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Abstract

In this work, the conformal transformation of linear antenna arrays is dealt with.
An innovative Material-by-Design (MbD) approach is proposed in order to match
a user-defined reference array onto an arbitrary conformal hosting surface
without changing its radiating features. Towards this end, a two-step quasi-
conformal transformation optics (QCTO) methodology is suitably customized and
applied to synthesize a meta-material covering of the conformal geometry able
to restore the desired radiation characteristics. A comparative assessment
between several choices of the lens geometry is given by means of numerical
full-wave simulations.



1 “Circular Arc” Geometry - N’ = 20

1.1 Validation vs. Lens Curvature (/) and Lens Thickness (s)
Input Parameters

e Virtual & Physical Geometries
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Figure 1: Transformation regions and geometric parameters of interest.

Lens Thickness: s =4.0 [}]
Virtual Physical
w (A R A SN wlA] | h[A] | s[A] | I[N (Curvature)
16.0 4.5 4.0 16.0 4.5 4.0 0.5
16.0 5.0 4.0 16.0 5.0 4.0 1.0
16.0 5.5 4.0 16.0 5.9 4.0 1.5
16.0 6.0 4.0 16.0 6.0 4.0 2.0
Lens Thickness: s = 2.0 [)]
Virtual Physical
w A | RN SN wlA] | h[A] | s[A] | I[N (Curvature)
16.0 2.5 2.0 16.0 2.5 2.0 0.5
16.0 3.0 2.0 16.0 3.0 2.0 1.0
16.0 3.5 2.0 16.0 3.5 2.0 1.5
16.0 4.0 2.0 16.0 4.0 2.0 2.0
Lens Thickness: s = 1.0 [}]
Virtual Physical
W N RS AL w Al | A[A] | s[A] | 1[N (Curvature)
16.0 1.5 1.0 16.0 1.5 1.0 0.5
16.0 2.0 1.0 16.0 2.0 1.0 1.0
16.0 2.5 1.0 16.0 2.5 1.0 1.5
16.0 3.0 1.0 16.0 3.0 1.0 2.0
Lens Thickness: s = 0.5 [)]
Virtual Physical
w AR A SN wlA] | h[A] | s[A] | I[N (Curvature)
16.0 1.0 0.5 16.0 1.0 0.5 0.5
16.0 1.5 0.5 16.0 1.5 0.5 1.0
16.0 2.0 0.5 16.0 2.0 0.5 1.5
16.0 2.5 0.5 16.0 2.5 0.5 2.0

Table I: Geometric descriptors for virtual and physical geometries. Note that w' = w, b’ = h, ' = s, and
h=s+1.



e Virtual Array

— Number of elements, spacing, aperture: N’ = 20, d’ = %, L' =9.5 |\

Distance from PEC ground plane (placed at ¢y = 0.0): ¢’ =

>

)

Operating frequency: f = 600 [M H z];

Steering angle: ¢; = 90.0 [deg];

— Excitations: I, = 1.0, ¢, = =Zapsin (¢s +90); n=1,...,N';

e QCTO

— Discretization cell dimension: 0.15 [A] (0.01 [A] for source mapping);



1.1.1

Results of the Transformation

Lens Thickness s = 4.0 [\]
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Figure 2: Lens thickness s = 4.0 [A] - Transformation grids for virtual and physical geometries for different
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Lens Thickness s = 2.0 [A]

Virtual Physical
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Figure 3: Lens thickness s = 2.0 [\] - Transformation grids for virtual and physical geometries for different
curvatures of the lens.



Lens Thickness s = 1.0 [A]
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Figure 4: Lens thickness s = 1.0 [\] - Transformation grids for virtual and physical geometries for different
curvatures of the lens.



Lens Thickness s = 0.5 [A]
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Figure 5: Lens thickness s = 0.5 [\] - Transformation grids for virtual and physical geometries for different
curvatures of the lens.



1.1.2 Physical Lens Parameters

Lens Curvature [ = 0.5 [}]

s =4.0[A] s=2.0 [\ s=1.0[A] s=0.5[A]
Anisotropic Permittivity Range | [~0.110,1.280] | [~0.110, 1.200] | [—0.220, 1.560] | [~0.390, 2.070]
Isotropic Permittivity Range [0.00, 1.230] [0.00,1.190] [0.00,1.150] [0.00,1.150]
Lens Curvature [ = 1.0 [)]
s =4.0 [)] s =2.0 [\ s=1.0[A] s=0.5[A]
Anisotropic Permittivity Range | [~0.280, 1.690] | [~0.260, 1.590] | [—0.450, 2.150] | [=0.780, 3.220]
Isotropic Permittivity Range [0.00, 1.500] [0.00, 1.410] [0.00,1.310] [0.00,1.310]
Lens Curvature [ = 1.5 [)]
s =4.0 [A] s =2.0 [\ s=1.0[A] s=0.5[A]
Anisotropic Permittivity Range | [-0.620,2.170] | [—0.540,1.980] | [—0.710,2.760] | [—1.240,4.420]
Tsotropic Permittivity Range | [0.00,1.800] | [0.00,1.640] | [0.00,1.450] | [0.00,1.500]
Lens Curvature [ = 2.0 [)]
s =4.0 [A] s =2.0 [\ s=1.0[A] s=0.5[A]
Anisotropic Permittivity Range | [—1.150,2.750] | [—0.980,2.440] | [—1.020,3.350] | [—1.790, 5.640]
Tsotropic Permittivity Range | [0.00,2.090] | [0.00,1.850] | [0.00,1.500] | [0.00,1.660]

Table II: Permittivity ranges of the physical lens.




1.1.3 Far-Field Patterns (Aniso-Lens, ¢,

Lens Thickness s = 4.0 [\]

=90.0 [deg])
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Lens thickness s = 4.0 [A] - Comparison between the far field patterns or different curvatures of the



Lens Thickness s = 2.0 [)]
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Figure 7: Lens thickness s = 2.0 [A\] - Comparison between the far field patterns or different curvatures of the
lens.



Lens Thickness s = 1.0 [)]
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Figure 8: Lens thickness s = 1.0 [A\] - Comparison between the far field patterns or different curvatures of the
lens.

10



Lens Thickness s = 0.5 [)]
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Figure 9: Lens thickness s = 0.5 [A\] - Comparison between the far field patterns or different curvatures of the
lens.
Observations

e Increasing the curvature (1 1) leads to a worsening of the performances;
e Decreasing the lens thickness (] s) leads to a worsening of the performances;

e The thinner the lens, the fastest the degradation w.r.t. the curvature.
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1.2 Final Resume

1.2.1 Pattern Performances vs. Lens Curvature (l)

Before SI (¢s = 90 [deg], f = 600[MHz])
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10: ¢s = 90 [deg], f = 600[MHz] - SLL and HPBW vs. the lens curvature (7).
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1.2.2 Pattern Performances vs. Lens Thickness (s)

Before SI (¢ = 90 [deg], f = 600[MHz])
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Figure 11: ¢s = 90 [deg], f = 600[MHz] - SLL and HPBW vs. the lens thickness (s).
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1.2.3 Pattern Performances vs. Lens Curvature (I) and vs. Lens Thickness (s)
Before SI (¢s = 90 [deg], f = 600[MHz] - Physical Array (Aniso-Lens))
Characteristics of the virtual array (N’ = 20, Free-Space)

o SLL = 13.13 [dB];

o FNBW = 11.44 [deg];

e HPBW =5.09 [deg];
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Figure 12: ¢, = 90 [deg], f = 600[MHz] - SLL and HPBW vs. the lens thickness (s) and the lens curvature
(0).-
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2 “Gaussian Bridge” Geometry - N’ = 20
2.1 Validation vs. Lens Curvature (/) and Lens Thickness (s)
Input Parameters

e Virtual & Physical Geometries

NOTE: The curved profile is given by a Gaussian function, with standard deviation equal to o and

. . 4
imposing w = 60.

8 8
w w
6 6 -
4 + 4 +
<
B h s h
2 s 2+ s
I
0 0
2 2
8 6 4 2 0 2 4 6 8 8 6 4 2 0 2 4 6 8
XA I\
00 —— 00 —

Figure 13: Transformation regions and geometric parameters of interest.
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Lens Thickness: s =4.0 [)]
Virtual Physical
w A R A SN wlA] | h[A] ] s[A] | I[N (Curvature)
16.0 4.5 4.0 16.0 4.5 4.0 0.5
16.0 5.0 4.0 16.0 5.0 4.0 1.0
16.0 5.9 4.0 16.0 5.9 4.0 1.5
16.0 6.0 4.0 16.0 6.0 4.0 2.0
Lens Thickness: s = 2.0 [)]
Virtual Physical
w A R A SN wlA] | h[A] | s[A] | I[N (Curvature)
16.0 2.5 2.0 16.0 2.5 2.0 0.5
16.0 3.0 2.0 16.0 3.0 2.0 1.0
16.0 3.5 2.0 16.0 3.5 2.0 1.5
16.0 4.0 2.0 16.0 4.0 2.0 2.0
Lens Thickness: s = 1.0 [}]
Virtual Physical
w N RS A w Al | A[A]| s[A] | 1[N (Curvature)
16.0 1.5 1.0 16.0 1.5 1.0 0.5
16.0 2.0 1.0 16.0 2.0 1.0 1.0
16.0 2.5 1.0 16.0 2.5 1.0 1.5
16.0 3.0 1.0 16.0 3.0 1.0 2.0
Lens Thickness: s = 0.5 [)]
Virtual Physical
w A R A SN wlA] | h[A] ] s[A] | T[N (Curvature)
16.0 1.0 0.5 16.0 1.0 0.5 0.5
16.0 1.5 0.5 16.0 1.5 0.5 1.0
16.0 2.0 0.5 16.0 2.0 0.5 1.5
16.0 2.5 0.5 16.0 2.5 0.5 2.0

Table IIT: Geometric descriptors for virtual and physical geometries. Note that w’ = w, b’

h=s+I.

e Virtual Array

Number of elements, spacing, aperture: N’

— Operating frequency: f = 600 [M Hz];

— Steering angle: ¢s = 90.0 [deg];

— Excitations: I, = 1.0, ¢,

e QCTO

=20,d =3, L' =95\

. . —_ A
Distance from PEC ground plane (placed at y' = 0.0): ¢’ = 3;

*T%:Cnsm (¢s +90);n=1,..,N’;

— Discretization cell dimension: 0.15 [A] (0.01 [A] for source mapping);
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2.1.1 Results of the Transformation

Lens Thickness s = 4.0 [\]
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Figure 14:
curvatures of the lens.
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Lens Thickness s = 2.0 [A]
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Figure 15: Lens thickness s = 2.0 [A] - Transformation grids for virtual and physical geometries for different
curvatures of the lens.
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Lens Thickness s = 1.0 [A]
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Figure 16: Lens thickness s = 1.0 [A] - Transformation grids for virtual and physical geometries for different
curvatures of the lens.
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Lens Thickness s = 0.5 [A]
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Figure 17: Lens thickness s = 0.5 [A] - Transformation grids for virtual and physical geometries for different
curvatures of the lens.
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2.1.2 Physical Lens Parameters

Lens Curvature [ = 0.5 [\

s=4.0 [)] s=2.0[A s=1.0[A] s=0.5[A]
Anisotropic Permittivity Range | [~0.030, 1.370] | [~0.040, 1.530] | [—0.060, 1.960] | [~0.110,3.010]
Isotropic Permittivity Range [0.00, 1.090] [0.00,1.120] [0.00, 1.200] [0.00, 1.340]
Lens Curvature [ = 1.0 [A
s=4.0 [)] s=2.0[A s =1.0[A] s=0.5[A]
Anisotropic Permittivity Range | [~0.070, 1.830] | [=0.100, 2.200] | [~0.170,3.190] | [~0.270,5.700]
Isotropic Permittivity Range [0.00, 1.200] [0.00, 1.240] [0.00,1.370] [0.00, 1.600]
Lens Curvature [ = 1.5 [\
s=4.0 [\ s=2.0([A s=1.0[)] s=0.5[A]
Anisotropic Permittivity Range | [—0.120,2.420] | [—0.200,2.970] | [-0.320,4.570] | [—0.470, 8.950]
Tsotropic Permittivity Range | [0.00,1.330] | [0.00,1.360] | [0.00,1.530] [0.00, 1.890]
Lens Curvature [ = 2.0 [)]
s=4.0 [\ s=2.0[)] s=1.0 )] s=0.5[A]
Anisotropic Permittivity Range | [—0.190,3.180] | [—0.320,4.000] | [—0.480,6.340] | [—0.690, 12.360]
Tsotropic Permittivity Range | [0.00,1.490] | [0.00,1.490] | [0.00,1.730] [0.00, 2.180]

Table IV: Permittivity ranges of the physical lens.
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2.1.3 Far-Field Patterns (Aniso-Lens, ¢, = 90.0 [deg])

Lens Thickness s = 4.0 [\]

Normalized Power Pattern [dB]

Normalized Power Pattern [dB]

Figure 18: Lens thickness s = 4.0 [A] - Comparison between the far field patterns or different curvatures of the

lens.
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Lens Thickness s = 2.0 [)]
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Figure 19: Lens thickness s = 2.0 [A\] - Comparison between the far field patterns or different curvatures of the
lens.
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Lens Thickness s = 1.0 [)]
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Figure 20: Lens thickness s = 1.0 [A\] - Comparison between the far field patterns or different curvatures of the
lens.
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Lens Thickness s = 0.5 [)]

Normalized Power Pattern [dB]

Normalized Power Pattern [dB]

Figure 21: Lens thickness s = 0.5 [A] -
lens.
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e Increasing the curvature (1 1) leads to a worsening of the performances;

e Decreasing the lens thickness (] s) leads to a worsening of the performances;

e The thinner the lens, the fastest the degradation w.r.t. the curvature.
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2.2 Final Resume
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Figure 22: ¢ = 90 [deg], f = 600[MHz] - SLL and HPBW vs. the lens curvature (I).
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2.2.2 Pattern Performances vs. Lens Thickness (s)
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Figure 23: ¢ = 90 [deg], f = 600[MHz] - SLL and HPBW vs. the lens thickness (s).
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2.2.3 Pattern Performances vs. Lens Curvature (/) and vs. Lens Thickness (s)
Before SI (¢s = 90 [deg], f = 600[MHz] - Physical Array (Aniso-Lens))
Characteristics of the virtual array (N’ = 20, Free-Space)

e SLL =13.13 [dB];

e FNBW = 11.44 [deg];

e HPBW =5.09 [deg];

SLL HPBW

;=90 [deg] =90 [deg]

Lens Thickness, s [A]
SLL [dB]
Lens Thickness, s [A]
o
(5
HPBW [deg]

Lens Curvature, | [A] Lens Curvature, | [A]

(a) (b)

Figure 24: ¢, = 90 [deg], f = 600[MHz] - SLL and HPBW vs. the lens thickness (s) and the lens curvature
(0).-
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3 “Elliptic Arc” Geometry - N' = 20

3.1 Validation vs. Lens Curvature (/) and Lens Thickness (s)

Input Parameters

e Virtual & Physical Geometries

8 T 8 T
w w
6 6
4+ 4
< .
s h s h
2F s’ 2 s
0 0
2 2
8 6 4 2 0 2 4 6 8 -8 6 4 2 0 2 4 6 8
X'IN XIN
0Q —— Q

Figure 25: Transformation regions and geometric parameters of interest.

— The two-half ellipses (lower and higher) have semi-axis along x equal to w/2 (= w’/2) and semi-axis

along y equal to .
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Lens Thickness: s =4.0 [)]
Virtual Physical
w A R A SN wlA] | h[A] ] s[A] | I[N (Curvature)
16.0 4.5 4.0 16.0 4.5 4.0 0.5
16.0 5.0 4.0 16.0 | 5.0 4.0 1.0
16.0 5.9 4.0 16.0 5.9 4.0 1.5
16.0 6.0 4.0 16.0 | 6.0 4.0 2.0
Lens Thickness: s = 2.0 [)]
Virtual Physical
w A R A SN wlA] | h[A] | s[A] | I[N (Curvature)
16.0 2.5 2.0 16.0 2.5 2.0 0.5
16.0 3.0 2.0 16.0 | 3.0 2.0 1.0
16.0 3.5 2.0 16.0 | 3.5 2.0 1.5
16.0 4.0 2.0 16.0 4.0 2.0 2.0
Lens Thickness: s = 1.0 [}]
Virtual Physical
w N RS A w Al | A[A]| s[A] | 1[N (Curvature)
16.0 1.5 1.0 16.0 | 1.5 1.0 0.5
16.0 2.0 1.0 16.0 2.0 1.0 1.0
16.0 2.5 1.0 16.0 | 2.5 1.0 1.5
16.0 3.0 1.0 16.0 3.0 1.0 2.0
Lens Thickness: s = 0.5 [)]
Virtual Physical
w A R A SN wlA] | h[A] ] s[A] | T[N (Curvature)
16.0 1.0 0.5 16.0 | 1.0 0.5 0.5
16.0 1.5 0.5 16.0 | 1.5 0.5 1.0
16.0 2.0 0.5 16.0 2.0 0.5 1.5
16.0 2.5 0.5 16.0 | 2.5 0.5 2.0
Table V: Geometric descriptors for virtual and physical geometries. Note that w’ = w, ' = h, s’ = s, and

h=s+I.

e Virtual Array

Number of elements, spacing, aperture: N’ = 20, d' = %, L'=9.5[\];
. . —_ A

— Distance from PEC ground plane (placed at y' = 0.0): §' = %;

— Operating frequency: f = 600 [M Hz];

— Steering angle: ¢, = 90.0 [deg];

— Excitations: I, = 1.0, ¢, = ==z, sin (¢s +90); n =1,...,N';
« QCTO

— Discretization cell dimension: 0.15 [A] (0.01 [A] for source mapping);
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3.1.1

Lens Thickness s = 4.0 [\]

Virtual

Results of the Transformation

1=05 [\
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=15\

10

=20\

-10 -8 -6 -4 -2 0

Transformation Grid
o

(9)

Figure 26: Lens thickness s = 4.0 [A] - Transformation grids for virtual and physical geometries for different

curvatures of the lens.
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Lens Thickness s = 2.0 [A]

Virtual Physical
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Figure 27: Lens thickness s = 2.0 [A] - Transformation grids for virtual and physical geometries for different
curvatures of the lens.
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Lens Thickness s = 1.0 [A]

Virtual Physical
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Figure 28: Lens thickness s = 1.0 [A] - Transformation grids for virtual and physical geometries for different
curvatures of the lens.
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Lens Thickness s = 0.5 [A]

Virtual Physical
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Figure 29: Lens thickness s = 0.5 [A] - Transformation grids for virtual and physical geometries for different
curvatures of the lens.
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3.1.2 Physical Lens Parameters

Lens Curvature [ = 0.5 [}]

s=4.0 [)] s=2.0[A] s=1.0[A] s=0.5 [\
Anisotropic Permittivity Range | |~0.200, 1.690] | [—0.310, 1.800] | [~0.350, 1.800] | [~0.720, 2.310]
Isotropic Permittivity Range [0.00, 1.400] [0.00, 1.440] [0.00, 1.480] [0.00,1.910]
Lens Curvature [ = 1.0 [)]
s=4.0 [)] s =2.0[)] s=1.0[)] s=0.5 [}
Anisotropic Permittivity Range | [—1.300,2.520] [—1.390,2.740] | [-1.290,2.650] | [—1.060, 3.440]
Isotropic Permittivity Range [0.00, 1.600] [0.00,1.610] [0.00,1.920] [0.00,2.710]
Lens Curvature [ = 1.5 [)]
s=4.0 [\ s =2.0[)] s=1.0 [A] s=0.5 [}
Anisotropic Permittivity Range | [—3.060,3.620] | [—3.230,3.870] | [—2.860,3.610] | [—1.920, 4.560]
Tsotropic Permittivity Range [0.00, 1.650] [0.00, 1.640] [0.00,2.550] | [0.00, 4.340]
Lens Curvature [ = 2.0 [)]
s=4.0 [\ s=2.0[)] s=1.0 [)] s=0.5 [}
Anisotropic Permittivity Range | [—6.100,13.010] | [—6.260,21.810] | [—4.620,7.510] | [—3.410, 5.930]
Tsotropic Dermittivity Range [0.00, 1.630] [0.00, 1.670] [0.00,2.830] | [0.00,4.110]

Table VI: Permittivity ranges of the physical lens.
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3.1.3 Far-Field Patterns (Aniso-Lens, ¢s = 90.0 [deg])
Lens Thickness s = 4.0 [\]
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Figure 30: Lens thickness s = 4.0 [A] - Comparison between the far field patterns or different curvatures of the

lens.

36



Lens Thickness s = 2.0 [)]
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Figure 31: Lens thickness s = 2.0 [A\] - Comparison between the far field patterns or different curvatures of the
lens.
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Lens Thickness s = 1.0 [)]
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Figure 32: Lens thickness s = 1.0 [A\] - Comparison between the far field patterns or different curvatures of the
lens.
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Lens Thickness s = 0.5 [)]
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Figure 33: Lens thickness s = 0.5 [A\] - Comparison between the far field patterns or different curvatures of the

lens.

Observations

e Increasing the curvature (1 1) leads to a worsening of the performances;

e Decreasing the lens thickness (] s) leads to a worsening of the performances;

e The thinner the lens, the fastest the degradation w.r.t. the curvature.
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3.2 Final Resume
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3.2.2 Pattern Performances vs. Lens Thickness (s)
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Figure 35: ¢s = 90 [deg], f = 600[MHz] - SLL and HPBW vs. the lens thickness (s).
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3.2.3 Pattern Performances vs. Lens Curvature (/) and vs. Lens Thickness (s)
Before SI (¢s = 90 [deg], f = 600[MHz] - Physical Array (Aniso-Lens))
Characteristics of the virtual array (N’ = 20, Free-Space)

o SLL = 13.13 [dB];

o FNBW = 11.44 [deg];

e HPBW =5.09 [deg];

SLL HPBW

;=90 [deg] =90 [deg]

o o
SLL [dB]
o
(5
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Lens Thickness, s [A]
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Figure 36: ¢, = 90 [deg], f = 600[MHz] - SLL and HPBW vs. the lens thickness (s) and the lens curvature
(0).-
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