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1. Introduction

Millimeter and submillimeter wave systems are becoming increasingly important in many scientific
applications in areas such as remote sensing, radio astronomy, radar, imaging applications, and communication systems.
Receiving and transmitting radio frequency (RF) systems have traditionally been based on waveguide-technology.
Modern technologies enable high-level integration of RF devices with electronic circuits directly on dielectric substrate,
thus reducing size, weight, and cost of RF systems. The research project is devoted to the development of a technique
which allows a systematic analysis and design procedure of elliptical/hemispherical dielectric lens antennas. Such
antennas have demonstrated a significant potential for millimeter and submillimeter wave applications, owing to the
possibility of integration with electronic components such as detecting diodes, oscillators and mixers [1]-[5]. In
addition, the shape of the lens gives a focusing property provided that the eccentricity (for the elliptical lens) or the
extension length/radius ratio (for the hemispherical lens) is properly related to the dielectric constant. Under these
conditions all the rays leaving a focal source are refracted in the boresight direction, thus providing high directivity to
the antennas. Furthermore, lenses provide a good efficiency with respect to other millimeter wave antennas printed on
homogeneous substrates, essentially because they do not suffer from loss of power in guided modes [1]-[5]. The use of
dielectric lenses in future space science missions [4] requires to host, in the lens focal plane, a large integrated array that
can be used efficiently over very wide frequency bands [5].

Due to the large dimensions of the lens in terms of the wavelength, to the large number of radiating elements of
the array, and to the large number of simulations, that are necessary for the analysis and the design of the entire
radiating system (the integrated array together with the lens), the use of a complete full-wave analysis is impractical,
since very time-consuming. For these reasons, the aim of the research project was to develop a numerically efficient

Physical Optics (PO) based algorithm to investigate the lens radiation properties.

2. Description of the Developed Physical Optics Efficient Numerical

Integration Algorithm

We consider the field radiated by a single element, located in P’, of an integrated array covered by a dielectric

lens (Fig. 2.1(a)). Since the lens is large, we assume that the array radiates an unperturbed electromagnetic field

(E“,H“) as in a semi-infinite medium characterized by the same dielectric constant &, of the lens (Fig. 2.1(b)). Each

single element radiates an electromagnetic field which has a ray field structure at the lens interface. Under the

Geometrical Optics (GO) approximation, the field on the external surface of the lens can be approximated by the GO

transmitted field (E‘,H‘) (Fig. 2.1(c)). By applying the equivalence principle at the lens interface (Fig. 2.1(d)), the lens

interface is substituted by equivalent electric and magnetic currents (Jeq,Meq) that radiate in free space the following

electromagnetic field
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Fig. 2.1. Lens reference geometry and relevant application of the equivalence theorem.

in the far field region of the lens. In (2.1) k, and ¢, are the wavenumber and the impedance of the free space,
respectively; r is the distance between an integration point Q on the lens interface and the observation point P ;and f
is the unit vector that points from Q to P . Under the GO/PO approximation the equivalent currents can be evaluated

as

Jyg =AxH =Ax(H +H") 22
M,, =E'xA=(E' +E")xnA
where A is the outer pointing normal to the lens interface, and the indexes i and r identifies the incident and reflected
field at the lens interface. By GO assumption, such field contributions can be evaluated by using proper dyadic Fresnel
reflection and transmission coefficients defined as in [2], [3], [6]-[8].

As it is well known, the integrals in (2.1) have the following form

I = ”G (q)e " Vdudv = HF(q)dudv (2.3)

where G(q) is a slowly varying function, and f (q) is a phase function, both of which depend on the bidimensional
vector g =(u,v), that parameterizes the integration variables on the domain D, where the parametric surface S of the

lens interface is defined. In the literature, various approaches have been proposed to evaluate this kind of integral [9]-
[16]. In this work, we specialized one of the integration algorithms presented in [16] to the analysis of the PO radiation
from a dielectric lens in order to obtain a new efficient engineering tool for the lens design. In particular, in order to
reduce the computational burden, it is important to reduce as much as possible the number of sampling points and to use
simple, but accurate, quadrature rule for the evaluation of the radiation integral. Such features have been obtained by
using a “quasi equi-spaced” sampling grid, [17], [18], on the lens surfaces, that divides the lens surface into curvilinear
triangles (Fig. 2.2), and the quadrature rule in [16] which assumes a linear amplitude and phase approximation of the
integrand on each triangles T,,. The integral in (2.3) is than evaluated as the sum of the integrals on all the triangles in

which the surface is divided; i.e.,

1= 3, where J, = [[F(q)dudv. (2.4)
Tm
By neglecting the index m for the sake of readability, the integral on each triangle is evaluated as

J= iﬂvi ) [[b (a)e o dudy = 2F(vi )B, (Uy), (2.5)



Fig. 2.2. Representative loose curvilinear triangular mesh on the surface of the lens.

where v,, with i=1,2,3, are the bidimensional vectors that identify the vertices of the triangle in the surface
parametric domain D; b, denotes a linear basis function which equals 1 at the ith vertex v, and vanishes on the
opposite side; and u, is the gradient of the phase function at the barycenter of the triangle [16]. The integral B, (uo) is

calculated analytically as a Fourier transform, thus obtaining the final closed form expression
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in which Sy is the area of the triangle in the parametric domain. The Fourier transform (2.6) is a regular function at any

=28, (2.6)

incidence/observation aspects except for removable singularities; indeed when any of the denominators in (2.6)

vanishes, B, admits a limit which has an analytic closed form expression. Expression (2.5) can be thought of as a
surface quadrature rule with sampling points at triangle vertices v; and weights B, (u,) depending on the phase

progression rate u,. The use of the vertices as sampling points is convenient because, since the integral in (2.6)
presents a linear phase, from an asymptotic point of view the main contributions to the integral come from the vertices.
Thus, for the accurate evaluation of the integral |, it is very important to match the integrand of J at these critical
points.

The proposed algorithm has to be applied iteratively for each radiating element of the integrated array. The
total radiated field from the lens is obtained as the sum of all the field contributions arising from each single array

element.

3. Numerical Results

To validate the behaviour of the proposed algorithm we applied it to the analysis of the following device. We
considered a square array of 3x3 connected slots [5] which radiates in the presence of a hemispherical dielectric lens

with relative dielectric constant ¢, =11.7 , radius R =95mm, and extension length L, =0.3R. The central element of
the array is in the equivalent focus of the hemispherical lens. We consider an operating frequency of f =5GHz and

f =15GHz in the first and second example, respectively. The developed code was tested on an Intel i7-720QM
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Fig. 3.1. Lens reference examples geometry.
Table 1
Triangle Side Length Number of Triangles Computational Time
Example 1
A15 834 19s
4110 3190 60s
A115 7262 135s
Example 2
Al5 7262 190s
A110 28577 700s

processor with a clock frequency of 1.6GHz (turbo up to 2.8GHz), Cache and RAM memory of 6MB and 6GB,
respectively. Table 1 resumes the algorithm performances for both the examples by varying the length of the triangle
sides in the various meshes (first column). The second column of the table contains the number of triangles created by
the meshing process, while the third column contains the computational time necessary for the field evaluation along
the scans in the lens azimuthal plane ¢ =0°, ¢ =45°, and ¢ =90°, when a single element of the array is fed. In the first

example ( f =5GHz ) we test the behaviour of the algorithm with three different meshes by varying the length of the

triangle side; namely, A/15, A/10,and A/5. Fig. 3.2 shows the normalized radiation patterns obtained. In particular,
the patterns in Fig. 3.2(a) are those obtained when the central element of the array is fed, while the patterns in Fig.
3.2(b) are those obtained when the first off-focus element, in the y direction of the x =0 plane of the array, is fed. Such
figure shows that a mesh where the side of triangles is about 4/10 is sufficient to obtain an accurate result. Indeed, the
lines associated to the patterns obtained by the mesh with triangle sides of about A1/10 are superimposed to those
obtained by the mesh with triangle sides of about A/15. However, accurate results (till to 20 dB respect to the
maximum value of the pattern) can be obtained with a coarser mesh; i.e., a mesh where the side of triangles is about
A15, thus obtaining a reduction of the computational time (Table 1). The same behaviour is also observed in the
second example ( f =15GHz ), where we used two different kind of meshes with the length of the triangle side of about
A110 and 4/5. Fig. 3.3(a) shows the patterns obtained when the central element of the array is fed, while the patterns
in Fig. 3.3(b) are those obtained when the first off-focus element, in the y direction of the x =0 plane of the array, is
fed. Also in this case, accurate results can be obtained with a mesh where the side of triangles is about 1/5, thus again

obtaining a reduction of the computational time (Table 1).
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Fig. 3.2. Lens radiation patterns obtained with different length of triangle sides in the mesh. (a) The patterns are those obtained when the

central element of the array is fed. (b) The patterns are those obtained when the first off-focus element, in the y direction of the x=0 plane of

the array, is fed.

Op---- Femeepe e mpeempemmepean e mmmgaasgeseaganans P m g gmsmegsssgecsagennsa

BRERY ST ]
] R S O 1 S S e Freesfeeeeded e 5= /10 |

Y B B R e P e ymo0m a0 |
el IR S 1= | b —— =05 |
A | ——4=45°0s5 |, Lo et |
e | ——4=00°1s5 | | ——4=00°1/5 |t

_ldn]

4 | P 1
30 45 60 75 90

4 Ry H H H

-DQD -75 -60 -45 30 -15 0 13

6 [degrees]
(a)

Fig. 3.3. Lens radiation patterns obtained with different length of triangle sides in the mesh. (a) The patterns are those obtained when the
central element of the array is fed. (b) The patterns are those obtained when the first off-focus element, in the y direction of the x=0 plane of

the array, is fed.
4. Concluding Remarks

In the framework of NEWFOCUS research programme we developed an efficient algorithm for the calculation
of the field radiated from a dielectric lens antenna under PO approximation. By this algorithm the numerical evaluation
of the PO radiation integral is performed on the lens surface parametric domain. The original integration domain is
divided into triangular sub-domains, whose mapping on the surface gives curvilinear triangles that are “quasi equi-
area”. On each triangular sub-domain both the amplitude and the phase of the integrand are linearly approximated and
the relevant integral is analytically evaluated in closed form. The proposed algorithm was applied to some preliminary

tests for analyzing the scattering of the lens when its interface is illuminated by an element of an array of connected



slots. The presented examples show that the developed algorithm reaches accurate results also when the mesh on the

lens has loose samples.

This work was presented at 2012 IEEE International Symposium on Antennas and Propagation and USNC-

URSI National Radio Science Meeting that was held in July 2012 in Chicago, Illinois, USA, [19], and will also be

object of future publications on scientific journals. This algorithm was also used to obtain some results presented in [20]

and [21] during the same conference. Finally, the proposed algorithm will be iteratively used for the design optimization

of large lenses illuminated by arrays formed by a large humber of radiating elements. At the Technical University of

Delft a first prototype of an array of connected slots covered by a hemispherical dielectric lens with the same features

presented in the examples of this report has been built (Fig. 4.1). Its radiating features will be measured and a

comparison against the results obtained by the described algorithm will be performed. Such activity could also be

realized in the framework of NEWFOCUS programme.

Fig. 4.1. Hemispherical dielectric lens fed by an array of connected slots built at the Technical University of Delft.
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