥

𝐸⃗̂ 𝑡 = 𝐸̂𝑡0𝑒
−𝑗𝐵0𝑧𝑎 𝑥

𝐸̂𝑟0 𝐸̂10  𝐸̂20, 𝐸̂𝑡0 𝐵0 = 𝜔√𝜇0𝜖0 𝛾

𝛾 = √𝑗𝜔𝜇(𝜎 + 𝑗𝜔𝜖) = 𝛼 + 𝑗𝛽

𝐻⃗⃗̂ =
1

𝜂
𝑘⃗ × 𝐸⃗̂ 𝜂

𝜂 = √𝜇0/𝜖0
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𝜂 = √
𝑗𝜔𝜇

𝜎 + 𝑗𝜔𝜖

𝐸̂𝑖0 + 𝐸̂𝑟0 = 𝐸̂10 + 𝐸̂20

𝐸̂10𝑒
−𝑗𝛾̂𝑡 + 𝐸̂20𝑒

+𝑗𝛾̂𝑡 = 𝐸̂𝑡0𝑒
−𝑗𝐵0𝑡

𝐸̂𝑖0

𝜂0
−

𝐸̂𝑟0

𝜂0
=

𝐸̂10

𝜂
−

𝐸̂20

𝜂
𝐸̂10

𝜂
𝑒−𝑗𝛾̂𝑡 −

𝐸̂20

𝜂
𝑒+𝑗𝛾̂𝑡 =

𝐸̂𝑡0

𝜂0
𝑒−𝑗𝐵0𝑡

𝑬̂𝒊 𝑬̂𝒕⁄

𝑬̂𝒊

𝑬̂𝒕

=
(𝜂0 + 𝜂̂)2

4𝜂0𝜂̂
[1 − (

𝜂0 − 𝜂̂

𝜂0 + 𝜂̂
)
2

𝑒−2𝛾𝑡] 𝑒𝛾𝑡𝑒−𝑗𝐵0𝑡,

𝑆𝐸𝑑𝐵 = 20 𝑙𝑜𝑔 |
𝑬̂𝒊

𝑬̂𝒕

|

= 20 log (|
(𝜂0 + 𝜂̂)2

4𝜂0𝜂̂
[1 − (

𝜂0 − 𝜂̂

𝜂0 + 𝜂̂
)
2

𝑒−2𝛾𝑡] 𝑒𝛾𝑡|)

= 20 log(|
(𝜂0 + 𝜂̂)2

4𝜂0𝜂̂
|) + 20 log (|1 − (

𝜂0 − 𝜂̂

𝜂0 + 𝜂̂
)
2

𝑒−2𝛾𝑡|) + 20 log(|𝑒𝛾𝑡|)

= 20 log (|
(𝜂0 + 𝜂̂)2

4𝜂0𝜂̂
|) + 20 log (|1 − (

𝜂0 − 𝜂̂

𝜂0 + 𝜂̂
)
2

𝑒−2𝛾𝑡|) + 20 log(𝑒𝛼𝑡)

|𝜂̂| ≪ 𝜂0

≫ 𝛿 = 1/𝛼

𝑆𝐸𝑑𝐵 = 20 log (|
𝜂0

4𝜂̂
|) + (𝑀𝑑𝐵 |

𝑀𝑑𝐵 ≅ 0
) + 20 log (𝑒

𝑡
𝛿)

𝑅𝑑𝐵 𝐴𝑑𝐵 
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𝐸1

𝐸2

𝐸𝑟

𝑬̂𝟏

𝑬̂𝒊

≅
2𝜂̂

𝜂0 + 𝜂̂

𝑬̂𝒕

𝑬̂𝟏

≅
2𝜂0

𝜂0 + 𝜂̂

𝑬̂𝒕

𝑬̂𝒊

=
𝑬̂𝒕

𝑬̂𝟏

×
𝑬̂𝟏

𝑬̂𝒊

≅
2𝜂0

𝜂0 + 𝜂̂

2𝜂̂

𝜂0 + 𝜂̂

≅
4𝜂0𝜂̂

(𝜂0 + 𝜂̂)2

𝑹𝒅𝑩 = 𝟐𝟎𝒍𝒐𝒈 |
𝑬̂𝒊

𝑬̂𝒕

| ≅ 𝟐𝟎𝒍𝒐𝒈 |
(𝜂0 + 𝜂̂)2

4𝜂0𝜂̂
|
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𝑬̂𝟏

𝑬̂𝟏

𝑒−𝛼𝑡

𝑒−
𝑡

𝛿

𝑨𝒅𝑩 = 𝟐𝟎𝒍𝒐𝒈𝒆
𝒕
𝜹

 

𝑬̂𝒕 = 𝑬̂𝒕𝟏
+ 𝑬̂𝒕𝟐

+ 𝑬̂𝒕𝟑
+ ⋯
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= 𝑬̂𝒕𝟏
(1 + Δ1 + Δ2 + ⋯)

𝑬̂𝒕𝟏
𝑬̂𝒕𝟐

𝑬̂𝒕𝟑

Γ̂21 Γ̂23  𝑬̂𝟏

𝑒−2𝛾𝑡

𝑬̂𝒕𝟐
= Δ𝑬̂𝒕𝟏

𝑬̂𝒕𝟑
= Δ𝑬̂𝒕𝟐

Δ = Γ̂21Γ̂23𝑒
−2𝛾𝑡 |Δ| <

1

𝑬̂𝒕 = 𝑬̂𝒕𝟏
(1 + Δ + Δ2 + ⋯) =

𝑬̂𝒕𝟏

1 − Δ

𝑆𝐸𝑑𝐵 = 20 log (|
𝑬̂𝒊

𝑬̂𝒕

|)

= 20 log (|
𝑬̂𝒊

𝑬̂𝒕𝟏

|) + 20log (|1 − Δ|)

𝑅𝑑𝐵 + 𝐴𝑑𝐵, 

𝑀𝑑𝐵 = 20 log(|1 − Δ|) = 20 log (|1 − (
𝜂0 − 𝜂̂

𝜂0 + 𝜂̂
)
2

𝑒−2𝛾̂𝑡|)

 

𝜂0 = √𝜇0/𝜖0 𝑧̂𝑤
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𝜂̂

Γ =
𝜂̂ − 𝑧̂𝑤

𝜂̂ + 𝑧̂𝑤

T =
2𝜂̂

𝜂̂ + 𝑧̂𝑤

Γ T

𝐸𝜃 𝐻𝜙

𝜂0 = 𝐸𝜃/𝐻𝜙

𝑧̂𝑤 = 𝜂0

 

Êr = 𝜂0

𝐼0𝑙 𝑐𝑜𝑠𝜃

2𝜋𝑟2
[1 +

1

𝑗𝐵0𝑟
] 𝑒−𝑗𝐵0𝑟

Êθ = 𝑗𝜂0

𝐵0𝐼0𝑙𝑠𝑖𝑛𝜃

4𝜋𝑟
[1 +

1

𝑗𝐵0𝑟
−

1

(𝐵0𝑟)2
] 𝑒−𝑗𝐵0𝑟

E𝜙 = 0

1/𝑟 1/𝑟2 1/𝑟3

𝐸̂𝜃/𝐻̂𝜙 ≠ 𝜂0

𝐻̂𝜙

𝑍̂𝑤𝑒 =
𝐸̂𝜃

𝐻̂𝜙

= 𝜂0

𝑗
𝐵0𝑟

+
1

(𝐵0𝑟)2 −
𝑗

(𝐵0𝑟)3

𝑗
𝐵0𝑟

+
1

(𝐵0𝑟)2
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𝐵0𝑟 ≫ 1 𝑍̂𝑤𝑒 = 𝜂0 𝐵0𝑟 ≪ 1

𝑍̂𝑤𝑒 ≅ 𝜂0 (−
𝑗

𝐵0𝑟
) =

60𝜆0

𝑟
∡ − 90

𝐸̂𝜃 𝐻̂𝜙 1/𝑟 𝐸̂𝜃 𝐻̂𝜙

1/𝑟3 1/𝑟2

𝑍̂𝑤𝑚 =
𝐸̂𝜙

𝐻̂𝜃

= −𝜂0

𝑗
𝐵0𝑟

+
1

(𝐵0𝑟)2

𝑗
𝐵0𝑟

+
1

(𝐵0𝑟)2 −
𝑗

(𝐵0𝑟)3

𝐵0𝑟 ≫ 1
1

𝐵0𝑟
𝑍̂𝑤𝑚 = 𝜂0

1

(𝐵0𝑟)2
𝑗

(𝐵0𝑟)3
𝑍̂𝑤𝑚 ≅ −𝑗𝜂0𝐵0𝑟 =

2369
𝑟

𝜆0
∡ − 90

𝜂0
1

𝐵0𝑟
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𝜂0

𝑍̂𝑤𝑒 ≅ 𝜂0 (−
𝑗

𝐵0𝑟
) =

1

𝑗𝜔𝐶𝑒

𝑍̂𝑤𝑚 ≅ −𝑗𝜂0𝐵0𝑟 =
1

𝑗𝜔𝐶𝑚

𝐶𝑒 𝐶𝑚
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𝑅𝑑𝐵 = 20 log |
(𝑍̂𝑤 + 𝜂̂)

2

4𝑍̂𝑤𝜂̂
| ≅ 20 log |

𝑍̂𝑤

4𝜂̂
|

𝑅𝑑𝐵,𝑒 = 322 + 10 log (
𝜎𝑟

𝜇𝑟𝑓3𝑟2
),

𝑅𝑑𝐵,𝑚 = 14.57 + 10 log (
𝑓1𝑟2𝜎𝑟

𝜇𝑟
)

𝑅𝑑𝐵,𝑚 𝑅𝑑𝐵,𝑒

𝐵0𝑟

𝑅𝑑𝐵,𝑚 𝑅𝑑𝐵,𝑒
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𝜆
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(a) (b) 
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𝑟

 

 

 

𝑬⃗⃗ 𝑹 = 𝑬⃗⃗ 𝑻𝑶𝑻 − 𝑬⃗⃗ 𝑰

𝑬⃗⃗ 𝑹 𝑬⃗⃗ 𝑻𝑶𝑻 𝑬⃗⃗ 𝑰

𝑬⃗⃗ 𝑻𝑶𝑻 = 𝑬⃗⃗ 𝑻
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(a) (b) 

(c) (d) 

(a) (b) (c) (d)

x
y

Marginal AxisMarginal Axis

Table 3.1. Optimized Dimensions of the Unit Cells Under Test in 
Millimeters (Case 1) 

 
Resonant Frequency 10 GHz 

SL CSL JR SRR 
Dim. Value Dim. Value Dim. Value Dim. Value 
𝑥1 5.508 𝑦1 6.565 𝑧1 4.140 𝑡1 0.850 
𝑥2 0.408 𝑦2 0.505 𝑧2 0.966 𝑡2 0.680 
𝑃 5.610 𝑦3 1.010 𝑧3 3.243 𝑃 11.15 
𝐷 0.102 𝑃 6.868 𝑧4 1.242 𝐷 0.850 
  𝐷 0.303 𝑃 11.04   
    𝐷 1.380   
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𝑬⃗⃗ 𝑻

(a) (b) 

(c) (d) 
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(b) (a) 

(a) (b) 

(c) (d) 
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λ

 

θ
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2𝐷𝑒𝑓𝑓
2 /𝜆 
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𝐶 = 𝐶1𝐶2 (𝐶1 + 𝐶2)⁄

Table 3.2. Extracted values of L & C for SL, CSL, JR and SRR 
 

SL CSL JR SRR 
L(𝑛𝐻) C(𝑝𝐹) L(𝑛𝐻) C(𝑝𝐹) L(𝑛𝐻) C(𝑝𝐹) L(𝑛𝐻) C(𝑝𝐹) 
2.01 0.126 2.32 0.108 5.21 0.0486 3.89 0.0651 

 

Table 3.2. Extracted values of L & C for SL, CSL, JR and SRR
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𝑍̂𝐹𝐹 = 𝑗𝜔𝐿 +
1

𝑗𝜔𝐶

𝑓𝑟 = 1 2𝜋√𝐿𝐶⁄

𝑍̂𝐹𝑆𝑆 = 𝑍̂𝐹𝐹

 

𝑍̂𝐹𝑆𝑆 = 𝑍̂𝐹𝐹

𝑍𝐻 = 𝜂0

𝑅𝑑𝐵 𝑀𝑑𝐵

𝐴𝑑𝐵
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𝑬̂𝒕𝟏

𝑬̂𝒊

= 𝐾 ×
𝑬̂𝒕𝟏

𝑬̂𝟏

×
𝑬̂𝟏

𝑬̂𝒊

(a) (b) 

(c)  (d) 

𝐹𝑆𝑆 𝐻𝑜 𝑜𝑔𝑒𝑛𝑜 𝑠
𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 

𝐸𝑡𝐸𝑖

      

 ̂

𝜂0𝜂0

1 2 3

𝐼𝑛 𝑜 𝑜𝑔𝑒𝑛𝑒𝑜 𝑠
𝑀𝑒𝑡𝑎𝑙𝑙𝑖𝑐 𝑃𝑎𝑡𝑡𝑒𝑟𝑛 
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= 𝐾 ×
2𝑍̂𝐹𝐹

𝜂0 + 𝑍̂𝐹𝐹

×
2𝜂0

𝜂0 + 𝑍̂𝐹𝐹

𝑇12 𝑇23

𝑇12 =
2𝑍̂𝐹𝐹

𝜂0 + 𝑍̂𝐹𝐹

𝑇̂23 =
2𝜂0

𝜂0 + 𝑍̂𝐹𝐹

𝑍𝐹𝐹

𝑅𝑑𝐵

𝑅𝑑𝐵 = 20 log (|
𝑬̂𝒊

𝑬̂𝒕𝟏

|)

= 20 log (|
𝑬̂𝒊

𝑬̂𝒕𝟏

|)

= 20 log (𝐾 |
𝑍̂𝐹𝐹

2 + 𝜂0
2 + 2𝑍̂𝐹𝐹𝜂0

4𝑍̂𝐹𝐹𝜂0

|)

𝑍̂𝐹𝐹 = 𝑠̂𝐿 + 1 𝑠̂𝐶⁄ 𝑠̂ = 𝑗𝜔

𝑅𝑑𝐵 = 20 log (
𝐾

4
|
(𝜂̂ + 𝜂0)(𝐿𝐶𝑠̂2 + 𝐶𝜂0𝑠̂ + 1)

(𝐿𝐶𝜂0)𝑠̂2 + 𝜂0
|)

𝑬̂𝒕 = 𝑬̂𝒕𝟏
+ 𝑬̂𝒕𝟐

+ 𝑬̂𝒕𝟑
+ ⋯
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= 𝑬̂𝒕𝟏
(1 + Δ1 + Δ2 + ⋯)

𝑬̂𝒕𝟏
𝑬̂𝒕𝟐

𝑬̂𝒕𝟑

𝑬̂𝒕𝟏 =
2𝜂0

𝜂0 + 𝑍̂𝐹𝐹

𝑬̂𝟏

 

𝑬̂𝒕𝟐
= Γ̂21Γ̂23𝑇̂23𝑬̂𝟏𝑒

−2𝛾𝑡 = Δ 𝑬̂𝒕𝟏

=
𝑍̂𝐹𝐹 − 𝜂̂

𝑍̂𝐹𝐹 + 𝜂̂

𝜂0 − 𝜂̂

𝜂0 + 𝜂̂

2𝜂0

𝜂0 + 𝑍̂𝐹𝐹

𝑬̂𝟏𝑒
−2𝛾𝑡

 

𝑬̂𝒕𝟑
= Γ̂21

2 Γ̂23
2 𝑇̂23𝑬̂𝟏𝑒

−4𝛾𝑡 = Δ 𝑬̂𝒕𝟐

= (
𝑍̂𝐹𝐹 − 𝜂̂

𝑍̂𝐹𝐹 + 𝜂̂
)

2

(
𝜂0 − 𝜂̂

𝜂0 + 𝜂̂
)
2 2𝜂0

𝜂0 + 𝑍̂𝐹𝐹

𝑬̂𝟏𝑒
−4𝛾𝑡 

𝛾 Δ = Γ̂21Γ̂23𝑒
−2𝛾𝑡

Γ̂12 Γ̂23

Γ̂21 =
𝑍̂𝐹𝐹 − 𝜂̂

𝑍̂𝐹𝐹 + 𝜂̂

Γ̂23 =
𝜂0 − 𝜂̂

𝜂0 + 𝜂̂

𝑍̂𝐹𝐹

𝑬̂𝒕 = 𝑬̂𝒕𝟏
(1 + Δ + Δ2 + ⋯) =

𝑬̂𝒕𝟏

1 − Δ

|Δ| < 1

𝑆𝐸𝑑𝐵 = 20 log (|
𝑬̂𝒊

𝑬̂𝒕

|)

= 20 log (|
𝑬̂𝒊

𝑬̂𝒕𝟏

|) + 20log (|1 − Δ|)
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= 𝑅𝑑𝐵 + 𝑀𝑑𝐵

𝑍̂𝐹𝐹 = 𝑠̂𝐿 + 1 𝑠̂𝐶⁄ 𝑠̂ = 𝑗𝜔 𝑀𝑑𝐵

𝑀𝑑𝐵 = 20log (|1 − Δ|)

= 20 log (|1 −
𝑍̂𝐹𝐹 − 𝜂̂

𝑍̂𝐹𝐹 + 𝜂̂

𝜂0 − 𝜂̂

𝜂0 + 𝜂̂
𝑒−2𝛾𝑡|)

= 20𝑙𝑜𝑔 |1 −
(𝜂0 − 𝜂̂)(𝐿𝐶𝑠̂2 − 𝐶𝜂0𝑠̂ + 1)

(𝜂0 + 𝜂̂)(𝐿𝐶𝑠̂2 + 𝐶𝜂0𝑠̂ + 1)
𝑒−2𝛾𝑡|

𝑅𝑑𝐵 𝑀𝑑𝐵

𝐴𝑑𝐵

𝑅𝑑𝐵 = 20 log (𝐾 |(
𝜂0 + 𝑍̂𝐹𝐹

2𝑍̂𝐹𝐹

)(
𝜂0 + 𝑍̂𝐹𝐹

2𝜂0
)|)

𝑀𝑑𝐵 = 20 log (|1 −
𝑍̂𝐹𝐹 − 𝜂̂

𝑍̂𝐹𝐹 + 𝜂̂

𝜂0 − 𝜂̂

𝜂0 + 𝜂̂
𝑒−𝑗2𝛽𝑡|)

𝐴𝑑𝐵 = 𝑒
𝑡
𝛿 ≅ 0

𝜂0  𝜂̂ 𝑍̂𝐹𝐹

𝐴𝑑𝐵

𝐴𝑑𝐵 ≅ 0

𝑍̂𝐹𝐹
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𝑍̂𝑒/𝑚

{
 
 

 
 𝑍̂𝑒 =

𝑗 𝛽0𝑟⁄ + 1 (𝛽0𝑟)
2⁄ − 𝑗 (𝛽0𝑟)

2⁄

𝑗 𝛽0𝑟⁄ + 1 (𝛽0𝑟)2⁄
𝜂0

𝑍̂𝑚 = −
𝑗 𝛽0𝑟⁄ + 1 (𝛽0𝑟)

2⁄

𝑗 𝛽0𝑟⁄ + 1 (𝛽0𝑟)2⁄ − 𝑗 (𝛽0𝑟)2⁄
𝜂0

𝛽0 𝑟

𝑍̂𝑁𝐹 =
𝑍̂𝑒/𝑚

𝜂0
× 𝑍̂𝐹𝐹

𝑍̂𝑒 𝑚⁄ /𝜂0

𝑍̂𝑒 𝑚⁄ /𝜂0
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𝜔 → 𝑏1
1/𝑒𝑏2𝑟

𝜔 −
𝑏3

𝑏4
𝑏5𝑟

 {
𝑏1 ≥ 1 𝐿𝐸𝐶𝑅
𝑏1 < 1 𝐻𝐸𝐶𝑅

𝑏𝑖 𝑟

𝑏1
1/𝑒𝑏2𝑟

𝜔

𝑏3 𝑏4
𝑏5𝑟⁄

𝑏1 = 2.01,  𝑏2 = 0.6,  𝑏3 = 1𝑒10, 𝑏4 = 1.499,   and 𝑏5 = 1

(a) (b) 
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(a) (b) 
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𝜆 𝜆

5𝜆 × 5𝜆

𝜆

(a) (b) (c) (d) 
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𝜆 𝜆 𝜆 𝜆

Table 3.3. Dimensions for Conformal Structures  

5𝜆 5𝜆 5𝜆 5𝜆

𝑁 = [
𝑆𝑐

𝑃
] ൝

𝑅𝑐 = 20𝑐 
𝑅𝑐 = 10𝑐 
𝑅𝑐 = 7.5𝑐 

𝜃𝑐
𝑅𝑐

Projection Surface

𝑆𝑐

laminateFSS

𝑟probe

𝑆

5𝜆 × 5𝜆

(c) (d) 

(a) (b) 
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𝜆

𝑆𝑐 = 𝜃𝑐 × 𝑅𝑐

𝑃𝐿 = 2𝑅𝑐sin (
𝜃𝑐

2
)

𝑆𝑐 = 2𝑅𝑐 sin−1(
𝑃𝐿

2𝑅𝑐
)

𝑆𝑐 𝜃𝑐

𝑅𝑐

𝑅𝑐 𝜆 𝜆 𝜆

𝑅𝑐

𝑅𝑐 𝑅𝑐 𝑅𝑐

𝑅𝑐

𝑅𝑐

𝑅𝑐

𝑅𝑐 𝑅𝑐
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𝑅𝑐 𝑅𝑐 𝑅𝑐

(a) (b) 

CSL SL JR 

(c) (d) 

SRR 

(f) (e) (g) (h) 

(i) (j) (k) (l) 
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𝜆 𝜆 𝜆

𝑅𝑐 𝑅𝑐 𝑅𝑐

𝑅𝑐

𝑅𝑐

 

𝑑𝑐𝑟

𝑅𝑐𝑟

Table 3.4. NF Comparison Using the Developed NF Criteria 
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𝜋𝑅𝑐𝑟
2 /2 
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SL CSL JR SRR 

(a) (b) (c) (d) 

(e) (f) (g) (h) 

(i) (j) (k) (l) 
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53 
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(a) 

(c) (d) 

(b) 

r 

(a)

(c)

Table 4.1. Dimensions of the Unit-Cell Operating at 10 GHz 
(Units in Millimeter) 

Parameters Optimization Range Optimized Dimensions  

𝑎1 0.50-2.0 1.19 

𝑎2 0.15-0.6 0.23 

𝑎3 0.50-2.0 1.23 

𝑏1 1.00-4.0 2.53 

𝑏2 0.15-0.6 0.53 

𝑏3 0.15-0.6 0.35 
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𝑬⃗⃗ 𝑻 = 𝑬⃗⃗ 𝑻𝑶𝑻

𝑬⃗⃗ 𝑹 = 𝑬⃗⃗ 𝑻𝑶𝑻 − 𝑬⃗⃗ 𝑰

𝑬⃗⃗ 𝑹 𝑬⃗⃗ 𝑻 𝑬⃗⃗ 𝑰 𝑬⃗⃗ 𝑻𝑶𝑻

𝑆𝐸 = 20 𝑙𝑜𝑔 |
𝝌𝑰

𝝌𝑻
|

𝝌
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(c) (a) 

(b) (d) 

3D View 3D View 

Co-pol Co-pol 

Cross-pol Cross-pol 

(e) (f) 2 cm 2 cm 
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𝑀𝑖

𝐶3

𝐿2 𝐿4 𝐿2 𝐿4

𝐿1(𝑀1 = 𝑀3)

𝐶3

𝑍𝐹𝑆𝑆
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[
𝐴 𝐵
𝐶 𝐷

] = [
1 0

1/𝑍𝐹𝑆𝑆 1
]

(a) (b) 

Table 4.2. Values of Capacitors & Inductors for the proposed 
ECM 

PARAMETERS VALUES 
𝐿1 
𝐿2 
𝐿3 
𝐿4 
𝐶1 
𝐶2 
𝐶3 
𝐶4 
𝑀1 
𝑀2 
𝑀3 

26.4193 nH 
7.14912 nH 
22.0803 nH 
7.14912 nH 
0.678402 pF 

0.0237627 pF 
2.353e-07 pF 
1.45453 pF 
8.91665 nH 
19.1736 nH 
8.91665 nH 

Table 4.3. Impedance Coefficients 

Parameters Values Parameters Values 
𝐴0 0 𝐵0 − 4.1 × 1084 
𝐴1 − (1.5 × 1077)𝑗 𝐵1 − (1.0 × 1075)𝑗 +  7.9 × 1076

𝐴2 5.8 × 1067 𝐵2 7.5 × 1064 
𝐴3 (3.2 × 1057)𝑗 𝐵3 (5.5 × 1053)𝑗 − 1057 
𝐴4 − 7.9 × 1045 𝐵4 − 1.4 × 1043 
𝐴5 − (1.7 × 1035)𝑗 𝐵5 (1.5 × 1027)𝑗 −  5.0 × 1035 

𝐴6 − 6.7 × 1018 𝐵6 − 6.1 × 1016 
𝐴7 −(3.4 × 108)𝑗 𝐵7 3.4 × 108 
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𝑍𝐹𝑆𝑆

𝑆11 =
𝐴𝑍0 + 𝐵 − 𝐶𝑍0

2 − 𝐷𝑍0

𝐴𝑍0 + 𝐵 + 𝐶𝑍0
2 + 𝐷𝑍0

𝑆21 =
2𝑍0

𝐴𝑍0 + 𝐵 + 𝐶𝑍0
2 + 𝐷𝑍0

𝑍0 = 377

𝑣𝑖 = 𝑗𝜔𝑀𝑖  (𝐼𝑖),      𝑖 = 1,2,3

 𝜔 𝐼𝑖

𝑍𝑖𝑛(𝜔) ≅
𝐴7𝜔

7 + 𝐴6𝜔
6 + 𝐴5𝜔

5 + 𝐴4𝜔
4 + 𝐴3𝜔

2 + 𝐴1𝜔 + 𝐴0

𝐵7𝜔7 + 𝐵6𝜔6 + 𝐵5𝜔5 + 𝐵4𝜔4 + 𝐵3𝜔2 + 𝐵1𝜔 + 𝐵0

𝐴𝑖 𝐵𝑖 𝑍𝑖𝑛(𝜔)

𝑍𝐹𝑆𝑆(𝜔)

𝑌𝑖𝑛(𝜔) =
1

𝑍𝑖𝑛(𝜔)

= 𝑌𝐹𝑆𝑆(𝜔) +
1

𝜂0

=
1

𝑍𝐹𝑆𝑆(𝜔)
+

1

𝜂0

𝑍𝐹𝑆𝑆(𝜔) =

1

𝑌𝑖𝑛(𝜔) −
1
𝜂0
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𝜂0 = 120𝜋
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(a) (b) 

(d) (c) 

(a) (b) 

(d) (c) 
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(a) (c) 

Table 4.4. Dimensions of the Structures with Different Operation Modes 
(Units in Millimeter) 

Parameters Op. Mode 
1 

Op. Mode 
2 

Op. Mode 
3 

Op. Mode 
4 

𝑎1 1.45 0.46 0.89 0.89 
𝑎2 0.16 0.174 0.44 0.44 
𝑎3 1.47 1.90 1.43 1.43 
𝑏1 2.74 1.58 1.5 1.5 
𝑏2 0.365 0.467 0.57 0.57 
𝑏3 2.05 2.836 3.15 3.15 

thickness 1.205 0.127 0.127 1.37 

 

(b) 
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mW/cm2

𝑊𝑎𝑣 =
1

2
𝑅𝑒{𝑬 ×  ∗} (W/m2)

𝑊𝑎𝑣

| | = |𝑬|/𝜂 𝜂
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|𝐸| = √2𝜂𝑊𝑎𝑣 (V/m)

 

𝑃𝐿 = 2𝑅𝑐 sin (
𝑁𝑃

2𝑅𝑐
)

𝑅𝑐 𝑆𝑐

λ λ λ

(a) (b) (a)
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𝑅𝑐 = 20cm 𝑅𝑐 = 15cm 𝑅𝑐 = 10cm

(a) 

(b) 

(c) 

(d) 

8 GHz 

 

9 GHz 

 

10 GHz 

 

11 GHz 

 

12 GHz 

 

(a) 

 

(b) (c) 
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λ

 

Table 4.5. NF Comparison of the Structures Reported in This Work 
with the Popular Structures (10 GHz) 

 

Quantity 20 dB 
Bandwidth 

Critical 
Radius 

Critical 
Distance 

Op. Mode 1 10.3% 4.9 cm <0.033 𝜆 

Op. Mode 2 10.1% 4.0 cm <0.033 𝜆 

Op. Mode 3 12.0% 3.4 cm <0.033 𝜆 

Op. Mode 4 13.3% 4.5 cm <0.033 𝜆 

SL [1] 24.5% 4.9cm ≃0.1 𝜆 

CSL [1] 16.2% 5.1cm ≃0.146 𝜆 

JR [1] 8.10% 11.8cm ≃0.173 𝜆 

SRR [1] 10.2% 5.6cm ≃0.226 𝜆 
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𝜋𝑅𝑐𝑟
2 /2

λ

 

𝐴𝑡𝑡𝑒𝑛 𝑎𝑡𝑖𝑜𝑛𝑑𝐵 = 𝐸𝑤/𝑜(𝑑𝐵) − 𝐸𝑤(𝑑𝐵)

𝐸𝑤/𝑜 𝐸𝑤
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(a) 

 
(b) 

 

(c) 

 

(d) 
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(a) 

 

(b) 
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(a) 

 

(b) 

 

(dB) 

 

(dB) 
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𝜇 𝜖(𝑡, 𝑧)

𝐽𝑐

𝜖(𝑧, 𝑡) = 𝜖1 + 𝜖2 cos(𝜔1𝑡 + 𝑘1𝑧)

𝜔1 𝑘1

𝜖2 𝜖1

𝑀 = 𝜖2/𝜖1

𝑣𝑚 = 𝜔1/𝑘1 𝑣0 =

𝜔/𝑘0
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𝑣 =
𝑣𝑝𝑢𝑚𝑝

𝑣𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
=

𝑣𝑚

𝑣0

𝜖′′ 𝜖 = 𝜖′ + 𝑗𝜖′′

𝜖′′
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𝛻 × 𝐸⃗ = −𝑀𝑖 −
𝜕𝐵⃗ 

𝜕𝑡

𝛻 × 𝐻⃗⃗ = 𝐽𝑖 + 𝐽𝑐 +
𝜕𝐷⃗⃗ 

𝜕𝑡

𝛻 ⋅ 𝐷⃗⃗ = 𝑞𝑒𝑣

𝛻 ⋅ 𝐵⃗ = 0

𝐽𝑖 𝑀𝑖

𝐷⃗⃗ = 𝜖(𝑧, 𝑡)𝐸⃗ 

𝐽𝑐⃗⃗  = 𝜎𝐸⃗ 𝜎 

𝜎𝑠 𝜎𝑎 = 𝜔𝜖′′

𝜎 = 𝜔𝜖0𝜖𝑟𝑡𝑎𝑛𝛿

𝛻 × 𝛻 × 𝐸⃗ = −𝛻 × 𝑀𝑖 − 𝜇
𝜕𝛻 × 𝐻⃗⃗ 

𝜕𝑡

𝛻 × 𝛻 × 𝐸⃗ = 𝛻(𝛻 ⋅ 𝐸⃗ ) − 𝛻2𝐸⃗  𝐵⃗ = 𝜇𝐻⃗⃗ 

𝛻(𝛻 ⋅ 𝐸⃗ ) − 𝛻2𝐸⃗ = −𝛻 × 𝑀𝑖 − 𝜇
𝜕

𝜕𝑡
[𝐽𝑖 + 𝜎𝐸⃗ +

𝜕𝐷⃗⃗ 

𝜕𝑡
]

= −𝛻 × 𝑀𝑖 − 𝜇
𝜕𝐽𝑖
𝜕𝑡

− 𝜇𝜎
𝜕𝐸⃗ 

𝜕𝑡
− 𝜇

𝜕2𝐷⃗⃗ 

𝜕𝑡2

𝐽𝑖 𝑀𝑖

𝐷(𝑧, 𝑡) = 𝜖(𝑧, 𝑡)𝐸(𝑧, 𝑡)

𝛻(𝛻 ⋅ 𝐸⃗ ) − 𝛻2𝐸⃗ = −𝜇𝜎
𝜕𝐸⃗ 

𝜕𝑡
− 𝜇

𝜕2𝐷⃗⃗ 

𝜕𝑡2

𝑥 − 𝑝𝑜𝑙𝑎𝑟𝑖𝑧𝑒𝑑 𝑧

𝜕𝐸𝑥 𝜕𝑥⁄ = 𝜕𝐸𝑥 𝜕𝑦⁄ = 𝐸𝑧 = 𝐸𝑦 = 0 𝛻 ⋅ 𝐸⃗ = 0

𝛻2𝐸𝑥(𝑧, 𝑡) = 𝜇𝜎
𝜕𝐸𝑥(𝑧, 𝑡)

𝜕𝑡
+ 𝜇

𝜕2(𝜖(𝑧, 𝑡)𝐸𝑥(𝑧, 𝑡))

𝜕𝑡2
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𝛾ℎ  = ±√𝑗𝜔𝜇(𝜎 + 𝑗𝜔𝜖1)

𝛾𝑛 = 𝑛𝛾1 = 𝑛(𝛼1 + 𝑗𝑘1)

𝛼1 𝛾1

𝑘1 𝛼1

𝜔1

𝐸𝑥(𝑧, 𝑡) = 𝑃(𝜔1𝑡 − 𝛾1𝑧)

= 𝐸0𝑒
𝑗𝜔𝑡−𝛾𝑧 ∑ 𝑎𝑛𝑒

𝑛(𝑗𝜔1𝑡−𝛾1𝑧)

+∞

𝑛=−∞

= 𝐸0 ∑ 𝑎𝑛𝑒
𝑗[(𝜔+𝑛𝜔1)𝑡−(𝑘+𝑛𝑘1)𝑧]

+∞

𝑛=−∞

𝑒−(𝛼+𝑛𝛼1)𝑧

𝛾 = 𝛼 + 𝑗𝛽

𝜕2𝐸𝑥

𝜕𝑧2
= +𝜇𝜎

𝜕𝐸𝑥

𝜕𝑡
+ 𝜇

𝜕2

𝜕𝑡2

+𝜇
𝜕2

𝜕𝑡2
([𝜖1 + 𝜖2 cos(𝜔1𝑡 − 𝑘1𝑧)]𝐸𝑥)
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𝜕2𝐸𝑥

𝜕𝑧2
=

𝜕2

𝜕𝑧2
(𝐸0 ∑ 𝑎𝑛𝑒

𝑗(𝜔+𝑛𝜔1)𝑡−(𝛾+𝑛𝛾1)𝑧

+∞

𝑛=−∞

)

= 𝐸0 ∑ 𝑎𝑛(𝛾 + 𝑛𝛾1)
2𝑒𝑗(𝜔+𝑛𝜔1)𝑡−(𝛾+𝑛𝛾1)𝑧

+∞

𝑛=−∞

𝜇𝜎
𝜕𝐸𝑥

𝜕𝑡
= +𝜇𝜎𝐸0 ∑ 𝑎𝑛𝑗(𝜔 + 𝑛𝜔1)𝑒

𝑗(𝜔+𝑛𝜔1)𝑡−(𝛾+𝑛𝛾1)𝑧

+∞

𝑛=−∞

𝜇
𝜕2D𝑥

𝜕𝑡2
= +𝜇𝐸0𝜖1 ∑ −𝑎𝑛(𝜔 + 𝑛𝜔1)

2𝑒𝑗(𝜔+𝑛𝜔1)𝑡𝑒−(𝛾+𝑛𝛾1)𝑧

+∞

𝑛=−∞

+𝜇𝐸0

𝜖2

2
∑ −𝑎𝑛(𝜔 + (𝑛 + 1)𝜔1)

2𝑒𝑗(𝜔+(𝑛+1)𝜔1)𝑡𝑒−(𝛾+(𝑛+1)𝛾1)𝑧

+∞

𝑛=−∞

+𝜇𝐸0

𝜖2

2
∑ −𝑎𝑛+1(𝜔 + (𝑛 − 1)𝜔1)

2𝑒𝑗(𝜔+(𝑛−1)𝜔1)𝑡𝑒−(𝛾+(𝑛−1)𝛾1)𝑧

+∞

𝑛=−∞

(𝑛 + 1) → 𝑛 (𝑛 − 1) → 𝑛

𝜇
𝜕2D𝑥

𝜕𝑡2
= +𝜇𝐸0𝜖1 ∑ −𝑎𝑛(𝜔 + 𝑛𝜔1)

2𝑒𝑗(𝜔+𝑛𝜔1)𝑡𝑒−(𝛾+𝑛𝛾1)𝑧

+∞

𝑛=−∞

+𝜇𝐸0

𝜖2

2
∑ −𝑎𝑛−1(𝜔 + 𝑛𝜔1)

2𝑒𝑗(𝜔+𝑛𝜔1)𝑡𝑒−(𝛾+𝑛𝛾1)𝑧

+∞

𝑛=−∞

+𝜇𝐸0

𝜖2

2
∑ −𝑎𝑛+1(𝜔 + 𝑛𝜔1)

2𝑒𝑗(𝜔+𝑛𝜔1)𝑡𝑒−(𝛾+𝑛𝛾1)𝑧

+∞

𝑛=−∞

𝑎𝑛(𝛾 + 𝑛𝛾1)
2 = +𝑗𝜇𝜎(𝜔 + 𝑛𝜔1)𝑎𝑛

−𝜖1𝜇(𝜔 + 𝑛𝜔1)
2𝑎𝑛
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−
𝜇𝜖2

2
(𝜔 + 𝑛𝜔1)

2(𝑎𝑛−1 + 𝑎𝑛+1)

[
(𝛾 + 𝑛𝛾1)

2 + 𝜖1𝜇(𝜔 + 𝑛𝜔1)
2 − 𝑗𝜇𝜎(𝜔 + 𝑛𝜔1)

𝜇(𝜔 + 𝑛𝜔1)2
] 𝑎𝑛 +

𝜖2

2
(𝑎𝑛−1 + 𝑎𝑛+1) = 0

𝐴𝑛𝑎𝑛 +
𝜖2

2
(𝑎𝑛−1 + 𝑎𝑛+1) = 0

𝑛 = 0

𝐴𝑛

𝐴𝑛 = 𝜖1 [1 + (
(𝛾 + 𝑛𝛾1)

2 − 𝑗𝜇𝜎(𝜔 + 𝑛𝜔1)

𝜇𝜖1(𝜔 + 𝑛𝜔1)
2

)],

𝜖2 = 0 𝑎𝑛 ≠ 0

𝐴𝑛 𝑛 = 0 𝑎0 ≠ 0

[𝜖1 + (
(𝛾 + 𝑛𝛾1)

2 − 𝑗𝜇𝜎(𝜔 + 𝑛𝜔1)

𝜇(𝜔 + 𝑛𝜔1)2
)]

𝑛=0

= 𝜖1 + (
(𝛾)2 − 𝑗𝜇𝜎(𝜔)

𝜇(𝜔)2
)

= 0

𝛾2 = 𝑗𝜇𝜎𝜔 − 𝜖1𝜇𝜔2 = 𝛾ℎ
2

𝛾ℎ = ±√𝑗𝜔𝜇(𝜎 + 𝑗𝜔𝜖1)

𝜖1

𝜎 = 0
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𝐴𝑛

 

𝜖1 𝜖2/𝜖1 <

1 𝜖2 𝜖1⁄ → 0

𝑎𝑛(|𝑛| ≥ 2)

𝑎𝑛

𝐴𝑛 = 0

𝛾 = −𝑛𝛾1 ± √𝑗𝜇𝜎(𝜔 + 𝑛𝜔1) − (𝑘0 + 𝑛𝜔1√𝜇𝜖1)
2

𝑘0 = 𝜔√𝜇𝜖1 𝛾 = 𝛼(𝑓) + 𝑗𝛽(𝑓)

𝑣 = 1 𝜎 = 5

𝜎 = 0.1 𝜔1 =

2𝜋 × 0.2𝐺𝐻𝑧

𝛼
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|𝜔| = |𝑛𝜔1|

𝐼 {𝛾𝑛(𝑓)} = 0

(b)  𝑣 = 1, 𝜎 = 5 (a)  𝑣 = 1, 𝜎 = 0.1 

(c)  𝑣 = 1, 𝜎 = 0.1 (d)  𝑣 = 1, 𝜎 = 5 
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𝑅𝑒{𝛾𝑛(𝑓)} = 0

𝜔1/𝜔

 

𝐴𝑛=−1𝑎−1 +
𝜖2

2
(𝑎0) = 0

𝐴𝑛=0𝑎0 +
𝜖2

2
(𝑎−1 + 𝑎+1) = 0

𝐴𝑛=+1𝑎1 +
𝜖2

2
(𝑎0) = 0

𝐴𝑛=0 −
𝜖2

2

4
[

1

𝐴𝑛=+1
+

1

𝐴𝑛=−1
] = 0

𝛾 𝜔 𝜔1 𝑘1 𝜎

𝐴𝑛
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(
1

𝐶
) (

1

𝑌2 − 1
) [

1

1 + 𝐶 (
𝑌 + 𝑌1

1 + 𝑊)
2

− 𝐶 (
1

1 + 𝑊) − (
1

1 + 𝑊)

+
1

1 + 𝐶 (
𝑌 − 𝑌1

1 − 𝑊)
2

− 𝐶 (
1

1 − 𝑊) − (
1

1 − 𝑊)

] =
1

𝑍

𝑌 = 𝛾 𝛾0⁄ 𝑊 = 𝜔1 𝜔⁄ , 𝑌1 = 𝛾1 𝛾0⁄ 𝑍 = 𝜖2
2 4𝜖1

2⁄
1

𝜖1𝜇

𝛾0
2

𝜔2

𝑊,𝑌1, 𝑍

𝐴′𝑌3 + 𝐵′𝑌2 + 𝐶′𝑌 + 𝐷′ = 0

𝜎

𝛾

𝑎−1, 𝑎0 𝑎+1

 

Table 5.1. The Parameters of the lossy STM Medium for Comparison   

𝑀 𝑓 𝜎

𝑣 𝜖𝑟

𝑓1 𝜇𝑟

𝑀 𝑓 𝜎

𝑣 𝜖𝑟

𝑓1 𝜇𝑟

𝑀 = 𝜖2/𝜖1 𝑣 = 𝑣𝑚/𝑣0 𝑣𝑚 = 𝜔1/𝑘1 𝑣0 = 𝜔/𝑘0



84 
 

𝛾 𝜔

𝜎

𝐷𝑛 −
1

𝐷𝑛−1 −
1

𝐷𝑛−2 − ⋯

−
1

𝐷𝑛+1 −
1

𝐷𝑛+2 − ⋯

= 0

𝐷𝑛 = 2𝐴𝑛/𝜖2 𝜎

𝐴𝑛(𝛾, 𝜔, 𝜎)

𝑣 < 1



85 
 

 

 

(a) (c) (b) 
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𝜕𝐻𝑦

𝜕𝑡
=

1

𝜇
(
𝜕𝐸𝑧

𝜕𝑥
−

𝜕𝐸𝑥

𝜕𝑧
− 𝑀𝑖)

𝜕𝐻𝑧

𝜕𝑡
=

1

𝜇
(
𝜕𝐸𝑥

𝜕𝑦
−

𝜕𝐸𝑦

𝜕𝑥
− 𝑀𝑖)

𝜕𝐷𝑥

𝜕𝑡
=

𝜕𝐻𝑧

𝜕𝑦
−

𝜕𝐻𝑦

𝜕𝑧
− 𝜎𝐸𝑥 − 𝐽𝑖

𝜕𝐸𝑦/𝜕𝑥 = 𝜕𝐸𝑧/𝜕𝑥 = 𝐸𝑧 = 𝐸𝑦 = 0

𝜕𝜖(𝑧, 𝑡)

𝜕𝑡
𝐸𝑥 + 𝜖(𝑧, 𝑡)

𝜕𝐸𝑥

𝜕𝑡
=

𝜕𝐻𝑧

𝜕𝑦
−

𝜕𝐻𝑦

𝜕𝑧
− 𝐽𝑖 − 𝜎𝐸𝑥

𝑡 = 𝑛 +
1

2

𝐻
𝑦,(𝑖,𝑗,𝑘)

𝑛+
1
2 = 𝐻

𝑦,(𝑖,𝑗,𝑘)

𝑛−
1
2 +

𝐶ℎ𝑦𝑒,(𝑖,𝑗,𝑘)(𝐸𝑥,(𝑖,𝑗,𝑘+1)
𝑛 − 𝐸𝑥,(𝑖,𝑗,𝑘)

𝑛 )

𝐻
𝑧,(𝑖,𝑗,𝑘)

𝑛+
1
2 = 𝐻

𝑧,(𝑖,𝑗,𝑘)

𝑛−
1
2 +

𝐶ℎ𝑧𝑒,(𝑖,𝑗,𝑘)(𝐸𝑥,(𝑖,𝑗+1,𝑘)
𝑛 − 𝐸𝑥,(𝑖,𝑗,𝑘)

𝑛 )

[
𝐴

2
+

𝐵

Δ𝑡
] 𝐸𝑥,(𝑖,𝑗,𝑘)

𝑛+1 = [
𝐵

Δ𝑡
−

𝐴

2
]𝐸𝑥,(𝑖,𝑗,𝑘)

𝑛 +

𝐻
𝑧,(𝑖,𝑗,𝑘)

𝑛+
1
2 − 𝐻

𝑧,(𝑖,𝑗−1,𝑘)

𝑛+
1
2

Δ𝑦
−

𝐻
𝑦,(𝑖,𝑗,𝑘)

𝑛+
1
2 − 𝐻

𝑦,(𝑖,𝑗,𝑘−1)

𝑛+
1
2

Δz
+

−𝜎𝐸
𝑥,(𝑖,𝑗,𝑘)

𝑛+
1
2 − 𝐽𝑖

𝐸
𝑥,(𝑖,𝑗,𝑘)

𝑛+
1

2 =
𝐸𝑥,(𝑖,𝑗,𝑘)

𝑛+1 +𝐸𝑥,(𝑖,𝑗,𝑘)
𝑛

2

[
𝐴

2
+

𝐵

Δ𝑡
+

𝜎

2
] 𝐸𝑥,(𝑖,𝑗,𝑘)

𝑛+1 = [
𝐵

Δ𝑡
−

𝐴

2
−

𝜎

2
]𝐸𝑥,(𝑖,𝑗,𝑘)

𝑛 +

𝐻
𝑧,(𝑖,𝑗,𝑘)

𝑛+
1
2 − 𝐻

𝑧,(𝑖,𝑗−1,𝑘)

𝑛+
1
2

Δ𝑦
−
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𝐻
𝑦,(𝑖,𝑗,𝑘)

𝑛+
1
2 − 𝐻

𝑦,(𝑖,𝑗,𝑘−1)

𝑛+
1
2

Δz
− 𝐽𝑖

𝐴 =
𝜖(𝑖,𝑗,𝑘)

𝑛+1 − 𝜖(𝑖,𝑗,𝑘)
𝑛

Δ𝑡

𝐵 = 𝜖
(𝑖,𝑗,𝑘)

𝑛+
1
2 ≅

𝜖(𝑖,𝑗,𝑘)
𝑛+1 + 𝜖(𝑖,𝑗,𝑘)

𝑛

2

 

 

𝜎 ≅ 0 𝜎 ≅ 0.1

𝜖𝑟1 = 1 𝜖𝑟2 = 0.1

𝜔1 = 2𝜋 × 0.5 𝐺𝐻𝑧 𝑘1

𝑎−1 𝑎0 𝑎1
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𝜖𝑟1 = 1 𝜖𝑟2 = 0.01 𝜔1 = 2𝜋 × 5 𝐺𝐻𝑧

STM medium  

TFSF boundary 

Probe 

Free Space  
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