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Shaped Parallel-Plate Lens for Mechanical
Wide-Angle Beam Steering

Thomas Strober, Ségoléne Tubau, Etienne Girard, Hervé Legay,
George Goussetis Senior Member, IEEE, and Mauro Ettorre, Senior Member, IEEE

Abstract—This paper presents a parallel-plate lens beam-
former for continuous wide-angle scanning. The design is based
on a compact dual-lens system with extended scanning range
and is optimized using a previously developed geometrical optics
technique. Beam steering is accomplished with a mechanical
feed system based on the non-contact characteristic of groove
gap waveguides, offering large bandwidth, low profile, and
mechanical ruggedness. The proposed concept is validated by
an all-metal prototype of a 20.5-\ lens operating in the uplink
Ka-band allocated to satellite communications (27.5-31 GHz).
Good agreement is obtained between the simulated and measured
performance. The measured return loss is greater than 12dB
over the entire frequency band and beyond. High scanning
performances are achieved over an angular range of +50°(+14
beamwidths), with maximum scan losses in the order of 3 dB and
good pattern stability over the entire band. The proposed solu-
tion is particularly suited for next-generation satellite terminals
requiring compact broadband antennas with continuous beam
steering capability over a large angular range.

Index Terms—beam-scanning antennas, gap waveguide tech-
nology, lens antennas, mechanical beam scanning, parallel-plate
optics.

I. INTRODUCTION

The evolution of low and medium earth orbit satellite
constellations for ubiquitous high-speed coverage has driven
the development of low-cost antenna solutions with large
angular scanning range. In this context, continuous parallel-
plate beamformers have received particular attention [1]-[4].
Their main advantages include broadband performance, me-
chanical ruggedness, high radiation efficiency and ease of
manufacturing. Especially the latter two aspects are important
factors in applications where a high number of beams or
large apertures are required. For moderate scan ranges (up to
about 35°/10 beamwidths), the parabolic pillbox presents an
attractive solution [2], [5]. Beyond this range, the performance
is typically limited by the onset of high sidelobes on the
boresight side. Wide-angle scanning up to +55°has been
demonstrated with circular pillbox antennas [6]. However, ad-
ditional optics are essential to correct spherical aberrations and
to provide acceptable levels of aperture efficiency. Luneburg
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lenses offer aberration-free scanning and a number of parallel-
plate implementations with low fabrication complexity have
been proposed to date [1], [7], [8]. More recently, a novel type
of geodesic lens has been proposed for scan ranges beyond
+60° [4], [9]. The described approach allows wideband opera-
tion, relatively simple construction and a significant reduction
in height when compared to the original Rinehart-Luneburg
design. However, the overall size and shape of the lens limit
its range of applications. Furthermore, lenses based on a
shaped vertical parallel-plate waveguide (PPW) section have
been introduced recently [3], [10]. The degrees of freedom of
previously presented designs are comparable to that of con-
ventional bifocal lenses [11], thus yielding excellent focusing
performance over a moderate scanning range. Just as geodesic
lenses, such designs overcome the bandwidth limitation and
manufacturing complexity of constrained lenses. In addition,
the proposed solution does not require an oversized aperture
and offers a high degree of design flexibility, such that the
lens geometry can be formed to fit into various beamforming
structures. Due to its rectangular footprint, the lens can be
combined with advanced linear radiating structures such as
continuous transverse stub arrays [2].

In previous parallel-plate lens designs stationary feeds are
employed to provide multiple fixed beams or discrete beam
scanning. The proof-of-concept design presented in [10] pro-
duces six equally spaced beams in the range +30°. Improved
multiple-beam coverage of a similar angular range has been
demonstrated with a Ka-band design [3]. To provide near-
constant communication links, future satellite constellations
with highly dynamic link geometries call for continuous beam
scanning over an enhanced angular range of up to 60°. These
two essential requirements have not been addressed in the
context of shaped PPW lenses with linear aperture.

For ground-segment antennas, continuous scanning is most
conveniently accomplished by mechanical movement of a
smaller subcomponent. Movable feeds with coaxial cables
have been employed in beam-scanning pillbox systems [2],
[12]. For lens antennas with circular feed motion path, ro-
tary waveguide joints are most commonly used to design
mechanical scanning feeds [13]. Both solutions involve a num-
ber of disadvantages such as low impedance bandwidth, the
susceptibility to mechanical stress for coaxial-to-waveguide
transitions, and the vertical feed-through geometry of ro-
tary joints. In the past decade, the design flexibility of gap
waveguides has promoted the development of various high-
performance antennas and circuit components for millimeter-
wave applications. Gap waveguides combine the advantages of
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conventional waveguides such as high power-handling capa-
bility and low loss with the unique feature that no physical
contact is needed between the two waveguide plates [14].
So far, this characteristic has been of interest mainly for
manufacturing reasons, since high-precision machining and
assembly can be avoided and the associated costs therefore
be reduced significantly [15]. Moreover, the concept of gap
waveguides has been exploited for the design of rotary phase
shifters enabling mechanical beam scanning with slot arrays
[16], [17].

In this paper, two recent advances in the development
of continuous parallel-plate beamformers are presented: first,
the design of a dual-lens system with enhanced scanning
performance is introduced. The solution proposed here uses
a pair of closely spaced converging PPW lenses [3], [10]
resulting in a compact design with large F/D optics. Second,
a novel mechanically reconfigurable feed system based on gap
waveguide technology is presented. By moving one plate of
the gap waveguide feed along the focal arc of the lens system,
the main beam is mechanically steered in elevation.

This paper is organized as follows. In Section II, basic
design principles for the quasi-optical system are discussed,
while emphasis is placed on the involved design trade-offs
due to mechanical constraints. The design of the feed system
is detailed in Section III. Simulation and measurement results
are reported in Section IV for a lens beamformer operating at
Ka-band. Concluding remarks are given in Section V.

II. QUASI-OPTICAL DESIGN
A. Basic Design Principles

Fig. 1 shows the basic geometry of a parallel-plate lens
beamformer. The structure can be divided into two main parts:
a horizontal parallel-plate cavity forming the focal region and
a continuously shaped vertical PPW section which constitutes
the actual lens (inverted U-shape in cross section). Throughout
the design, the plate spacing H is chosen such that only the
dominant transverse-electromagnetic (TEM) mode propagates.
A linear flare is used to interface the parallel-plate region with
free space.

A deeper insight into the focusing behavior of the structure
can be gained by approximating it as a constrained lens, allow-
ing the definition of two independent path length conditions.
Since the delay section is formed by a uniform guide, the
continuous lens can be viewed as the “constant refractive
index” design discussed in [11], with the difference that inner
and outer lens profile are identical and, in theory, collocated.
The latter property is also the key difference with respect to
the classical Rotman lens where the inner lens contour and the
array port positions can be defined independently. It should be
noted that also the proposed design is a true-time delay device,
offering frequency-invariant beamforming.

Following the design principles in [11], two symmetrical
off-axis focal points can be specified, which leads to elliptical
lens profiles. Furthermore, a simple expression describing
the height profile of the vertical parallel-plate section can
be obtained. Nevertheless, previous work has shown that the
constrained lens model is not entirely adequate for the analysis
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(d)

Fig. 1: (a) Perspective view and (b) cross-sectional view of a
continuous parallel-plate lens.

and design of shaped PPW lenses as it only approximates the
propagation inside the vertical section. A ray-tracing procedure
has been developed [18] to account for this effect, thus allow-
ing an accurate prediction of the resulting radiation patterns.
Moreover, due to its low computational cost, this method can
be conveniently embedded into an optimization process. In
this case, it is advantageous to represent the lens profiles
by polynomial functions which provide additional degrees of
freedom for retrieving the performance of the constrained
lens model. The optimization procedure can be based on a
phase-only model with the goal to minimize the root-mean-
square (RMS) phase error for a range of feed positions. This
approach results most likely in a non-focal design [19] which
can differ considerably from the bifocal geometry. Using
instead a pattern-based optimization, the available degrees of
freedom can be further exploited to also control the amplitude
performance of the lens [3].

In selecting the lens diameter D and a reference focal ratio
F/D, the desired beamwidth, edge taper, size limitations and
the requirements on scan loss and sidelobe levels need to be
taken into account. The constrained lens model, for which the
primary aberrations can be found explicitly [11], aids in the
dimensioning process. Fig. 2 shows the maximum phase error
at the edge of a 20-\ aperture that occurs within a certain
angular scanning range for a given focal ratio. As in [11], the
presented results were calculated assuming that the focal point
angular position « is set according to the maximum scanning
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Fig. 2: Maximum phase error at the aperture edge of an
equivalent constrained lens of D =20\ with refocused focal
arc as a function of F/D and scanning range.
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angle. The refocused configuration refers to a focal arc defined
by g= 1+a?, with g being the ratio of on-axis feed distance
to focal length. It can be seen that the lens is well corrected
up to scan angles of about 40°for a moderate F/D of 0.7.
Higher variations are seen for lower focal ratios, i.e., where
the approximations made in [11] for deriving the refocusing
condition become less accurate. In this simplified model, the
phase error is predominantly coma, resulting in a sidelobe level
of about —13dB for a 90°-error at the aperture edge when
employing a 10-dB edge taper. It has been demonstrated in
[3] and [20], that a similar correction can be achieved for
practical parallel-plate designs by shaping the lens profiles and
feed curve.

Next, starting points and limits for the coefficients a,, in the
polynomials representing the inner lens and delay path profile
(see Fig. 1)

N

foly) = Y any®™ (1)
n=0
N N

fo(y) = Y apy®™ —min{ ) @iy} (1b)
n=0 n=0

need to be defined. The above expressions refer to polynomials
of order 2N defined over the normalized range —d/2 <y <d/2
with d=D/F. The initial values can be set such that (f;,
f;) approximate the shape of an adequate constrained lens
model with elliptical profiles. The parameter range should be
specified such that strongly curved contours, where the ray-
tracing method based on local application of Snell’s law of
reflection becomes inaccurate, are avoided.

While the above guidelines are applicable to various lens
designs, the parameters defining the feed positions require
more careful consideration. In the classical constrained lens
designs, feeds are employed on a circular curve [11], [21].
Moreover, it has been demonstrated in [22] and [23] that phase
errors for non-focal feed positions can be reduced significantly
when resorting to non-canonical feed curves. Accordingly, the
feed position for each scan angle could be used as an additional
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Fig. 3: Normalized RMS phase error versus scan angle of
constrained bifocal lens models and of an optimized non-focal
design with F/D=0.7.

degree of freedom in the optimization process. However,
using a circular feed motion path substantially reduces the
complexity of the mechanical design since a simple rotary
actuator can be used to displace the feed. Another design
constraint is the fact that at every scan position, the feed
should be directed toward the center of the lens to ensure
symmetric illumination and a minimum of spillover losses.
This is particularly important if no absorbing sidewalls or
dummy ports are used since internal reflections may lead to
disturbed radiation patterns and increased reflection losses.
Unless an additional actuator is used, a proper orientation of
the feed is only achieved if the center of the focal arc coincides
with the apex of the inner lens profile. As a results, only one
parameter, namely, the radius of the focal arc can be used in
the optimization process for defining the feed positions.

The impact of the above design constraints can be demon-
strated by studying the RMS phase errors of a constrained lens
reference model. The results plotted in Fig. 3 are normalized
by F/X\ and refer to a bifocal lens with F/D=0.7 and focal
point angular positions of a=+30°. As already indicated
earlier, significant phase errors occur for the required config-
uration of g=1.0 (focal arc centered at the apex of the lens)
at broadside. The effect of refocusing is verified by the low
RMS error resulting for g=1.27; however, this configuration
is only relevant for stationary feed systems. It should be also
noted that the curvature of the resulting focal arc is more
pronounced, which may lead to practical difficulties [22]. Also
shown in Fig. 3 is the RMS error of an optimized continuous
PPW lens having the focal arc centered on the apex of the
inner lens contour. The results, calculated using the ray-tracing
technique detailed in [18], confirm that for scan angles up
to 30°, a low, nearly constant level of phase errors can be
achieved with such a non-focal design.

B. Dual-Lens Design

As indicated in Fig. 3, the focusing performance for each
lens model deteriorates rapidly at scan angles beyond +35°.
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Fig. 4: (a) Cross-sectional view of a dual-lens system, (b) first-
order optics model.
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Fig. 5: Rays passing through a dual-lens system in transmis-
sion (—) and rays describing the virtual image formation (- -)
for (a) ¢o = 0°, (b) g = 25°.

Naturally, this effect can be mitigated by increasing the focal
length of the lens. Referring to the bifocal lens model, it can
be shown that second-order aberrations decrease as 1/F and
coma errors as 1/F 2 [11]. For the desired scan range of +50°it
appears that, unless an excessive edge taper is used, a focal
ratio greater than unity is required in order to keep sidelobe
levels and scan losses within reasonable limits. This would,
in turn, necessitate a more directive feed to maintain a given
edge illumination. In fact, there is no restriction on the size of
the feed aperture in the proposed single-feed design. However,
the axial extent of the lens and the support required for the
feed system become unreasonably large in such a design.
Instead, a second lens of equal diameter is introduced to
provide additional degrees of freedom. The resulting structure
can be treated as a system of two thin lenses as shown in
Fig. 4(b). The basic design principle consists in using two
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Fig. 6: (a) Effective focal length and (b) angular magnification
of a dual-lens system with /=D/10.

converging lenses of larger focal ratios /D and F»/D which,
with a proper spacing [, yield a moderate effective focal ratio
R/D representing the radius of the feed arc. Since on transmit,
the feed is placed at a distance R < F'| from the origin, i.e.,
in between the first lens and its focal point, a virtual image is
formed as illustrated in Fig. 5 for two different feed angular
positions ¢g. To transform the fields generated by the feed
into a plane wave, the second lens is designed such that its
focal surface (described by F, at broadside) coincides most
effectively with the virtual image positions.

The design frequency is fixed to f.=29.25GHz with
a free-space wavelength of MAg=10.3mm. Targeting a
beamwidth similar to the design in [3], a lens diameter of
D=20.5)\p=210mm is selected. The design procedure for the
dual-lens system consists of three steps. First, the basic param-
eters F', F», R and [ are defined using first-order optics [24]. In
the present case, the lens spacing is set to =2\ ~ D/10. This
leads to a compact design while providing some margin for the
accommodation of the lens profiles f, in the xy plane, which
may exhibit different curvatures at the edges. In addition, good
accessibility during machining is ensured. The effective focal
ratio R/D of the system is shown in Fig. 6(a) as a function
of the focal ratios of the two individual lenses. Furthermore,
Fig. 6(b) shows the estimated angular magnification for a feed
displaced by D/2 along the focal plane, i.e., the ratio between
beam pointing angle and angular feed displacement. Also in
this case, a trade-off must be found between limited phase
errors (large F; and F,) and compact size (small R/D). A
lower limit on the focal ratios can be infered from Fig. 2.
Additionally, the reduction in field of view must be considered.
It should be noted that in the limit as / — 0, the magnification
approaches unity for all lens combinations. In the final design,
focal ratios of F{/D=1.2 and F,/D=1.6 are used, resulting in
a moderate effective focal ratio of R/D=0.7 and an angular
magnification of about 0.96.

Starting from analytically defined surfaces [18], a fast
phase-only optimization process is used to shape the contours
of both lenses separately. Even-order polynomials of order ten
are used to define a lens geometry as shown in Fig. 5. Finally,
the dual-lens system is fine-tuned by performing an optimiza-
tion with respect to the secondary pattern characteristics [20].
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Fig. 7: Calculated (—) and simulated (o) focal surface for an
angular range of [0...30°], imposed focal arc (- -).
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Fig. 8: (a) Normalized RMS phase error and (b) gain loss
versus scan angle of optimized single-lens and dual-lens
design for a 20-dB edge taper; simulation results (¢).

Although requiring the evaluation of a radiation integral in
each iteration, such an approach is essential in the final design
stage since amplitude-related effects become critical at large
scanning angles. The optimized polynomial coefficients are, in
ascending orders, a* =[0, -0.23, -0.34, 0.06, 0, 0], a*' =[O0,
-0.118, —0.04, 0, 0.05, 0] for the first lens and a*=[0, —
0.05, -0.63, -0.18, -0.03, 0], @ =[0, —0.099, 0, 0.03, 0, 0]
for the second lens. The focal surfaces of the two separate
lenses resulting from plane-wave incidence at angles in the
range [-30...30°] are plotted in Fig. 7; for illustration also
the lens contours and the imposed feed arc are depicted. The
RMS phase error of the final dual-lens design is shown in Fig.
8(a), indicating good performance over the entire scan range.
In fact, the curve suggests good focusing performance even
up to 60°. However, in this case the feed lies relatively close
to the edge of the first lens, resulting in a strongly distorted
amplitude distribution over the aperture. Geometrical optics
and full-wave simulations showed that no useful patterns can
be produced at this angular range.

For validation, the phase of the electric field along a straight
line in front of the lens aperture has been extracted from
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Fig. 9: Calculated, simulated and ideal phase front along a
straight line in front of the lens aperture.

full-wave simulations in Ansys HFSS. As can be seen from
Fig. 9, a good agreement with the results from ray tracing is
found over large parts of the aperture; the ideal phase profile
is depicted for comparison. However, for wide scan angles the
deviation of the phase front becomes more significant at the
aperture edge toward negative y (i.e., on the side where the
feed is located). This is due to the limited accuracy of the ray-
tracing method when angles made by incident rays with the
normal vectors to the lens contours become large. In this case,
the rays inside the vertical delay section experience significant
lateral deflection but are still represented by straight lines; a
more accurate description would be achieved with geodesic
rays [25]. The calculated gain loss is shown in Fig. 8(b) for
the optimized single- and dual-lens configuration with linear
aperture and an edge taper of 20dB. It can be seen that the
latter provides nearly a cosine variation of gain up to 40°. The
estimated scan loss at 50°is about 2.5 dB.

Up to this point, the performance of the dual-lens has been
studied at a fixed frequency. To demonstrate its focusing
properties over frequency, the lens system of Fig. 4(a) (without
flare) is simulated under plane-wave incidence. The positions
of the resulting focal spots are shown in Fig. 10 for a range of
incidence angles and frequencies. The high stability of these
points with frequency verifies the true time delay of the lens.

III. RECONFIGURABLE FEED DESIGN
A. Gap Waveguide Structure

For a dynamic beam steering mechanism, a movable con-
nection between external circuits and the feed must to be pro-
vided. Coaxial cables are light weight and can track virtually
any form of motion, therefore offering great design flexibility.
However, even for stationary feeds, precise machining and
assembly of the coaxial-to-waveguide transition is required to
ensure a proper positioning of the probe [12]. To mitigate the
risk associated with recurrent mechanical stress, more rugged
feed designs based on rotary joints [13] or other adjustable
waveguide systems [26] can be employed. However, the
former provide typically narrowband performance [27]-[29].
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Fig. 11: (a) Schematic view of groove gap waveguide feed
system, (b) top view of the final structure (all dimensions in
mm).

Moreover, the vertical feeding from the bottom complicates
the integration of such structures into the proposed lens
beamformer. It has been found that groove gap waveguides
offer a higher degree of freedom for the design thus allowing
a low-profile feed system with fixed input port. The resulting
feed concept is shown schematically in Fig. 11. As can be seen,
the gap waveguide design is based on distributing the textured
surface confining the propagating fields on the two physically
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Fig. 12: Dispersion diagram of groove gap waveguide unit cell.

separated plates. The guiding structure is composed of two
right-angled H-plane bends, a circular section of variable
length between these and a sectoral horn. The pins forming
the feed horn are found on the upper plate (movable, shown
transparent in Fig. 11), while the pins defining the input section
are located on the lower plate (stationary).

The bandgap structure, realized by metallic pins, was de-
signed following the guidelines given in [14] for Ka-band
operation and optimized using the Eigenmode solver of CST
Microwave Studio. Taking into account manufacturing con-
straints, an air gap of 2=0.5 mm, a pin radius of r=0.5mm, a
pin height of d=2.7 mm and a periodicity of p=3.0 mm were
selected. The dispersion diagram computed using the CST
Eigenmode solver is shown in Fig. 12. A frequency stopband
of about one octave is achieved, ranging from 22 to 45 GHz.
The proposed feed system involves a number of waveguide
and gap waveguide discontinuities that largely determine the
overall impedance bandwidth of the beamforming device. As
indicated in Fig. 11, additional pins were used to realize
compensated H-plane corners that are free to move. The width
of the groove is 7.11 mm, matching the dimensions of a WR-
28 standard waveguide, from the input to the throat of the
sectoral horn. The latter is designed to provide an edge taper
of 20dB. The effective length of the curved gap waveguide
(measured along the center of the groove) ranges from 8 mm
(p=50°) to 310mm (¢po=-50°). In the frequency band of
interest, the simulated attenuation for a groove gap waveguide
in aluminum (alloy 5083 H111, o =1.72x 107 S/m) varies from
0.015dB/cm (31 GHz) to 0.021 dB/cm (27.5 GHz).

B. Non-Contacting Choke Joint

For feeding the antenna, a standard rectangular waveguide
needs to be connected to the groove gap waveguide structure.
Since the upper plate of the latter is rotated during scan, a
motional joint is required. In fact, additional support struc-
ture could be provided to ensure a mechanical decoupling
between movable and stationary external waveguide parts.
However, a more compact solution is to use a non-contacting
flange. Design guidelines and approximate circuit models for
conventional choke-flange junctions with circular groove are
given in [30]. More recently, waveguide joints based on gap
waveguide and glide-symmetric structures have been proposed
[15], [31]. Both allow a low-leakage transition, even when no
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Fig. 13: Choke flange based on (a) pin bed structure, (b)

concentric grooves.
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Fig. 14: Simulated S-parameters of pin bed choke flange and
proposed choke flange for a gap of A\y/20=0.5 mm.

mechanical contact between the flanges is provided. However,
due to the relative motion in the present feed system, only the
gap waveguide design is suited for this purpose. As shown
in Fig. 13, the rim surrounding the waveguide aperture has
been optimized to increase the bandwidth of the quarter-wave
transformer. The bandgap structure described in the previous
section can be readily reused to create the desired cutoff
condition in the radial guide formed by the gap. To reduce
manufacturing complexity, the pin bed structure has eventually
been replaced by an additional rectangular groove, providing
an effective short circuit at the quarter-wavelength point of the
inner choke. The position and width of the outer groove need
to selected carefully such that no standing waves are formed
by the fields excited in the air-gap region [32]. The simulated
S-parameters of the developed choke flange are shown in
Fig. 14. The impedance matching is comparable to that of a
conventional choke joint [30]. Moreover, the low insertion loss
confirms that the concentric choke structure provides excellent
shielding, similar to that provided by the isotropic impedance
surface of the gap waveguide design.

IV. EXPERIMENTAL VALIDATION
A. Manufacturing

The final structure is shown in Fig. 15. The lens system and
radiating aperture are rotated by 90° compared to the single-
ridge implementation presented in [33]. A similar configura-
tion would be obtained when using the lens beamformer to
excite a parallel-fed continuous transverse stub array. In this
way, the problem of aperture blockage by the movable part of
the feed system at one edge of the scanning range (¢9 — 50°)
is avoided as well. The parallel-plate spacing in the lens region
is set to H=2mm, which is matched to the height of the gap
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pressure screws

(@) (b)

(©) )

Fig. 15: (a) Cross-sectional view of the antenna assembly.
(b) Slice view of the parallel-plate structure (not to scale, all
dimensions in mm). (c) Perspective view and (d) top view of
all-metal prototype.

waveguide (d+h=3.2mm) using a linear taper with a length
of 2X9=20.5mm. In both regions, the spacing is well below
half the wavelength at the maximum frequency of 31 GHz
such that only the dominant TEM mode is transmitted to the
flare. The thickness of the ridges is 7=2mm. As indicated
in Fig. 15(b), two-step 90° E-plane bends are used throughout
the structure to achieve wideband matching. The simulated
return loss of the reduced model of Fig. 15(b) is shown in
Fig. 16 and compared with that of the same structure without
the additional 90° bend. This modification has only a small
impact on the reflection coefficient, which remains below —
15dB in the frequency band 27.5-31GHz. Simulations of
the entire structure at different scan angles, not reported here
for brevity, also confirmed that the radiation patterns remain
largely unaffected by the additional bend. Since scanning is
demonstrated in the H plane (yz plane), no efforts have been
made to optimize the flare with respect to the pattern in the
orthogonal plane. The width of the radiating aperture with
respect to x is 2Ag=20.5mm and the flare length 25 mm.
This is large enough to avoid scattering from the base block,
resulting in a symmetric E plane pattern. Further improvement
in gain could be obtained using a shaped flare [9].

The prototype was manufactued in several blocks of bare
aluminum using a conventional milling process. The focal
region is formed by the two horizontal parts P1 and P2 shown
in Fig. 15(a). As in [3], the lens is made of two complementary
blocks, one providing the ridges (P3) and the other one the
cavities (P4). The movable feed system corresponds to parts P5
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Fig. 16: Simulated input reflection coefficient of the reduced
PPW model.

and P7, with the former comprising the sectoral horn. Instead
of an additional choke, a bronze bearing (P6) was placed at
the transition region between the movable and stationary part,
preventing leakage from the finite gap. The bearing material
is easy to machine and offers a high resistance to friction and
wear. The non-contacting flange was made by 3D printing. The
final structure was assembled by bolting the blocks together.

B. Measurement Results

The prototype was measured in the compact antenna test
range of IETR. Each angular feed position was adjusted using
a prefabricated angle gauge as shown in Fig. 15(b). The
movable plate was fastened with pressure screws. These also
ensure that a proper gap of #=0.5mm is provided along the
groove gap waveguide.

The simulated and measured input reflection coefficient are
shown in Fig. 17 for a range of feed positions. Simulations
predict an S;; level around —20dB in the frequency band of
interest, with a maximum of —15 dB. The measured reflection
coefficient is somewhat higher, around —15dB with a max-
imum of —12dB. This difference is attributed to fabrication
tolerances of the 3D printed choke flange. It can be seen
that in both cases, the maximum level of mismatch does not
vary significantly with the feed position. As a result, similar
results are obtained for feed positions in the range ¢g <O0.
The broadside radiation pattern at the design frequency in the
two principal planes is plotted in Fig. 18. A good agreement
between measurement and simulation is seen for the main
beam and near-in sidelobes. The measured cross polarization
levels are below —35dB (peak-to-peak) in both planes. The
sidelobe level in the E plane is about —13 dB, as expected for
an untapered distribution.

The H-plane radiation patterns are shown in Fig. 19 for all
measured feed positions. The results are in very good agree-
ment with simulations in terms of pointing angle, beamwidth
and gain loss. At the center frequency, a cosine variation of
gain is obtained up to scan angles of +30°as in [3]. The
measured scan loss is 2.7 dB and 3.3 dB for beams pointing at
49°and —49°, respectively. This asymmetry is mainly due to
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Fig. 17: (a) Simulated and (b) measured input reflection
coefficient for various feed positions.

the increased insertion loss in the gap waveguide, as explained
in the previous section.

The H-plane radiation patterns of the antenna were mea-
sured in the entire uplink Ka-band and are plotted in Fig.
20 for three different feed positions. The scanning angle is
stable over the entire frequency range, and the beamwidths
have small variation. The worst-case sidelobe levels remain
below —12dB. As can be seen from Fig. 19, the same pattern
stability is achieved also for the other half of the measured
feed positions (¢ < 0).

The peak directiviy extracted from 3D radiation pattern
measurements is plotted in Fig. 21 for three different feed
positions, showing relatively stable scan losses over the 27.5—
31 GHz band. At 29.25 GHz, the simulated peak directivity at
broadside equals 24.8dB. An input reflection loss of about
0.15dB and conductor losses of 0.3 and 0.25dB in the gap
waveguide and lens system, respectively, lead to a realized
gain of 24.1dB. It should be noted that the lens insertion
loss does not vary significantly with the scanning angle and
remains nearly constant over the frequency band of interest.
In contrast, the feed network loss varies with frequency and
scanning angle, due to the varying effective length of the gap
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waveguide. The estimated worst-case loss is 0.65dB (¢¢=-
50°, 27.5 GHz). This is higher than in fixed-feed designs but in
the order of or lower than the insertion loss of Ka-band rotary
joints [27], [28], [34]. Within the design band, the estimated
radiation efficiency exceeds 78% for all scan positions.

Considering the lens diameter of 210mm and the flare
height of 20.5mm, the simulated broadside directivity of
24.8dB at the center frequency corresponds to an aperture
efficiency of 60%. The chosen edge taper of 20 dB accounts
for a reduction in efficiency of about 30%. This limitation can
be overcome in designs with larger R/D or by introducing a
third lens. Simulations confirmed that the remaining difference
is attributed to the suboptimal aperture distribution along the ‘ ‘
E-plane, which can be further improved by adjusting the flare ‘3Q90 60 -30 B 0 30 60 90
angle.

-10

-20
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V. CONCLUSION AND RECOMMENDATIONS i . o
Fig. 19: Measured (—) and simulated (- -) H-plane radiation

A parallel-plate lens for mechanical wide-angle beam scan-  pattern at (a) 27.5 GHz, (b) 29.25 GHz and (c) 31 GHz.
ning was presented. A dual-lens configuration was introduced
to extend the scanning range compared to previous lens
designs while maintaining a compact structure. Beam scanning
is achieved by rotational movement of a feed system based on
the non-contact characteristic of gap waveguides. To validate
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TABLE I: Comparison of mechanical scanning antenna designs.

. ira Y Max. Scan Max.
Reference Type Impedance bandwidth Size gainb Scan range loss® SLLP
2] P;irﬁggic > 26.5-31GHz 25AX17Ax45A  29dBi +40° (7BW) 2dB ~11dB
[12] P;irﬁggic 24-24.5GHz 135Ax15A%0.1A  22dBi +35° (6BW) 2dB ~12dB
[16] Rotary phase 75-76.5GHz I57AXI5TAX64A  34dBi +18° 13dB -I3dB
[171 Rotary phase 57-65GHz (8.80)27 x 1.9 29.3dBi +60° 43dB ~15dB
shifter
[331° Continuous >26-33GHz 254Xx21.5A%x4.9\  25.7dBi +35°(10BW) 2.0dB ~17dB
PPW lens
CTS + rotary . o
135] : 15.35-15.75 GHz 31dBi +£30° (7BW) 05dB  -15.4dB
1ne source
[36] Modified 29.5-32.5GHz ~ 115 A% 10Ax0.8\  15dBi +35° 3dB ~10.5dB
Luneburg lens
This work %"Pf‘\;‘/“;‘;”: >27.5-31GHz 26.7A%159A%9.7)\  24dBi +49° (14BW) 27/33dB  -12.2dB

 Referring to the frequency range within which the return loss is greater than 10dB for all scan positions.

® Referring to the center frequency and/or the pattern in the plane of scan.

¢ Only full-wave simulation results for a lens made of aluminum are considered.

the proposed concept, an all-metal antenna operating at Ka-
band (27.5-31 GHz) was designed, manufactured and tested.
The measured return loss is greater than 12 dB in the frequency
band of interest and beyond. At the design frequency, the scan
loss is about 2.7 dB when scanning out to 50° (14 beamwidths)
and sidelobe levels are less than —12dB over the entire
scanning range.

The proposed feed system offers a number of desirable

features compared to the solutions based on flexible coaxial
cables and rotary waveguide joints. The compatibility of the
structure with other all-metal parallel-plate beamformers such
as pillbox couplers or geodesic lenses will be investigated in
the future. Due to its linear aperture, the lens can be used for
phasing more advanced radiating structures such as continuous
transverse stub arrays. In such a configuration, the footprint
required by the quasi-optical system would be utilized more
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effectively as radiating aperture.

A comparison with state-of-the-art mechanical scanning
millimeter-wave antennas (see Table I) demonstrates the ad-
vances in terms of scanning performance and bandwidth
provided by this solution. The proposed beamformer presents
an attractive solution for ground-station antennas which will
be operated in large numbers to track highly populated LEO
constellations.
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