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Abstract—A new integrated shaped lens antenna configuration is
described with frequency stable radiation pattern and phase center
position across a broad 1:3 frequency band, which can be used
for focal plane reflector feeding in quasi-optical radio telescope
systems. The lens is compatible with the integration of ultrawide-
band uniplanar printed feeds at its base and equally broadband
mixing devices, like the Hot Electron Bolometer (HEB), although
these are not used in the present work. Measurements on a scaled
mm-wave lab prototype have confirmed stable performance versus
frequency, with only 1 dB directivity variation, and better than
94% Gaussicity, thanks to the possibility to impose a predefined
output radiation pattern template. Simulations were performed to
test the illumination of an off-set parabolic reflector by the lens
radiation pattern, which confirmed reasonably constant aperture
efficiency in the order of 78% across the 100% bandwidth.

Index Terms—Broadband stable radiation pattern, broadband
stable phase center position, integrated lens antennas, millimeter-
and submillimeter wave antennas, reflector feed.

I. INTRODUCTION

UBMILLIMETER wave radio telescopes can collect radi-
ation from some of the coldest and most distant objects in
the Universe. To circumvent the atmospheric attenuation, these
telescopes are either mounted at high altitude stations like the
Atacama Large Millimeter/submillimeter Array (ALMA) [1]
or at space vehicles like the Herschel Space Observatory [2].
In Herschel and in many submillimeter wave radio telescopes,
bolometers are used as detectors [3] and can operate from
microwave up to ultraviolet [4]. The Hot Electron Bolometer
(HEB) can even be used for coherent receivers [5] and when
integrated with broadband antennas (like log-spiral or log-peri-
odic) these receivers can offer up to 100% bandwidth [6], [7].
At millimeter waves or at lower frequencies, horn antennas
(rigged [8], dielectric [9], [10] or corrugated [11]) are the most
common broadband feed elements for reflector antennas. How-
ever, the horn radiation pattern beam width and, in some cases,
also the phase center position are frequency dependent. This
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undesirable feature negatively impacts on reflector aperture ef-
ficiency, becoming critical when considering 100% frequency
span; in this case, the reflector will be used below maximum
aperture efficiency over a large part of the band. This problem
is often circumvented by splitting the wide band into multiple
sub-bands, each with its own feed horn; but then a complex
set-up is required to minimize aberrations due to off-axis po-
sitioning of the multiple horns [12]. The ideal reflector feed
should present a frequency stable radiation pattern with mod-
erate gain and stable phase center position across the whole
band.

At submillimeter waves, horn feeds are difficult to manu-
facture and align. At those frequencies, printed antenna tech-
nology is preferred and, moreover, it can be easily combined
with bolometers [6], [7]. One such feed is presented in [13].
Howeyver, due to fabrication constraints at submillimeter waves,
it is highly convenient that printed antennas can be implemented
within a single planar metallization layer (uniplanar structure).
Then, to force the otherwise bidirectional radiation pattern from
such printed elements to become predominantly directed to-
wards the reflector, a high permittivity lens is usually placed
directly on top of the printed antenna [14]. This configuration
is commonly referred as integrated lens since the feed elements
are directly in contact with the lens base. The use of the high
permittivity lens also improves the integrated feed radiation ef-
ficiency by minimizing substrate modes [14].

Most of the papers about integrated lenses use canonical
single material axial symmetric lenses like the extended
hemispherical [6], hyper hemispherical [14], elliptical [15],
[16]-[18] or synthesized elliptical [7]. In most cases it is not
possible to obtain, with these lenses, frequency independent
output beamwidth and phase center position. An alternative
configuration is proposed in [19], but the stability of the referred
characteristics is ensured only in one plane.

High permittivity materials like Alumina or Silicon are usu-
ally adopted to enhance the fraction of the uniplanar feed ra-
diation that is coupled into the lens. However, in the canon-
ical lenses the high material permittivity originates important
internal reflections at the dielectric/air interface, degrading the
beam pattern and the admittance of the antenna [20]. The quarter
wavelength matching layer approach is commonly used to min-
imize these reflections [7], [18]. However, this narrowband ap-
proach [21] cannot match the large bandwidth (more than 100%)
that is achievable with a bolometer receiver.

A new broadband double-shell axial symmetric lens for inte-
grated feeds is proposed, where the refraction interfaces from
both shells are adequately shaped to comply with a frequency
stable radiation pattern template and frequency stable phase
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centre position. Appropriate choice of permittivity values from
both materials favors significant reduction of internal reflec-
tions which are otherwise associated with high contrast lenses.
Although this solution is not able to completely eliminate the
reflection at the lens surfaces as does the classical matching
layer at the tuned frequency, it works satisfactorily for the
whole broad bandwidth.

With an appropriate feed, the lens can present low cross-po-
larization level. When used to feed a reflector, those features
favor reasonably constant and high reflector aperture efficiency
versus frequency. The main objective of the paper is to evaluate
the concept rather than obtaining a finished submillimeter wave
product. To validate the design procedure, a scaled lens proto-
type has been manufactured and measurements confirmed the
desired broadband operation performance.

The paper is organized as follows. The lens design proce-
dure is described in Section II. The performance of a lens pro-
totype is presented in Section III. Section IV presents the anal-
ysis of an off-set parabolic reflector illuminated by the lens pro-
totype. Numerical and experimental results are given and dis-
cussed throughout. Conclusions are finally drawn in Section V.

II. LENS DESIGN PROCEDURE

This section presents the design formulation based on geo-
metrical optics (GO), which was used to obtain a first step closed
form solution for a double-shell axial symmetric lens complying
with two design conditions: the phase centre position behind
the lens (outside its body) and a target far-field amplitude tem-
plate. Lens dimensions are assumed to be large relative to the
wavelength. The effectiveness of the design, including diffrac-
tion effects and internal reflections, is analyzed in a second step
by using the classical hybrid geometrical optics/physical optics
(GO/PO) approach [22] and also comparing it with measure-
ments.

Consider the geometry from Fig. 1 where 77 and 7o are the
refraction indexes from the outer and inner lens shells, respec-
tively, and S and F are the corresponding axial depths. The two
lens surfaces are defined by variables 7, « and R as functions of
the ¢ angle and are obtained from a system of three differential
equations as explained next.

Power conservation in an elementary ray tube crossing the
lens system requires that [22]

da T(p)U(p)singp
dp  KG(a)sina

(D

where U(¢p) is the feed power pattern, G(«) is the desired far-
field power pattern template, T'(¢) is the transmissivity across
the lens layers [22] and K is a normalization constant to be
determined from the total balance between the power inside and
outside the lens
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Fig. 1. Geometry for the lens design.

being ¢p,ax the maximum feed aperture and auy,x the maximum
output angle.
Further imposing Snell law at the inner interface results in

dr rsin(y —
dr _ _reinp—7) 3)
dp  cos(p—7) — 2
while imposing Snell law at the outer interface results in
dR _dRda _ Rugsin(y—a) T(g)U(g)sing
dp dadp 1—mnjcos(y—a) KG(a)sina
“
Finally, the following path length conditions are imposed:
rng+Iln, =R )
Rcosa=rcosyp+1lcosy+zg

The lens profile is obtained by solving the system of three dif-
ferential equations (1), (3) and (4) with respect to ¢ integrating
from ¢ = 0° to ¢ = @Ymax. The v angle required in (3) and (4)
is obtained from the following explicit expression derived from

®)

n1(Rcosa — rcosp — zg)

(6)

¥ = arccos
R —nor
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The initial conditions at ¢ = 0° are

a=0°
{T’F . @)
R:W/2F+nls

Itis important to be aware that the distance from the phase center
position to the base of the lens z is settled once the lens shells
refraction index and axial depths are chosen. In fact, from (7)
we have

20=R(e=0)—F—-S=F(ns—1)+Sn1—1). 8

Note that (1) is numerically undetermined at ¢ = 0°. To obtain
its value at ¢ = 0°, the following relation is written from (2)

o ¢
/ KG(o)sinada = / T(p)U(p)sinpdp  (9)
0 0

and evaluated in the limit as & — 0 and ¢ — 0. This results in

(10)

where T'(¢), U(p) and G(«) are assumed constant near ¢ = 0°
and « = 0°. Finally, from the above equation, we have the
corresponding limit value for (1)

da  [T(p)U(y) (11
de KG(a) =

This result is also used in the related part of (4) for ¢ = 0°. The
design formulation is integrated into the software tool ILASH
developed by the authors [23].

The GO lens design is inherently broadband as long as lens
dimensions are large compared to the wavelength and as long as
the feed radiation pattern remains constant and coincident with
the used U(y) template.

III. LENS PROTOTYPE

This section presents a lens design example, intended to val-
idate the proposed concept and the design procedure. As previ-
ously referred, it is out of the scope of the paper to address the
technological issues related to the fabrication of a radio tele-
scope reflector feed lens at sub-millimeter waves. Therefore,
in order to facilitate lab prototype manufacturing and measure-
ments, a scaled lens was designed to operate from 30 to 90 GHz
(100% bandwidth). Also, an embedded waveguide aperture was
adopted as the lens feed. Although the operation band of this
type of feed is not wide enough, the broadband characteristic of

Fig. 2. Waveguide lens feeds for the Q-band (left) and for the V-band (right).

the lens can still be tested using separate waveguide feeds, each
one designed for partial bands.

A broadband printed slot feed antenna with integral mixer
presenting frequency stable linear polarization has already been
developed and used by the authors for integrated lenses [16],
[17]. However, the measurement setup available at our labo-
ratory to test feeds with integral mixer cannot retrieve phase,
which is of utmost importance in the present paper to assess the
stability of the lens phase center.

So, alternatively, two waveguide feeds with equal radiation
patterns were implemented: one in Q-band and another in
V-band [24] (see Fig. 2). Both feeds have a tapered waveguide
section loaded with dielectric material, ending in a narrow
square aperture designed to present a good power transfer to
the lens and produce a circular symmetric radiation pattern at
the inner lens medium with about 8 dBi directivity. Its radiation
pattern inside the lens is similar to that obtained by the classical
uniplanar integrated double-slot feed, for the design frequency.

Although submillimeter integrated lenses are commonly
made from very high dielectric permittivity materials like
Alumina or Silicon, its mechanical hardness does not favor
fabrication of larger lenses for millimeter waves by the milling
technique available in our lab. No machinable material with
comparable permittivity, low losses at millimeter waves and
adequate size could be found, so the best approach was to use
MACOR™ for the inner shell, a ceramic-based dielectric ma-
terial (e, = 5.5(1 — j0.0118)). Acrylic was used for the outer
shell (g,;7 = 2.53(1 — j0.0118)). The complex permittivity
values of these materials were measured and confirmed using
both a waveguide method and an open Fabry-Perot resonator
method [25]. The adopted square root relation between the
permittivity of the inner and outer shell materials maximizes
the power transfer across the double-shell lens [26]. It was
verified by simulations that even if the loss tangent of these
alternative materials is high, the conclusions regarding the lens
broadband performance in terms of beam width, Gaussissity,
phase centre, polarization and internal reflections do not change
for lower loss materials. Of course the described lens design
procedure can be used with other combinations of existing
dielectric materials, including 2 x 10~ loss tangent dielectrics
that enable lens radiation efficiencies up to 95%.

Fig. 3 presents the main planes power pattern from both
waveguide feeds when radiating into unbounded MACOR™
medium. These simulated results were obtained with
WIPL-D™ electromagnetic solver [27] based on the Method of
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Fig. 3. Waveguide feeds simulated radiation pattern for an unbounded medium
of MACOR: (a) E-plane; (b) H-plane.

Moments. Both feeds present similar axial-symmetric radiation
power patterns, which can be approximated by a Gaussian
curve

U(p) = exp[—2(¢/®0)’]

with Gaussian width ¢y = 64°. The Gaussian curve is also
superimposed on Fig. 3. An important figure of merit for radio
astronomy applications is the Gaussicity of the antenna output
beam [14] gauss Which measures how well the antenna couples
to an incoming Gaussian beam. In the present case this value is
influenced by the lens itself and by its feed radiation pattern.
Gaussicity of the adopted waveguide feeds radiation pattern is
of the order of 96%.

So, a Gaussian far-field power template was also adopted for
G(«) in the lens design. The corresponding Gaussian width
g = 23° was adjusted to ensure an adequate illumination taper
at the rim of the reflector as will be detailed in Section IV. All
the lens design parameters are summarized in Table I. Given the
selected values, the phase center position determined from (8) is
zp = 68.7 mm, behind the lens base. The obtained lens profile is
presented in Fig. 1 and a photograph of the manufactured proto-
type is shown in Fig. 4. The waveguide feed is attached through
an Archimedean screw to a threaded hole at an extended part of
the base of the lens. This enables simple and reliable exchange
of the test feeds without compromising alignment and measure-
ment repeatability.

The magnitude of the lens input reflection coefficient mea-
sured at the input port of each waveguide feed is presented in
Fig. 5, which confirms an adequate match. Full-wave CST Mi-
crowave Studio transient solver [28] simulations of the wave-
guide radiating into a low-loss version of the lens and into un-
bounded media of the same permittivity have shown that the
reflection level at the waveguide port is mostly determined by
the waveguide open-end mismatch (about —12 dB). Lens in-
ternal reflections originate negligible ripple on top of this level.
So, lens internal reflections are low, but not because they are
damped by material losses.

Magnitude and phase radiation pattern measurements were
conducted at 40 GHz (with the Q-band waveguide) and at 62.5
GHz (with the V-band waveguide). The lens position in the
setup was adjusted to make the waveguide aperture lie at the

(12)

Fig. 4. Fabricated lens prototype with inner shell of MACOR and outer shell
of Acrylic.

TABLE 1
LENS DESIGN PARAMETERS
Designation Variable Value
Inner shell height F 41.8 mm
Outer shell height S 20.9 mm
Inner shell refraction index n; 55
Outer shell refraction index m 253
Feed Gaussian width Oy 64°
Maximum feed aperture Dmax 90°
Far-field Gaussian width Clo 23°
Maximum subtended angle Clinax 31°
[dB]
0

AA..u.,l;l...,n_m'l...u..Jxxl...
35 40 45 50 50 55 60 65

freq [GHz] freg [GHz]
(a) (b)

Fig. 5. Magnitude of the input reflection coefficient of the prototype lens when
using the waveguide feed at: (a) Q-band; (b) V-band.

intersection of the chamber azimuth and roll positioner axes.
The obtained results are presented in Figs. 6 and 7. The figures
also show the corresponding simulated GO/PO results predicted
by the ILASH tool [23], taking into account diffraction effects
and first order internal reflections. Note that, in order to make
the phase center characteristic more clear, the measured phase
was subtracted by kg zg cos(¢), which is equivalent to shifting
the lens so that its rotation axes intersect at the GO predicted
phase centre position zy. The ky represents the free space wave
number.

The results from Figs. 6 and 7 show that at the main planes
the lens magnitude radiation patterns are frequency stable. Mea-
sured cross-polarization level is generally below —20 dB. It was
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Fig. 8. Simulated radiation pattern of the lens: (a) E-plane amplitude; (b)
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Fig. 7. Measured and simulated radiation pattern of the lens at 62.5 GHz: (a)
E-plane magnitude; (b) H-plane magnitude; (c) E-plane phase; (d) H-plane

phase.

verified by simulation that the cross-polarization level in the di-
agonal plane reaches —15 dB. It is clear that the measured phase

H-plane amplitude; (c) E-plane phase; (d) H-plane phase.

curve is almost constant within the main beam for both test fre-
quencies and coincident for both planes, which translates into a
well defined constant phase centre across the elevation angle 6,
that is simultaneously coincident with the GO predicted value
zg = 68.7 mm.

The good agreement between measurements and simulations
in Figs. 6 and 7 confirmed the validity of the ILASH GO/PO
analysis. Actually, this tool has been thoroughly validated
against measurements made on several canonical and shaped
dielectric lenses [24], [29]. Therefore, the ILASH tool was used
to evaluate the lens performance for the rest of the band from
30 to 90 GHz, assuming unchanged feed power pattern given
by (12). Fig. 8 presents the lens radiation pattern simulated by
ILASH, for different frequencies within the 100% bandwidth.
As verified with the measurements for two far apart frequencies,
the simulations also show frequency stable radiation patterns
and phase center positions.

Fig. 9 shows the —10 dB beam width as well as the lens di-
rectivity dependence with frequency. Directivity is very stable
along the bandwidth with oscillations of about +1 dB. For com-
parison, the directivity of a uniformly illuminated aperture in-
creases by 9.5 dB from edge to edge of a 100% bandwidth. How-
ever, the lens measured gain is not frequency independent due
to the moderate dissipation losses associated with MACOR and
Acrylic: in fact the measured gain is 9.9 dBi at 40 GHz while
it is 6.4 dBi at 62.5 GHz, somewhat lower than the directivity
values from Fig. 9. Dissipation losses depend on path length
inside the lens normalized to the wavelength, thus introducing
frequency dependence on gain. The effect of these losses could
be minimized if Alumina and Fused Quartz were used instead.
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With loss tangent in the order of 2 x 10~%, the resulting radia-
tion efficiency would range from 87% (—0.6 dB) to 95% (—0.2
dB) across the same bandwidth.

Fig. 10 shows the frequency dependence of the phase center
position with respect to the lens base, which is quite stable. This
result, along with the reasonably constant beam width versus
frequency characteristic shown in Fig. 9, can ensure frequency
independent reflector aperture efficiency. The same behavior
was also observed in CST full-wave analysis of the lens fed by
the integrated broadband printed slot feed from [16], [17]. The
simulations were carried in the 30-50 GHz interval, limited by
the large size of the lens (30 A at 90 GHz, requiring 90 GB of
RAM).

The Gaussicity [14] parameter 7gauss allows evaluating the
performance of the lens simultaneously in relation to the ampli-
tude and phase center of the radiated field, since it measures it’s
coupling to a Gaussian beam of the form

EGa,uss - eXP[_(9/6G0)2] exp[j7r(6/9Gl)2]u_G> (13)

where u¢ is the polarization unit vector, f¢o is a constant
Gaussian width and f¢g; is a phase parameter related to the
phase center position zg

fa1 = v Ao/ 7o

(14)
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Fig. 11. Quasi-optical broadband focusing system configuration.

where Ag is the wavelength in free space. Fig. 10 shows that the
maximum Gaussicity of the lens output beam remains always
above 94% for constant 69 = 20.5° and zg = 68.7 mm.

IV. LENS PLUS REFLECTOR ANALYSIS

In this section the results from the prototype lens are analyzed
together with an offset parabolic reflector in order to evaluate the
lens potential for broadband focal plane illumination with con-
stant aperture efficiency. The geometry is specified in Fig. 11.
The system is formed by an off-set parabolic reflector that is
fed by the previously designed lens. The lens axis is at 90° with
respect to the generating parabola axis (z'-axis) and the lens is
shifted up so that its phase center is coincident with the parabola
focal point. Mechanical rotation of the reflector with respect to
x’-axis may be used for azimuth beam scan. The parabola focal
length is f = 1.25 m and the projected reflector aperture diam-
eter is D = 2 my; the reflector rim corresponds approximately
to 9 = 28°. The feed beam width was previously chosen as
A« = 56° when defining G(«), to ensure —16 dB field taper
at the rim.

The ILASH tool [23] was used to evaluate, through GO/PO,
the reflector far-field radiation pattern when illuminated by the
lens radiation pattern. For cross-check purposes, the reflector ra-
diation pattern was also calculated using GRASP9 student edi-
tion [30] when illuminated by a frequency constant Gaussian
beam with Ao = 20.5°. It is noted that the GRASP student
edition version does not allow using external feeds. Main planes
radiation patterns are presented in Fig. 12 for different frequen-
cies in the 30 to 90 GHz frequency interval.
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Fig. 12. Reflector simulated radiation pattern. ILASH uses lens radiation pat-
tern as feed; GRASP uses ideal Gaussian beam feed: (a) E-plane 30 GHz; (b)
H-plane 30 GHz; (c) E-plane 50 GHz; (d) H-plane 50 GHz; (e) E-plane 70 GHz;
(f) H-plane 70 GHz; (g) E-plane 90 GHz; (h) H-plane 90 GHz.

The reflector output beam width decreases with increasing
frequency, as expected, since the lens produces an almost
frequency independent illumination of the reflector surface.
The slight difference between ILASH and GRASP results is
explained by the difference in the feeds used in each tool.
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Fig. 13. Directivity and aperture efficiency of the reflector.

Fig. 13 shows the output beam directivity versus frequency.
It also shows the reflector aperture efficiency defined as the ratio
between its effective area and the physical area

Ao A\’

Teff = Aphy - <7TD> Greﬂ
where G'.qq is the gain of the reflector along the direction of the
peak of radiation. The gain of the reflector G was calculated
in a first step using the lens radiated power instead of the power
at the lens feed port in order to rule out the effect of the dissi-
pation losses associated with the lens materials and thus isolate
the frequency behavior of the lens beamwidth, phase center po-
sition and reflector aperture efficiency. The result is presented
in Fig. 13, confirming the desired constant characteristic of 7.,
in the order of 78%. When dissipation losses from the MACOR
and Acrylic prototype materials are included in the gain calcu-
lation, the aperture efficiency ranges from 4% to 28% across the

studied band. But for Alumina and Fused Quartz it ranges from
67% to 71%.

(15)

V. CONCLUSION

A new integrated lens antenna configuration was proposed
with the objective to produce constant radiation pattern and
phase center position across a very broad frequency band, in-
tended for focal plane illumination of radio telescope reflector
antennas with constant aperture efficiency across the band. This
simple structure can compete with the complex assemblies of
multiple split-band horns.

The two shaped refraction surfaces from the double shell
lens configuration offer two degrees of freedom to enhance
the output beam Gaussicity and to control the phase center
position. Appropriate choice of the permittivity value from the
two materials that form the lens shells enables a non-resonant
broadband matching of the waves that impinge at the lens
interfaces. This copes with the classical problem of lens in-
ternal reflections originated by the need to use high permittivity
dielectric materials to force the uniplanar feed radiation to
couple strongly to the lens. The narrow-band A/4 matching
layer is thus avoided. In part because the proposed lens design
is based on GO, it has no frequency limitation as long as the



8 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 58, NO. 12, DECEMBER 2010

overall dimensions remain larger than the wavelength and
the lens feed radiation pattern also remains constant and with
good Gaussicity. The proposed lens configuration is ideal for
integration with broadband coherent receivers like those using
the hot electron bolometer, although these were not considered
in the present study.

A lens prototype was fabricated and experimentally tested.
Because the paper objective is just to prove the concept and not
to explore the technological aspects of lens fabrication, some
simplifying steps were taken, which do not preclude the in-
tended demonstration: the prototype was designed to operate
from 30 GHz to 90 GHz, two especial waveguide feeds with
similar radiation pattern at two partial bands were used, and
MACOR and Acrylic materials were used for lens fabrication
instead of the common low loss but mechanically hard Alu-
mina and Fused Quartz. Measured results have shown frequency
stable radiation patterns with only -1 dB of directivity variation
across the bandwidth and a frequency stable phase center posi-
tion located behind the lens, outside the lens body. Coupling
of the lens radiation pattern with a Gaussian beam (Gaussicity)
is better than 94% within the 100% bandwidth. Simulations in-
cluding an off-set parabolic reflector showed almost frequency
constant aperture efficiency ranging from 77.5% to 79% within
the 1:3 bandwidth.

Although the excessive losses from MACOR and Acrylic ma-
terials used in the lab prototype reduces significantly the system
gain, dissipation losses do not otherwise affect the lens output
beamwidth, Gaussissity or the phase center position, thus do not
preclude the validation of the concept. In fact, both GO/PO and
full-wave simulations have confirmed that these characteristics
are maintained when losses are very low (tané§ = 2 x 107%)
which are typical for Alumina and Fused Quartz. There is no re-
striction to redesign the lens with the same objective using any
other combination of dielectric materials, including 2 x 10=*
loss tangent dielectrics that enable lens radiation efficiencies up
to 95%.
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