IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 56, NO. 5, MAY 2008 1
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Abstract—Two new compact lens antenna configurations are
presented and compared for data link communications with
LEO satellites at 26 GHz. These lenses match a secant type
radiation pattern template in the elevation plane while having a
mechanically scanned sector beam in azimuth to enhance gain as
much as possible. No rotary joints or multiple feeds are required
and emphasis is put also on the compactness of the proposed
solutions (< 6o ). Two alternative lens configurations are eval-
uated numerically and experimentally: one is based on modified
axial-symmetric dome lens geometry, and the other one consists of
a full 3-D double-shell lens antenna. In contrast to current nearly
omnidirectional antennas, the directivity of our lens prototypes
is above 15.4 dBi. Up to 4.2 dB loss obtained in the prototypes
can be significantly reduced by using lower loss dielectrics and
matching layers, without affecting the conclusions. The numerical
and experimental results are in good agreement with the radiation
specifications given the compact size of the antennas.

Index Terms—Beam shaping, compact lens antennas, constant
flux illumination, scanning antennas.

1. INTRODUCTION

ATA LINK antennas used in Low Earth Orbit (LEO) satel-

lites for global Earth observation offer a constant flux cov-
erage of the Earth surface. Ground stations are typically viewed
from the satellite within a cone of 65° half angle. Due to the
Earth curvature, the path between the ground station and the
satellite, and consequently the associated attenuation, increase
as the elevation angle is moving closer to £+ 65°. The antenna
EIRP shall therefore compensate this loss attenuation depen-
dence with 6, leading to a typical template with a wide illumi-
nation angle (£65°), a deep inlet in the center region and a fast
roll off outside the coverage area.
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There are a number of antenna solutions for covering this
need, ranging from electronically and mechanically steerable
antennas to passive isoflux antennas. Steerable antennas offer
high EIRP beams which allows relaxing the power to be sup-
plied by the amplifier modules. The main drawback of active
antennas is their complexity and cost [1], and that of mechani-
cally steerable antennas is the single point failure of its 2 axes
mechanism scheme, which also requires a rotary joint. On the
contrary, isoflux antennas can not exceed typically 4 dBi at the
End of Antenna Coverage, and a high power amplifier shall be
used. Existing antennas are based on reflector assemblies, typ-
ically with fixed omnidirectional beam, so with low directivity
[2]-[4], or combined with multiple feeds for sector coverage
[5]. These structures are bulky, with diameter and height larger
than 10)\¢. Known solutions based on dome lenses target wide
angle pencil-beam scanning rather than sec shaped beams and
these structures are also larger than 10\ [6], [7] and are typi-
cally combined with complex feeding arrays.

Data Transmission Systems are currently implemented in the
highest majority in X band (typically between 8025 and 8350
MHz). In order to avoid the congestion of this band, new data
transmission systems are being defined in Ka-band, where a
band is reserved for such applications. As lens antennas are
good candidates at millimeter waves [8]—[10], the present paper
intends to explore and compare alternative lens configurations
candidate for such missions. The main challenge is to find lens
solutions that offer the best tradeoff between the following si-
multaneous requirements:

a) Shaped sec type elevation beam with the highest possible

directivity;

b) Very compact antenna solution (diameter < 6y and
height < 4)\), to cope with mass and volume restric-
tions;

¢) Compatibility with mechanical azimuth scanning of the
shaped beam without needing multiple feeds or any ro-
tary joints, ensuring uncomplicated assembly and reliable
operation.

The feasibility of designing small shaped lenses with pencil
beams has been investigated numerically in a prior work [11].
In contrast to [11], and prior lens works [12] which focused on
validation of the numerical tools, the emphasis of this paper is
clearly on the development and assessment of a new lens an-
tenna concept that excels previous antenna solutions for this ap-
plication. The very small lens size (~ 6 in diameter) has im-
plications on gain template compliance [11], [13] since a good
match usually requires at least a 20\ diameter lens [13]. One
of the major objectives of the current paper is thus to evaluate
how close a sec type of radiation pattern can be approached with
the new small lightweight lens configurations. Indicative target
specifications are given in Table I.
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TABLE 1
LENS TARGET SPECIFICATIONS
# | Frequency 26 GHz
1]8S,;,0n50Q <-10dB
2 | Polarization RHCP (Axial ratio <7 dB)
Or LP
3 | Elevation aperture | 0 - 65° off-nadir
4 | Gain template in Max at 65°
elevation plane >-10.5 dB at 40°
<-13 dB at 0°
5 | Azimuth template | The one providing the best
possible gain (> 5.5 dBi)
6 | Weight <200g
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Fig. 1. General geometry of the proposed antennas: (a) modified axial-sym-
metric shaped dome lens (L1); (b) full 3-D lens (L2).

This paper is organized as follows. The lens concept is pre-
sented in Section II. The dome lens antenna and the 3-D lens
design and performance are presented in Sections III and IV re-
spectively. In both cases, numerical and experimental results are
given and discussed. Conclusions are finally drawn in Section V.

II. LENS CONCEPT

The proposed new antenna configurations consist either of a
modified axial-symmetric shaped dome lens [see Fig. 1(a)] or of
a full 3-D lens formed by two shells of different dielectric mate-
rials [Fig. 1(b)]. Throughout this work, these lenses are referred
to as L1 and L2, respectively.

In L1 lens design, the inner shell is actually a spherical air
cavity that is displaced radially together with the feed by dis-
tance d with respect to the axis of the otherwise axial-symmetric
outer shell. The asymmetry introduced by the feed position pro
duces an adequate directive shaped beam as shown in Section II.
This is a very simple and light solution where the feed is fixed
and the lens rotates about the AA’ axis to provide the necessary
beam scanning. The feed is not in physical contact with the lens,
thus avoiding the need for fault prone rotary joints in long con-
tinuous usage.

In the L2 lens, a double-material (double-shell) configuration
is used. This ensures a better control of the azimuth beamwidth
favoring an increased gain and improved power transmission
across the lens interfaces [14]. In this case, the feed is centered
with the lens. Although it is fixed at the lens base in the pre-
sented study, an air cavity can also be used to allow mechanical
revolving of the lens about the AA’ axis for azimuth beam scan

without needing a solidary—AUTHOR: SHOULD THIS BE

3

‘solitary”? feed.
In this paper the lens feed is based on printed antenna tech-

nology; however it is noteworthy to mention that the lens con-
figuration can be easily adjusted to other feeds like waveguides.
Either circularly-polarized (CP) feeds or linearly-polarized (LP)
feeds are used ahead, depending on the lens configuration.

The lens shape is calculated from geometrical optics (GO)
[13] and, in the 3-D case, it is further optimized using genetic al-
gorithms (GA) coupled with geometrical optics/physical optics
(GO/PO) method of analysis [12], [15]. Two antenna prototypes
were fabricated and experimentally tested providing satisfactory
results.

Macor and Rexolite materials are used for the lens prototypes.
Although these materials are not space-qualified and the first
one presents moderately high losses, they have been selected to
prove the concepts. Re-design of the presented lens configura-
tions for other dielectric materials is straightforward.

III. OFF-AXIS FED AXIAL-SYMMETRIC DOME LENS

The modified axial-symmetric dome lens (L.1) is designed to
produce a sector beam with a secant type elevation pattern. The
proposed concept is the following: the lens combined with a CP
feed allows mechanical scanning of the beam by rotating (by
360°) just the lens above the feed, while maintaining the feed
at a fixed position. A 10 mm radius spherical air cavity at the
lens base, concentric with the feed phase center, avoids contact
between the feed and the lens while it rotates. This concept was
pre-evaluated only by simulation in [16], using a LP feed.

The main characteristics of the required CP feed and of the
developed lens are given in Section III-A. Experimental results
are discussed in Section III-B.

A. Lens Design

The lens feed is a diagonally probe-fed rectangular patch an-
tenna with 3.22 mm X 3.48 mm dimensions manufactured using
a 10 mils-thick Rogers Duroid 5880 substrate. The patch pro-
duces a right-hand circular polarization (RHCP) far-field radia-
tion pattern (in-air)

An axial symmetrical lens can provide the required shaped
sector beam solution by appropriately displacing the feed away
from the lens axis [17]. The design of such a lens involves three
steps, as explained hereafter.

In the first step, an axial symmetric homogeneous lens with

n-axis feed (centered with AA’ axis) is designed using GO
ormulation [see Fig. 2(a)]. A closed-form analytical expres-
sion can be derived for the lens surface profile complying with
sec(k6) output power elevation function [9], which contains the
very loose gain template from Table I. The dielectric material
used for this lens is Macor (e, = 5.5 x (1 — j0.0118)). Since
this is a completely axial symmetrical lens, the horizontal plane
ray tracing is uniform [see Fig. 2(b)].

In the second step, a new lens is generated by rotating the bold
part of the original profile around a displaced vertical axis BB’
[see Fig. 2(c)]. Although a smaller lens is obtained, the feed
is maintained in its original position from step 1, resulting in
off-axis feeding position (—d,0,0). Because the bold part of
profile and the feed distance are preserved, in the vertical plane
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Fig. 2. L1 lens design steps. (a), (c), and (e) correspond to leq‘—;-jdional cuts

along CC’. (b) Top view of the (a) lens.Td) Top view of the (d— /.

containing the CC’ axis, the ray tracing near the bold part of the
profile is exactly the same as in the lens from step 1. This means
that the elevation radiation pattern is approximately maintained
in this plane. But now, in the horizontal plane, the off-axis posi-
tion of the feed causes a refraction effect that narrows the beam
in this plane [Fig. 2(d)]. This increases the antenna gain when
compared to the lens at step 1. The d parameter is optimized to
obtain a compromise between gain enhancement and ity of
the shaped elevation pattern within the sectored bea: ep 3,
a spherical portion of the Macor material centered with the feed
phase center is removed from the step 2 lens [Fig. 2(e)]. Because
the air cavity is centered with the feed, no refraction occurs at
the new inner air/Macor interface and so the radiation pattern
of this lens (L1) is almost the same as for step 2. It was verified
that reflection at this interface does not influence significantly
the required lens shape. The air cavity allows for contactless ro-
tation of the lens around the fixed feed.

After the GO lens design, a PO analysis was performed to
obtain the actual lens performance, taking into account diffrac-
tion effects and internal reflections, which are left out by GO
formulation. Our own dedicated lens design and optimization
tool—ILASH—[18], based on the classical (GO/PO) combina-
tion, is used for this purpose where GO is implemented for eval-
uating the field distribution over the outer lens surface, and PO
is used to calculate its contribution to the far-field radiation pat-
tern. Calculated and measured results show that, for the final
lens (step 3), the desired elevation pattern remains reasonably
constant within a prescribed azimuth interval, depending on the
above referred axis displacement d. Optimization of the design
led to d = 9.7 mm. The final lens is 50 mm in diameter that is,
< 5)g and 30 mm height (< 3)¢).

The simulated lens radiation patterns in both principal planes
are represented in Fig. 3. As expected, the radiation pattern
cannot be as sharp as the sec(k6) function in the plane ¢ = 0°,
given the reduced lens dimensions. Although the calculated pat-
tern exceeds the analytical template used for the lens design,
it matches the loose amplitude template from Table I. The ex-
cess of the calculated curve over the analytical template could
be anticipated from the stray rays exiting the lens near § = 30°

plane ¢=0°
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Fig. 3. Simulated sector beam L1 lens radiation pattern computed with GO/PO

at 26 GHz.

in Fig. 2(e). Finally, it is noted that radiation in the ¢ = 90°
plane is clearly lower than for ¢ = 0° plane, confirming that
the axial-symmetric L1 lens with off-axis feed can in fact pro-
duce a radiation pattern with sector characteristic.

This property is clearly highlighted in Fig. 4 which shows in
3-D the simulated far-field co- and cross-polarization compo-
nents of the lens when using simulated CP feed radiation pat-
terns. The maximum directivity is 15.4 dBi at § = 61°. How-
ever, due to Macor high dissipation loss and to internal reflection
losses at the two interfaces (numerically estimated to be of the
order of 2.2 dB and 2 dB, respectively), lens gain is estimated to
be around 11.2 dBi. The maximum level of the cross-polariza-
tion component is —13.1 dB. The axial ratio value of the lens
around the maximum radiation sector is about 3 dB which, in
large part, is due to the poor axial ratio of the feed. Further sim-
ulations using a perfect CP feed have confirmed that the degra-
dation of the lens radiation pattern axial ratio amounts to a max-
imum of 2 dB. The same conclusion was obtained experimen-
tally when testing this lens with a linearly polarized printed feed.
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Fig. 4. Radiation performance (in polar coordinates) of the L1 lens computed
with the GO/PO method. (a) RHCP component; (b) LHCP component.

a) b)

Fig. 5. (a) Macor axial symmetric 50 mm diameter shaped lens (L1), with an
off-axis air dome; (b) CP probe-fed patch feed with a small ground plane.

B. Measurements

The lens prototype has been fabricated [Fig. 5(a)] using a
3-axis milling machine. An Acrylic base was glued at the bottom
just for fixing the lens to the antenna support. The weight of
the lens is only 103 g, excluding the feed and its mechanical
supports [Fig. 5(b)].

The measured input return loss of the patch is represented
in Fig. 6, both for free space radiation and when positioned at
the lens focus at the center of the air cavity. Lens reflection,
especially at the spherical air/Macor interface, produces a shift
of the frequency response. This effect can be reduced by using a
matching layer at this interface, but this was not found necessary
at this point to prove the lens concept.

-10
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Fig. 6. Measured reflection coefficient of the patch antenna and the L1 lens
antenna.
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Fig. 7. Measured radiation patterns of the L1 lens at 26 GHz.

The experimental radiation patterns of the lens are given in
Fig. 7 The measured gain is 10.4 dBi, which is reasonably close
to ILASH simulation value (11.2 dBi).

It can be seen in Fig. 7 that, around the direction of maximum
radiation (# = 61°), the measured cross-polarization is —11.3
dB. As discussed before, this high value can be easily reduced
by improving the polarization purity of the CP wave radiated by
the feed. Nevertheless, this result is still in agreement with the
specifications given in Table I.

In summary, the proposed compact < 5)¢ diameter axial
symmetrical shaped lens with off-axis feed can produce the de-
sired shaped sector beam complying with target specifications,
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while being very lightweight. It is stressed that the obtained di-
rectivity is 15.4 dBi and, if required, the 4.2 dB loss, can be sig-
nificantly reduced by using a lower loss material and matching
layers: simulations show that in this case losses reduce down to
about 1 dB for loss tangent in the order of 0.001.

1V. 3-D DOUBLE-SHELL LENS

A 3-D double-shell lens antenna (L2) has been also designed
for a 180° mechanically-scanned sector beam coverage pattern.
This geometry enables one, simultaneously, to synthesize the
sec(k@) type power template in the elevation plane, and to en-
hance the gain. The inner and outer shells are made of Macor
and Rexolite (e, = 2.53 x (1 — j0.0025)), respectively. As
previously referred, the choice of these material permittivities
allows good power transfer efficiency through the lens while
maintaining a compact size. Single-shell geometries have also
been tested, using either Rexolite or Macor dielectrics. In the
first case (Rexolite lens), the radiation performance complies
with the specifications, but the lens is too large (150 mm in di-
ameter). In the second case (Macor lens), the lens diameter is
only 70 mm but the high amount of internal reflections strongly
degrades the quality of the radiation patterns. Therefore, the
lens concept adopted here combines both solutions to take profit
from their respective benefits.

A. Lens Design

The primary source illuminating the dielectric lens is an
aperture-coupled microstrip patch antenna printed on HiK 6
substrates (e, = 6, h = 254 pm). Its geometry is similar to the
one presented in [19] and its dimensions have been determined
assuming the patch radiates in the Macor shell at 26 GHz
(adopting the same notations as in [19], the dimensions of the
patch are the following: Lya¢ch = 1365 pm, Lgjoy = 1365 pm,
Ws]ot =315 pm, Wline =735 pm, Lstuh = 1575 um).

The theoretical far-field radiation patterns computed with a
homemade FDTD solver [20] shows a full width half power
beamwidth of about 90° in both main planes. Therefore, the
feed produces a good illumination of the lens surface. These
amplitude and phase patterns are used as input parameters for
the lens synthesis [12].

The design procedure consists of a global optimization using
a genetic algorithm (GA) coupled to a hybrid GO/PO method
implemented in 3-D for arbitrarily-shaped multi-shell lenses
[12], [15]. We implemented a simple GA based on binary chro-
mosomes, tournament selection and two-point crossover. The
antennas generated by GA are evaluated with a cost-function
(Fitness function) that is minimized by GA. The Fitness func-
tion [see (1)] is calculated by summing the difference between
the magnitude of the far-field (Fgo,po(fu, @) calculated
with GO/PO for a set of directions of observation (6, ¢, ),
and {h1(0u, ©u), ho (0, @,)} the lower and upper limits of the
amplitude template

Fitness = Z Z |EGO/PO(0u7 )

_h1,2(6ua§011)|2 X A6 x Ap. (1)

Angle (deg.)
b)

Fig. 8. Power template for the 3-D lens antenna (L2). (a) 3D template. (b)
Lower (dashed lines) and upper (solid lines) bounds of the template for two
cut-planes (¢ = 0° and f = 90°).

The radiation template is represented in Fig. 8 in 3-D and in both
principal planes. The Fitness is evaluated from fields computed
in seven ¢ cut-planes, as highlighted by the black and white lines
drawn in Fig. 8(a). Due to the symmetry of the template and
feed patterns along x and y axes, the lens shape and patterns are
firstly optimized only in one quarter of the radiation space, and
then reconstructed in 3-D.

The 3-D optimized shape of the double-shell lens is shown in
Fig. 9(a). The corresponding lens profiles computed in four cut
planes (¢ = 0°,30°,60°,90°) are given in Fig. 9(b). The whole
shape is then deduced by symmetry along « and y axes. In the
optimization procedure, the thickness of the Rexolite shell is
kept constant (7 mm) and mechanical constraints are taken into
account during the synthesis procedure in order to allow the final
assembling of both shells.

The GO/PO far-field patterns of the optimized lens (com-
puted without taking into account the influence of internal re-
flections) are represented in Fig. 10. They are in good agree-
ment with the specifications. Further numerical studies based on
FDTD computations have evidenced the presence of acceptable
ripples in the lens radiation pattern (Fig. 10) due to the effect of
internal reflections in the lens.

The far-field co- and cross-polarization patterns in 3-D com-
puted with GO/PO are given in Fig. 11. The secant-squared
pattern is clearly highlighted in Fig. 11(a). The maximum di-
rectivity equals 16.4 dBi for # = 64°. The maximum level
of the cross-polarization component is —17.7 dB, confirming
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X,y(mm)
b)

Fig. 9. (a) 3-D view of the optimized L2 lens antenna. (b) Cut-planes (¢ =
0°,30°,60°,90°) of the lens (dotted line: inner interface; solid line: outer in-
terface).
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Fig. 10. Co-polarization components computed at 26 GHz in the planes ¢ =
0° (E-plane) and ¢ = 90° (H-plane) with the GO/PO method w/o internal
reflections (solid line) and with FDTD (dashed line). The gray lines correspond
to the power template specified in Fig. 8.

Max. level =-17.7 dB

Fig. 11. Radiation patterns (in polar coordinates) of the L2 lens computed at
26 GHz with the GO/PO method. (a) Co-polarization component; (b) cross-
polarization component.

thereby that the double-shell configuration has small depolar-
ization effects, as previously confirmed in Section II. In prac-
tice, possible parasitic air gaps could be present between both
shells and between the feed and the patch. It is therefore impor-
tant to anticipate their impact upon the performance of the lens.
To this end, we investigated numerically their effects using the
FDTD technique, assuming that they have a uniform thickness.
The FDTD results have shown that their effects on the radiation
performance and reflection coefficient of the lens are negligible
provided their thickness is smaller than 300 xm. However, the
presence of an air gap between the patch and the inner shell
has a significant impact on its return loss: in that case, the res-
onant frequency of the antenna is shifted to higher frequencies
(Af = 2.5 GHz and 3.1 GHz for air thickness equal to 105 pm
and 315 um, respectively).

B. Measurements

The antenna prototype has been fabricated with a 3-axis
Computer Numerically Controlled (CNC) milling machine [see
Fig. 12(a)]. The weight of the lens itself is equal to 80 g (this
value excludes the weight of the feed). The measured input re-
flection coefficient [Fig. 12(b)] complies with the specifications
given in Table I.

Measurements in amplitude at the central frequency (26 GHz)
show a good accordance between the theoretical patterns com-
puted with FDTD and experimental data (Fig. 13). The ripples
in the co-polarization patterns mainly originate from: (i) the
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Fig. 12. (a) L2 lens antenna prototype. (b) Measured reflection coefficient of
the L2 lens.

diffraction effects on the K-type feed connector; (ii) the mechan-
ical tolerances in the fabrication process; and (iii) the effects of
internal reflections inside the lens. Measured cross-polarization
is below —29 dB in both planes. The antenna gain (measured
with the comparison method) equals 12.8 dBi. The 3.6 dB dif-
ference with respect to the theoretical directivity (16.4 dBi) is
mainly attributed to (i) the loss in the dielectric materials (esti-
mated to be 0.1 dB and 1.7 dB in Rexolite and Macor, respec-
tively), as well as (ii) the loss in the patch antenna and feed con-
nector (roughly 1.8 dB). Return loss is negligible [< 0.1 dB, as
shown in Fig. 12(b)].

Similar performance has been obtained at 25.75 GHz and
26.25 GHz. These radiation characteristics are considered as
very acceptable given the moderate size of the lens and the va-
lidity domain of GO/PO technique [21]. It is also noteworthy to
mention that the amplitude of the ripples observed in E-plane
could be reduced significantly using a small ground plane, in
contrast to the one used here [Fig. 12(a)].

V. CONCLUSION

In the present work, new lens configurations have been pro-
posed to produce a sector beam with shaping in elevation that
enable simple azimuth mechanical scanning, appropriate for

E-plane

Normalized power (dB)

-90 -60 -30 0 30 60 90
Angle (deg.)
H-plane
0 —r——r—r—

T T T T T T T T T T T

Normalized power (dB)
J
o

-40
~90

-60 -30 0 30

Angle (deg.)

Fig. 13. Measured (solid line) and computed (dashed line) co-polarization
component of the L2 lens antenna at 26 GHz.

LEO satellite data link communications at 26 GHz. The main
design challenge stems from the need to comply simultaneously
with the following demanding requirements: 1) dimensions
less than 6)¢; 2) strongly shaped beam with sec(kf) pattern
and minimum depolarization effects; 3) enhanced gain; and 4)
azimuth scanning requiring no multiple feeds or rotary joints.
Two different lens configurations were proposed. One is
based on a new off-centered shaped dome lens and the other
one is based on a full 3D double-shell lens. Both solutions
comply with specifications, with 11.2 dBi and 12.8 dBi gain,
respectively. Gain could be further improved by about 3 dB
using available dielectrics with 102 loss tangent instead of
MACOR. This is at least 8§ dB higher than currently used
omnidirectional solutions. Lenses are low profile, with less than
103 g mass, and the configuration is appropriate for mechanical
rotation about an appropriate axis for azimuth beam scanning
without physical contact of the lens with the fixed feed. This
characteristic alone is a marked advantage of the proposed
lenses and together with the above referred characteristics
makes these lenses unique for the envisaged application.
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