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with Air-gaps and Dielectric Losses
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Abstract

In this paper, spherical Luneburg lens antennas have been systematically analyzed using the Eigenfunction Expansion Method (EEM).
The developed technique has capability of performing a complete 3-D analysis to characterize the multi-layered dielectric spherical lens
with arbitrary permittivity and permeability. This paper describes the analysis technique, and presents the results of the parametric study
of Luneburg lens antennas by varying design parameters such as the diameter of the lens antenna (up to 80 wavelength), number of
spherical shells (up to 30 shells), air-gaps between spherical shells, and dielectric loss of the material. Many representative engineering
design curves including the far-field patterns, wide-angle sidelobe characterizations, antenna efficiency have been presented.
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I. INTRODUCTION

Recently, Luneburg lens aniennas regain interests in their
applications of multi-beam scanning for use in the mm-wave
automotive radars, present-day military, and satellite-based mobile
-communications' ™™, n principle, a Luneburg lens transforms
a point source radiation into a plane wave by correcting the
phase of the source™ 1", Since the foundation principle of the
Luneburg lens is based on the geometrical optics concept, the
lens antenna can be operated with broad frequency bandwidth,
usually limited by the bandwidth of feed sources. Also, the
spherical symmetry of the leus allows multiple beam scanning
by means of an array of feeds placed around the lens surface.
Due 1o these attractive features, the concept of the lens has been
extensively studied in late 1950s and early 196001 With
the advent of phased array antennas which allow fast and
wide-angle beam scanning by electronically controlling antenna
-element phases, the practical applications of the Luneburg lens
has become very limited. However, due to modern communi-
cation system links requiring broad frequency bands and
multiple targets, the interests in the Luneburg lens have been
rekindled”, While both the Luneburg lens antenna and the
phased array antenna allow fast multi-beam scanning, phased
array antennas typically operate at much narrower frequency
bandwidth than Luneburg lens antennas. Due to its ray optical
collimating feature, the Luneburg lens antenna also shares
similar performance to the reflector antenna with the same
aperture size.

An ideal Luneburg lens antenna consists of a dielectric sphere
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with continuously-varying relative permittivity from e, =1 at the
outer edge to &, = 2 at the center of the sphere; ie., &, =2-

P
€.y =2~ [(’lr-v-l+"/r)/2”]_

(b)

Fig. 1. (a) An ideal Luneburg lens antenna with continuous
permittivity, (b) practical Luneburg lens antenna made
of N concentric shells with permittivity of ., for
the n-the shell,
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(rla)" where a is the radius of the sphere (see Fig. 1(a)).[6] In
practice, however, the Luneburg lens antenna is constructed with
a finite number of concentric spherical shells, which approxi-
mate the continuous variation of the permittivity as illustrated in
Fig. 1(b). There are several variations in the implementation of
the Luneburg lens, but, in this paper, the thickness of the
spherical shell is kept constant, which may be the most practical
choice in the view of its implementation. The dielectric pro-
perties for each shell, with the relative permittivity varying from
I to 2, can be obtained by expanding polystyrene and polye-
thylene beads!".

In this paper, design characterizations of Luneburg lens
antennas have been presented using a complete 3-D analysis
computer code based on the eigenfunction expansion method
(EEM). To create realistic configurations, Luneburg lens
antennas with air-gaps and dielectric losses have been analyzed
for the gain, aperture efficiency, and far field. Many useful
observations have been made as to the performance of Luneburg
lens antennas. The formulation of the analysis has been
sysiematically derived from the dyadic Green's functions of the
multi-layered sphere® ™ The implemented computer code
can handle a Luneburg lens with a diameter in excess of 80
wavelengths and more than 30 spherical shells, which may
completely cover practical design interests of Luneburg lens
antennas, It is worthwhile to mention that this computer code
has been extensively validated with the published results, and
also used in investigating electromagnetic interactions between
antennas and a human head™,

The rest of this paper is as follows: Section I1I briefly
discusses the analysis technique based on the eigenfunction
expansion method, Section III presents characterizations of the
Luneburg lens antennas as a function of various parameters such
as the number of shells, lens diameter, air-gaps, and dielectric
loss. Section IV concludes this paper.

II. ANALYSIS TECHNIQUE AND NUMERICAL
CONVERGENCE

The eigenfunction expansion method (EEM) is based on the
exact scattering solution of infinitesimal dipoles in the presence
of a multi-layered sphere. The total electric field at any
observation location in the presence of a scattering object can be
decomposed into the incident field and the scattered field. For
the calculation of the incident field, the closed-form analytical
expression is used for efficient computations; the scattered field
is expressed as a series expansion of the spherical vector wave
fanctions™, Fig. 2(a) illustrates the geometry of the multi
-layered Luneburg lens consisting of N spherical regions with
the corresponding constitutive parameters. The scattered field
expressions can be obtained through the dyadic Green's function
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Fig. 2. Geometry of an A-layered Luneburg lens: (a) an
N-layered dieledtric sphere. £ is the propagation con-
stant, x the permeability, and ¢ the permittivity;
(b) spherical coordinates, centered at the origin of
the lens, for field computation,

approach for an infinitesimal electric dipole in the presence of
a multi-fayered sphere. In general, lens feeds can be modeled as
superposition of many infinitesimal dipoles.

Using the dyadic Greens functions in terms of spherical
vector wave functions!'”, the total electric field can be obtained
for Region p (@, < r £ ap_l) where p=1, 2, .., N as

E(r)=— ( we I /91) Z 2 L2 5»:0)% -
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where

8 o = { I m=0"gronecker delta function) (2a)
=011 m=0

B, = awV p,e, (Propagation constant) (2b)

pis the unit vector of the electric dipole; M @ (8, aud
N _(8,) are spherical vector wave functions (even or odd

mode) defined in [12], and primed components are evaluated at
the source location.
The expansion coefficients A, Bup, Crp and Dy, in (1) can
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be obtained by applying boundary conditions to the tangential
glectric and magnetic fields at the dielectric interfaces (r = ay).
The boundary conditions for the dielectric sphere impinged upon
by an infinitesimal dipole radiation can be expressed in terms of
dyadic Green's functions!”.

o (nl o (o
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Equations (3a) and (3b) result in two simultaneous equations,
from which the expansion coefficients can be successively
solved in a cascaded analysis!™™. Tt should be noted that, in (1),
Cp 1 = 1 to match the incident radiation and 4,» = 0 to avoid
infinite field at the origin. Similarly, it is required that Dy, =1
and B,y = 0.

As can be seen in (1), the scattered fields are expressed as
an infinite sum of spherical vector wave functions. In practice,
however, series terms are truncated for the required accuracy.
One way to define the required number of series terms at each
field point is to determine whether the ratio between the g-th
term and the iotal series sum up to (g-1) th term is less than
a specified error. The series convergence propetties depend on
source locations, field-point Jocations, and the size of the
spheres. For example, if an electric dipole, oriented in the
x-direction, is located at 13 away from the surface of a
homogeneous dielectric sphere, the required » series terms for
far-field calculations with 10 accuracy level can be obtained as
~75 terms for a 20- & sphere, ~150 terms for a 40- A sphere,
and ~220 terms for a 60- A sphere. For near field caleulation,
more series terms are required for a given accuracy. In addition,
if the dipole source is located closer to the sphere (e.g., 0.1 A
away from the sphere), much more series terms are required.
Therefore, in the numerical implementation, the required series
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term for each observation point should be adaptively determined
in order to satisfy the accuracy level,

. CHARACTERIZATIONS of LUNEBURG LENS
ANTENNAS

In practice, a Luneburg lens antenna is simulated by multiple
dielectric spherical shells as shown in Fig. 3(a). In this paper, an
end-fire feed source with four infinitesimal dipoles is used to
create the radiation characteristics of a typical feed with reasona-
ble back radiation. The infinitesimal dipoles are oriented in the
x-direction and located in the y-z plane. The feed gain patterns
in the x-z and y-z planes are shown in Fig. 3(b), and the directi-
vity of the feed array source is ~8.3 dB. With this feed, the
backward spill-over power is ~7 % of the total radiated power.

In the following calculation, the gain, G, is defined as

- Radiation Intensity
G =47 “Total Input Power “)
and the aperture efficiency, &4, for a circular aperture is
obtained as

e = Maximum Effective Area _ G (3)
o Physical Area 2LIA?

3
where L is the diameter of the circular aperture.

3-1 Effects of Number of Shells and Lens Diameter

For a Luneburg lens antenna with a fixed diameter, the gain
and aperture efficiency of the lens antenna tend to improve by
increasing the number of shells. This is shown in Figs. 4(a) and
(b), where the gain and aperture efficiency for a fixed lens
diameter (20, 40, and 60 A) are obtained as a function of the
number of spherical shells, In this figure, one can observe that

¥ 2 pinae

y-z plane

Fig. 3. (a) An end-fire array as a feed source for the Luncburg lens antenna. The end-fire array is located in the y-z plane, and
the infinitesimal dipoles are oriented in the x-direction. (b) Gain patterns of the feed source in the x-z and y-z plane,
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Fig. 4. (a) Gain and (b) aperture efficiency of the Luneburg
lens antenna (20, 40, 60 A diameter) as a function
of the number of the spherical shells.

the gain and aperture efficiency become saturated with a finite
number of spherical shells: e.g., ~10 shells for a 20- 1 diameter
lens, ~25 shells for a 60- A diameter lens. This implies that a
Luneburg lens antenna with a good performance can be imple-
mented using multiple spherical shells of about 1 wavelength
thickness, which contradicts the previous predictions that the
shell thickness should be less than a quarter wavelength!'”, but
agrees with the results in [1]. In this calculation, the effects of
air-gaps and the dielectric loss are not included. The maximum
aperture efficiency for the selected feed source configuration is
~79 % (this includes the 7 % spill-over efficiency of the feed).
The maximum aperture efficiency could be higher if the back-
ward spill-over power is subtracted from the total radiated
power.

The radiation patterns (in the x-z plane) of 60- A Luneburg
lenses with different number of shells are shown in Figs. 5(a)
and (b). With a large number of shells, the radiation patterns of
the Luneburg lens resembles those of the uniform circular
aperture (Ji(p)/p) where p =ka sin(f). With a smaller
number of shells, the radiation pattern deviates from the Ji(p)
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Fig. 5. (a) Gain patterns of the 60- 2 Luncburg lens antenna

in the x-z plane with different number of spherical
shells (5, 10, 20 shells); (b) expanded plot of (a).

/ p pattern at smaller § angles. In Fig. 3(b), the side-lobe of the
5-shell lens increases first at ~4°. With 10-shells, the side iobe
increases at ~12°, and with the 20-shell lens, the side-lobe level
increased at ~32° due to finite number of shells.

3-2 Effects of Air-gaps in the Luneburg Lens Antenna

Air-gaps between spherical shells may be unavoidable in the
process of constructing the Luneburg lens with a finite number
of spherical shells. The air-gaps critically affect the performance
of the Luneburg lens antenna. When air-gaps are present, the
performance of the lens deteriorates since the phase correction
of the lens antenna becomes worse.

The gain and aperture efficiency variations of the Luneburg
lenses with air-gaps are compared for a 60- A diameter lens in
Fig. 6. In these figures, the air-gaps, which are assumed to exist
between every adjoining shells with an equal gap width, are
presented in fractions of the wavelength. In Fig. 6, without the
air-gaps, the gain improves by about 1.2 dB by increasing the
number of shells from 10 to 20. As the air-gap increases, the
gain for the 20-shell lens antenna drops much faster than that
of the 10-shell lens; the gain becomes less than that of the
10-shell lens when air-gap is greater than 0.03 A. Therefore, in
practical design of the Luneburg lens antenna, trade-offs
between the gain increase with more number of shells and the
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Fig. 6. Effects of air-gaps: (a) Gain and (b) aperture effl-
ciency of the 60-A4 diameter Luneburg lens for
different number of shells(5, 10, 20 shells).

gain degradation due to air-gaps should be considered. At high
frequencies, such as 60 GHz, these air-gap requirements may be
rather stringent since 0.03 A air-gap at this frequency is only

No air gap
--------- 0045 avgaps |
—— (.08 1. atr-gaps

Gan (dB)

150 pxm wide.

The radiation pattern variation without and with air-gaps for
the 60-120-shell Luneburg lens is shown in Figs. 7(a) and (b).
The side-lobe level in the x-z plane is ~17 dB down from the
main lobe with no air-gap. The side-lobe level in the y-z plane
is lower; ie., —23 dB because of the feed pattern taper as
shown in Fig. 3(b). As the air-gap increases the peak gain
decreases. With the increased air-gaps, the pattern nulls are
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Fig. 8. (a) Gain and (b) aperture efficiency of the Luneburg
lens (20, 40, 60-1 diameter) as a function of the
dielectric loss.
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Fig. 7. (a) Gain pattermns of the 60-A diameter, 20-shell Luneburg lens antenna in the x-z plane as a function of the air-gap

width; (b) expanded plot of (a).

15



JOURNAL OF THE KOREA ELECTROMAGNETIC ENGINEERING SOCIETY, VOL. 1, NO. 1, MAY 2001

smeared out as shown in Fig. 7(b), whereas the radiation pattern
of the Luneburg lens antenna with no air-gap closely follows the
JA(e) p pattern of the uniform circular aperture.

3-3 Effects of Dielectric Loss

A Luneburg lens is usually fabricated using the dielectric
material such as polystyrene or polyethylene. These dielectric
materials have dielectric losses which are related to the
imaginary part of the permittivity. The loss tangent of the
polystyrene (tan & = g''/g’) is ~0.00033 at 10 GHz. The
imaginary part of permittivity, £’’, can be related to the
conductivity by o=w eoe’’; ie, o= 2x107" S/m at 10
GHz. At higher frequencies, the dielectric loss will be greater.
The gain loss associated with the variation of the conductivity
is plotted in Fig. 8. The Luneburg lens antenna is assumed to
have 10 spherical shells. For example, with a 20- 1 diameter
lens, the gain difference between no loss and ¢ = 1x107° S/m
is only ~0.13 dB. Therefore, it can be concluded that the
significance of dielectric loss effects is less than that of the
air-gap effects if low-loss dielectric material is used for lens
fabrication. However, the gain loss can not be ignored at higher
operating frequencies or using lossy dielectric materials.

IV. CONCLUSION

This paper has presented detailed engineering characteriza-
tions of Luneburg lens antennas. An advanced numerical
technique has been utilized to perform comprehensive analysis.
The technique can be used to study very large diameter (in
excess of 80 wavelengths) Luneburg lens and many spherical
layers (in excess of 40 layers), and it may handle most of the
practical design interests of the Luneburg lens antenna. The
numerical solution has been obtained using the eigenfunction
expansion method with an adaptive convergence test.

A summary of important observations for the design of the
Luneburg lens antennas are presented as follows: the gain and
aperture efficiency improves by increasing the number of
spherical shells, but they become saturated with ~1 A thickness
for each shell. The radiation pattern of Luneburg lens antenna
resembles that of the uniform circular aperture (Ji( o)/ p) with
more spherical shells; with smaller number of shells, the
radiation pattern deviates from Ji(o)/p pattern at smaller 4
angle. The air-gaps generally deteriorate the performance of the
Luneburg lens; with more spherical shells, the air-volume is
increased and lens gain drop is greater with a given gap width.
The far-field pattern nulls may be smeared out with air-gaps.
Therefore, there is a trade-off between general gain increase
with more number of shells and performance degradation
relating to air-gaps. The dielectric loss may not be as critical in
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performance as the air-gap effects if a low-loss lens material is
used, but may become important at higher operating frequencies.
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