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Abstract

This work presents an innovative technique for designing metamaterial lenses
covering conformal phased arrays installed on arbitrarily-shaped hosting structures.
More in detail, the design of such field manipulation devices is formulated within
the transformation electromagnetics (TE) paradigm, and its solution is based on the
exploitation of the Schwarz-Christoffel theorem in order to perform the spatial
transformation between arbitrary doubly-connected “virtual” and “physical”
regions. Some numerical results dealing with different settings of the transformation
regions are shown to verify the effectiveness as well as the flexibility of the
developed technique.



1 Definitions

e Maximum directivity
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where F'(0, o) is the E(6, ¢) secondary lobes
e Maximum lens permittivity
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e Minimum lens permittivity
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e Average fractional anisotropy
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- 0i(r), i = 1, ..., 3 are the eigenvalues of the permittivity tensor g(r);
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— Q is the space region that defines the lens
e Far-Field Matching Error
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2 Numerical Results

The target of this analysis is to consider different geometries in order to evaluate the advantages and disadvantages of the

Schwarz-Christoffel transformation. For every geometry, the following key performance indicators will be reported:

e Maximum Directivity [dB] (1)

Side-Lobe Level (SLL) [dB] (2)

e Half-Power Beamwidth (HPBW) [deg]

First-Null Beamwidth (FNBW) [deg]

Field Matching Error in far-field £ (7) and near-field y (8)
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2.1 Parameters
e Array:

— Radius of circular array: rgprqy = 5.25 [A]

— Elements spacing: d = 0.5 [)]

e Virtual Region

Virtual ground plane radius: ryir¢—gna = 5 [A]

Distance from the ground plane: § = r'array — Fvirt—gnd = 5

Virtual permittivity: € = 1

Virtual permeability: 4 = 1

e SCTO parameters

Error tolerance: 10710

Number of Gauss-Jacobi points (nodes): 6

Discretization in virtual grid (outer boundary): A = 0.1 [}]

Control point angle for the compensation angle computation: ¢, = 90 [deg]

e Simulation Environment

Working frequency: f,, = 300 [M H z]

€ [-20, 20] [\]

Simulation region:
y € [—20, 20] [A]

€ [-20, 20] [\]

Near-Field computation:
Y€ [_205 20] [)‘]

0 =7 [rad]

Far-Field computation:
¢ €10, ] [rad)

Mesh settings

* Size: sizemesn €[5 x 1074,0.2]
* Maximum growth rate: 1.3
* Curvature factor: 0.3

* Narrow region resolution: 1

— Simulation region layer thickness: 1
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2.1.1 Results - Geometry 1 - Internal Square

Parameters

e Number of elements: N = 16

e Physical Region

External radius: L., = 14 [}]

External Lens boundary : 9Q.,; = {(x, y) ER| a2 4+ y? = Lemt} [A]

Internal Lens boundary: 09Q;,,: = {(5;5), (=5;5); (=5; =5), (5, =5)} [A]

Number of points defining the external boundary: n.,; = 30

Number of points defining the internal boundary: n;,; = 4

Results
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Figure 1: (a) Virtual, (b) Physical geometries and (c) the comparison
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Figure 2: Far-Field Pattern for = 90 [deg] and ¢ € [0, 180] [deg]
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Figure 3: Near-Field pattern in the (a) virtual, (b) physical and (c) no-lens
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Figure 4: Near-Field difference pattern in the (a)(b) virtual vs. physical, (c)(d) virtual vs. no-lens and (e)(f) physical vs.
no-lens. The difference pattern is computed for the (a)(c)(e) cases as |AE.| £ |EL°f (2,y) — B¢ (x, y)‘(z g0 while

for the (b)(d)(f) cases as A|E.| £ [|E1%f (z,y)| — |ES™ (z, y)|]

(z,y) ¢
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|| Virtual | Physical | Physical (No Lens) |

Directivity [dB] 13.41 13.32 5.28

SLL [dB] —11.87 | —10.47 —0.01

HPBW [deg] 7.07 6.86 23.89
FNBW [deg] 15.76 14.50 7.83

Field Matching Error ¢ (7) — 0.01 0.73
Field Matching Error x (8) — 0.33 1.29

Table I: Pattern values for the virtual, physical and physical (no lens) cases
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2.1.2 Results - Geometry 2 - Internal Horizontal Rectangle

Parameters

e Number of elements: N = 20

e Physical Region

External radius: L., = 14 [}]

External Lens boundary : 9Q.,; = {(x, y) ER| a2 4+ y? = Lemt} [A]

Internal Lens boundary: 0€;,: = {(5;2.5), (=5;2.5); (—5; —2.5), (5,—2.5)} [A]

Number of points defining the external boundary: ne,; = 30

Number of points defining the internal boundary: n;,; = 4

Results
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Figure 5: (a) Virtual, (b) Physical geometries and (c) the comparison
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Figure 6: Far-Field Pattern for = 90 [deg] and ¢ € [0, 180] [deg]
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Figure 7: Near-Field pattern in the (a) virtual, (b) physical and (c) no-lens
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Figure 8: Near-Field difference pattern in the (a)(b) virtual vs. physical, (c)(d) virtual vs. no-lens and (e)(f) physical vs.
no-lens. The difference pattern is computed for the (a)(c)(e) cases as |AE.| £ |EL°f (2,y) — B¢ (x, y)‘(z g0 while

for the (b)(d)(f) cases as A|E.| £ [|EL/ (x,y)| = |ES (2, 9)]] , )20
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|| Virtual | Physical | Physical (No Lens) |
Directivity [dB] 14.09 13.59 3.64
SLL [dB] —11.19 | —11.45 —0.00
HPBW [deg] 5.91 6.61 78.22
FNBW [deg] 13.06 14.23 9.54
Field Matching Error ¢ (7) — 0.04 0.73
Field Matching Error x (8) 0.13 1.98

Table II: Pattern values for the virtual, physical and physical (no lens) cases
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2.1.3 Results - Geometry 3 - Internal Vertical Rectangle

Parameters

e Number of elements: N = 20

e Physical Region

External radius: L.,; = 20 [}]

External Lens boundary : 9Q.,; = {(x, y) ER| a2 4+ y? = Lemt} [A]

Internal Lens boundary: 09Q;,,: = {(2;5), (=2;5); (=2;—=5), (2,—=5)} [\

Number of points defining the external boundary: n.,; = 30

Number of points defining the internal boundary: n;,; = 4
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Figure 9: (a) Virtual, (b) Physical geometries and (c) the comparison
ELEDIA Research Center page 12/32



Normalized Power Pattern [dB]

AVEIEVA
5| I/\\I \J [ \‘\ \/ \\ /\\ |
) N \ 1 P
r v \I ‘ \I (N A\
-10 ¢ [ V1 W \ |
| \
15 | b iy |
AV oM
200 1 | TR
i | « | 1]
-25 \ | 1 .
! A L
-30 ‘ v
\J\‘\f.‘ l /\/
-35 ‘ ‘ ‘
0 30 60 90 120 150 180
deg]
Virtual Physical - No Lens — — -
Physical

Figure 10: Far-Field Pattern for § = 90 [deg] and ¢ € [0, 180] [deg]

| || Virtual | Physical | Physical (No Lens) |

Directivity [dB] 14.09 12.71 4.81
SLL [dB] —11.19 | —7.15 —0.00
HPBW [deg] 5.91 5.82 10.02
FNBW [deg] 13.06 12.25 16.66
Field Matching Error & (7) — 0.10 0.64
Field Matching Error y (8) — 3.38 3.49

Table III: Pattern values for the virtual, physical and physical (no lens) cases
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2.1.4 Results - Geometry 4 - Internal Hexagon 1

Parameters

e Number of elements: N = 20

e Physical Region

External radius: L., = 14 [}]

External Lens boundary : 9Q.,; = {(x, y) ER| a2 4+ y? = Lemt} [A]

Number of points defining the external boundary: n.,; = 30

Number of points defining the internal boundary: n;,; = 6
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Figure 11: (a) Virtual, (b) Physical geometries and (c) the comparison
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|| Virtual | Physical | Physical (No Lens) |

Directivity [dB] 14.09 13.64 8.77
SLL [dB] —11.20 | —10.34 —0.01

HPBW [deg] 5.91 6.04 6.02
FNBW [deg] 13.06 13.24 12.79

Field Matching Error ¢ (7) — 0.02 1.08
Field Matching Error x (8) — 1.21 2.07

Table IV: Pattern values for the virtual, physical and physical (no lens) cases
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2.1.5 Results - Geometry 5 - Internal Hexagon 2

Parameters

e Number of elements: N = 20

e Physical Region

Results

y/A

External radius: L., = 14 [}]

External Lens boundary : 9Q.,; = {(x, y) ER| a2 4+ y? = Lemt} [A]

Internal Lens boundary: 9€;,: = {(4.33;2.5), (0;5); (—4.33;2.5), (—4.33,—2.5), (0; —5), (4.33; —2.55)} [A]
Number of points defining the external boundary: n.,: = 30

Number of points defining the internal boundary: n;,; = 6

16 16
12 ] 12 |+ i
8| - gl ]
4t - al ]
0r 1 < L i
= 0
-4+ B 4 F B
-8 r e 8 i
12 | - 12 f 1
_16 L L L L L L I _16 Il L L L L L I
-16 -12 -8 -4 0 4 8 12 16 -16 -12 -8 4 0 4 8 12 16
X/A XIA
0Q —— rp, N=1,...N o o’ Iy, N=1,...,N .
(a) (b)
16
12 1
8 - d
4 + i
<
S 0f i
-4 + i
-8 | i
12 + i
_16 L L L I L L L
-16 -12 -8 -4 0 4 8 12 16
X/A
0Q rp P=1.,N e
0 —— Fon=l,..,N o
(c)

Figure 15: (a) Virtual, (b) Physical geometries and (c) the comparison
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|| Virtual | Physical | Physical (No Lens) |
Directivity [dB] 14.09 13.68 10.36
SLL [dB] —11.20 | —10.06 —2.65
HPBW [deg] 5.91 6.07 5.55
FNBW [deg] 13.06 13.15 11.26
Field Matching Error ¢ (7) 0.02 0.37
Field Matching Error x (8) — 1.16 3.10

Table V: Pattern values for the virtual, physical and physical (no lens) cases
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2.1.6 Results - Geometry 6 - Internal Octagon

Parameters

e Number of elements: N = 20

e Physical Region

External radius: Le,: = 14 [A]

External Lens boundary : 9Q.,; = {(x, y) ER| a2 4+ y? = Lewt} [A]

Internal Lens boundary:

OQuns = {(4.61;1.91), (1.91;4.61); (—1.91;4.61), (—4.61,1.91), (—4.61; —1.91), (—1.91; —4.61),

(1.91; —4.61), (4.61; —1.91)} [A]

Number of points defining the external boundary: n¢,; = 30

Number of points defining the internal boundary: 1n;,; = 8

Results
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Figure 19: (a) Virtual, (b) Physical geometries and (c) the comparison
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|| Virtual | Physical | Physical (No Lens) |
Directivity [dB] 14.09 13.73 11.73
SLL [dB] —11.19 | —10.32 —4.02
HPBW [deg] 5.91 6.00 5.67
FNBW [deg] 13.06 13.06 11.62
Field Matching Error ¢ (7) 0.02 0.22
Field Matching Error x (8) — 3.01 1.67

Table VI: Pattern values for the virtual, physical and physical (no lens) cases
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2.1.7 Results - Geometry 7 - Internal Triangle Down

Parameters

e Number of elements: N = 20

e Physical Region

External radius: L., = 14 [}]

Number of points defining the external boundary: n.,; = 30

Number of points defining the internal boundary: n;,; = 5

External Lens boundary : 9Q.,; = {(x, y) ER| a2 4+ y? = Lemt} [A]

Internal Lens boundary: 9, = {(4.33;2.5), (—4.33;2.5); (—2.16; —1.25), (0, —5), (2.16; —1.25)} [A]

Results
20 20
15 I 1 15 L 4
10 1 10 L i
5t - 5| |
S O0f 1S of 1
5t i 5t .
-10 | i -10 | 1
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0Q rp P=1.,N e
0 —— ren=l..N
(c)
Figure 23: (a) Virtual, (b) Physical geometries and (c) the comparison
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Figure 24: Far-Field Pattern for § = 90 [deg] and ¢ € [0, 180] [deg]

| || Virtual | Physical | Physical (No Lens) |

Directivity [dB] 14.09 13.11 3.95
SLL [dB] —11.20 | —9.04 —0.01

HPBW [deg] 5.91 6.31 72.30
FNBW [deg] 13.06 13.24 12.43

Field Matching Error & (7) — 0.05 0.70
Field Matching Error y (8) — 0.43 2.18

Table VII: Pattern values for the virtual, physical and physical (no lens) cases
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2.1.8 Results - Geometry 8 - Internal Triangle Up

Parameters

e Number of elements: N = 20

e Physical Region

External radius: L., = 14 [}]

Number of points defining the external boundary: n.,; = 30

Number of points defining the internal boundary: n;,; = 5

External Lens boundary : 9Q.,; = {(x, y) ER| a2 4+ y? = Lemt} [A]

Internal Lens boundary: 0Q;,,: = {(2.16;1.25), (0;5); (—2.16;1.25), (—4.33,—2.5), (4.33; =2.5)} [}]

Results
20 20
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Figure 25: (a) Virtual, (b) Physical geometries and (c) the comparison
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Figure 26: Far-Field Pattern for § = 90 [deg] and ¢ € [0, 180] [deg]

| || Virtual | Physical | Physical (No Lens) |

Directivity [dB] 14.09 12.02 6.88
SLL [dB] —11.20 | —6.19 —0.00
HPBW [deg] 5.91 6.40 16.74
FNBW [deg] 13.06 12.34 34.58
Field Matching Error & (7) — 0.13 1.30
Field Matching Error y (8) 0.29 2.05

Table VIII: Pattern values for the virtual, physical and physical (no lens) cases
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3 Conclusions

An innovative transformation electromagnetics methodology based on the Schwarz-Christoffel theory has been proposed
to design conformal phased arrays. The numerical results have shown the effectiveness and the potential of the proposed

method.
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