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1 Multi-frequen
y WAIM Analysis

In this se
tion we will extend our analysis to the multifrequency 
ase. We will optimize the WAIM layers in

order to have an improvement in the performan
e not only at the working frequen
y f0, but also in a user-de�ned

band of frequen
ies.

For this test 
ase we will use a new substrate (FR − 4), having εsub = 4.3, tanδ = 0.025 and the analysis will

be performed on 3 frequen
y samples: 0.9f0, f0 and 1.1f0.

1.1 Test Case #1 - Multi-frequen
y - 2 Isotropi
 WAIM Layers - ε1 = ε2 = [1 :

35] + j0 - Square Latti
e - εsub = 4.3 + j0.1075 Tests

Figure 1: Test Case S
hema.

Simulation Parameters:

• Frequen
y: f0 = 10[GHz];

• Frequen
y min: fmin = 0.9f0;

• Frequen
y max: fmax = 1.1f0;

• Frequen
y samples: F = 3;

• Pat
h dimensions: w = 0.307, l = 0.2125 [λ℄;

• Probe position: x = 0.0705, y = 0.1535 [λ℄;

• Substrate: εx = 4.3 + j0.1075, εy = 4.3 + j0.1075, εz = 4.3 + j0.1075, d = 0.06[λ]

• Floquet 
oe�
ient = 121;

• Latti
e basis: s1 = (0.5, 0.0), s2 = (0.0, 0.5) [λ℄;

Analysis Parameters:

• Samples analysis (phi 
uts): θ ∈ [0, 90] [deg], ϕ ∈ [0, 90] [deg], θsamples = 91, ϕsamples = 3;

• Samples analysis (3D plots): θ ∈ [−90, 90] [deg], ϕ ∈ [−90, 90] [deg], θsamples = 36, ϕsamples = 21;
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PSO Synthesis Parameters:

• Number of WAIM Layers: N = 2;

• Unknowns: U = 4;

• Unknown ranges: ε = [1 : 35] + j0, d = [0.033 : 0.5] [λ];

• Swarm size: P = 12;

• Max iteration number: I = 200;

• Inertial weight= 0.4;

• Alpha= 0.4;

• Beta= 0.4;

• C1= 2.0;

• C2= 2.0;

• Random seeds= 6, 12, 26, 33, 46, 51, 65, 77, 98;

• No-WAIM 
ase implemented by the �rst parti
le at the 1st iteration;

• Samples synthesis (phi 
uts): θ ∈ [0, 90] [deg], ϕ ∈ [0, 90] [deg], θsamples = 7, ϕsamples = 3;

Optimization Results
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Tool Optimal Solution F itness V alue

ε1x = ε1y = ε1z h1 [λ] ε2x = ε2y = ε2z h2 [λ] Φi=0 ΦI=200

Truncated 1.002 0.083 3.051 0.496 20.303 15.244

Table 1: Seed 46 Optimal Solution.
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Figure 3: Seed 46, Re�e
tion Coe�
ient along ϕ 
uts, 2 Layers WAIM.
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Figure 4: Seed 46, Transmission Coe�
ient along ϕ 
uts, 2 Layers WAIM.
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Tool Cost Function Improvement Percentage

Φfine
0

Φfine
SbD

Truncated 551.31 592.82 7.53%

Table 2: Seed 46, Cost Fun
tion Improvement.

By analyzing also the results obtained from the other seeds, we 
an �nd a better solution than the one that

minimizes the Fitness V alue. In fa
t, the Seed 65 has a better overall Cost Function value with respe
t the


onsidered Seed 46, even though, due to the low number of samples taken into a

ount by the PSO that gives,

it has an higher Fitness V alue.

Tool Optimal Solution F itness V alue

ε1x = ε1y = ε1z h1 [λ] ε2x = ε2y = ε2z h2 [λ] Φi=0 ΦI=200

Truncated 1.053 0.169 2.469 0.160 20.303 15.726

Table 3: Seed 65 Optimal Solution.
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Figure 7: Seed 65, Re�e
tion Coe�
ient along ϕ 
uts, 2 Layers WAIM.
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Figure 8: Seed 65, Transmission Coe�
ient along ϕ 
uts, 2 Layers WAIM.
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Figure 9: Seed 65, 3D Re�e
tion Coe�
ient.
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Figure 10: Seed 65, Transmission Coe�
ient.
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Tool Cost Function Improvement Percentage

Φfine
0

Φfine
SbD

Truncated 551.31 454.61 −17.54%

Table 4: Seed 65, Cost Fun
tion Improvement.

From the results of both the analyzed solutions we 
an noti
e a non-physi
al behaviour of the Re�e
tion

Coe�
ient that, for some angles, has values Γ > 1. This 
auses out of bounds in the 2D plots and white regions

in the 3D ones.

This phenomenon, that does not appear in other test 
ases in the previous se
tions, is be due to the fa
t that

we are 
onsidering also the imaginary part of the substrate.
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1.2 Test Case #2 - Multi frequen
y - 2 Isotropi
 WAIM Layers - ε1 = ε2 = [1 :

35] + j0 - Square Latti
e - εsub = 4.3 + j0 Tests

We now repeat the previous test 
ase, but this time we are 
onsidering an ideal substrate (imaginary 
omponent

equal to 0).

Figure 11: Test Case S
hema.

Simulation Parameters:

• Frequen
y: f0 = 10[GHz];

• Frequen
y min: fmin = 0.9f0;

• Frequen
y max: fmax = 1.1f0;

• Frequen
y samples: F = 3;

• Pat
h dimensions: w = 0.307, l = 0.2125 [λ℄;

• Probe position: x = 0.0705, y = 0.1535 [λ℄;

• Substrate: εx = 4.3 + j0, εy = 4.3 + j0, εz = 4.3 + j0, d = 0.06[λ]

• Floquet 
oe�
ient = 121;

• Latti
e basis: s1 = (0.5, 0.0), s2 = (0.0, 0.5) [λ℄;

Analysis Parameters:

• Samples analysis (phi 
uts): θ ∈ [0, 90] [deg], ϕ ∈ [0, 90] [deg], θsamples = 91, ϕsamples = 3;

• Samples analysis (3D plots): θ ∈ [−90, 90] [deg], ϕ ∈ [−90, 90] [deg], θsamples = 36, ϕsamples = 21;

PSO Synthesis Parameters:

• Number of WAIM Layers: N = 2;

• Unknowns: U = 4;

• Unknown ranges: ε = [1 : 35] + j0, d = [0.033 : 0.5] [λ];

• Swarm size: P = 12;
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• Max iteration number: I = 200;

• Inertial weight= 0.4;

• Alpha= 0.4;

• Beta= 0.4;

• C1= 2.0;

• C2= 2.0;

• Random seeds= 6, 12, 26, 33, 46, 51, 65, 77, 98;

• No-WAIM 
ase implemented by the �rst parti
le at the 1st iteration;

• Samples synthesis (phi 
uts): θ ∈ [0, 90] [deg], ϕ ∈ [0, 90] [deg], θsamples = 7, ϕsamples = 3;

Optimization Results
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Figure 12: Fitness Dynami
s.

Best result : Seed 98

Simulation time (Truncated) : 1162m 38s

Tool Optimal Solution F itness V alue

ε1x = ε1y = ε1z h1 [λ] ε2x = ε2y = ε2z h2 [λ] Φi=0 ΦI=200

Truncated 5.894 0.033 32.933 0.033 31.703 21.672

Table 5: Seed 98 Optimal Solution.
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Figure 13: Seed 98, Re�e
tion Coe�
ient along ϕ 
uts, 2 Layers WAIM.
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Figure 14: Seed 98, Transmission Coe�
ient along ϕ 
uts, 2 Layers WAIM.
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Figure 15: Seed 98, 3D Re�e
tion Coe�
ient.
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Figure 16: Seed 98, Transmission Coe�
ient.
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Tool Cost Function Improvement Percentage

Φfine
0

Φfine
SbD

Truncated 663.75 1202.34 81.14%

Table 6: Seed 98, Cost Fun
tion Improvement.

On
e again, by analyzing also the results obtained from the other seeds, we 
an �nd a better solution in Seed 65.

Tool Optimal Solution F itness V alue

ε1x = ε1y = ε1z h1 [λ] ε2x = ε2y = ε2z h2 [λ] Φi=0 ΦI=200

Truncated 1.198 0.033 3.102 0.034 31.703 24.971

Table 7: Seed 65 Optimal Solution.
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Figure 17: Seed 65, Re�e
tion Coe�
ient along ϕ 
uts, 2 Layers WAIM.
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Figure 18: Seed 65, Transmission Coe�
ient along ϕ 
uts, 2 Layers WAIM.
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(e) Γ, 2 Layers WAIM, f = 1.1f0 (f ) Γ, No-WAIM, f = 1.1f0

Figure 19: Seed 65, 3D Re�e
tion Coe�
ient.
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(a) |T |2, 2 Layers WAIM, f = 0.9f0 (b) |T |2, No-WAIM, f = 0.9f0
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(e) |T |2, 2 Layers WAIM, f = 1.1f0 (f ) |T |2, No-WAIM, f = 1.1f0

Figure 20: Seed 65, Transmission Coe�
ient.
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Tool Cost Function Improvement Percentage

Φfine
0

Φfine
SbD

Truncated 663.75 662.62 −0.17%

Table 8: Seed 65, Cost Fun
tion Improvement.

By 
onsidering an ideal substrate we solved the problem of non-physi
al behaviour of the Re�e
tion Coe�
ient,

that now has always values Γ < 1. However, both the 
overed and the non-
overed Cost Function values

(Φfine
0

= 663.75 and Φfine
SbD = 662.62) are quite di�erent and in general higher then the results obtained in 1.1

for a real substrate (Φfine
0

= 551.31 and Φfine
SbD = 454.61).
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More information on the topi
s of this do
ument 
an be found in the following list of referen
es.
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