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Wide-Angle Scanning Parallel-Plate Lens
in Multilayer PCB Technology
Thomas Str¤ober, L·eonin Lassauce, Xavier Morvan, Herv·e Legay,

George Goussetis Senior Member, IEEE, and Mauro Ettorre, Fellow, IEEE

Abstract�This paper presents the design of a dual-lens beam-
former in multilayer PCB technology. The proposed lens is
implemented in a dielectric parallel-plate waveguide, offering
enhanced scanning performances along with a compact design. A
combination of ray tracing and conjugate �eld matching is used
to design the lens and feed con�guration. The concept is validated
by a prototype operating in the downlink K-band allocated to
satellite communications (17.3 � 20.2 GHz). The shaped lens is
machined from a stack of substrate layers, while the integrated
feed system is realized using standard PCB techniques. The �nal
structure produces nine stable beams over an angular sector
of ��60° (��10 beamwidths) from a �ared linear aperture of
about 14�. Good agreement between simulated and experimental
results is obtained. The measured return loss is better than 10 dB
and the port-to-port isolation greater than 17 dB over the entire
frequency band. The estimated radiation ef�ciency of the antenna
is about 75% and maximum scan losses are in the order of 2 dB.

Index Terms�lens antennas, line-source antennas, multibeam
antennas, parallel plate waveguide (PPW), substrate-integrated
waveguide (SIW), wide-angle scanning.

I. INTRODUCTION

SATELLITE constellations at low-earth orbit (LEO) are
expected to revolutionize the expansion of low-latency

services into under-connected areas. Due to the relative motion
between satellite and ground station, advanced terminal units
are required that continuously track and instantly switch be-
tween satellites. To ensure near-constant communication links
and be competitive with terrestrial services, terminal antennas
must provide large �eld of views up to ��60° and beyond, be
power ef�cient and preferably compact.

Active phased arrays offer the ultimate level of beam
recon�gurability over a wide scan range and have been pro-
posed for commercial applications using low-cost beamformer
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chip technologies [1], [2]. However, high power consumption
and the need for elaborate feeding networks, which become
increasingly complex as the inter-element spacing is reduced,
are limiting factors. Among passive solutions, quasi-optical
beamformers are usually preferred over the more complex
and lossy multiple-beam matrix networks [3] as the aperture
size or the number of beams increases. Driven by rapid
advancements in manufacturing technology and in the research
on metamaterials over the recent years, cylindrical Luneburg
lenses [4]�[8] and geodesic equivalents [9], have gained signif-
icant attention in millimeter-wave communications. While the
Luneburg lens offers unparalleled scanning performances, the
size and circular shape of the lens may make it incompatible
with certain antenna applications. In particular, when used
for true-time delay feeding of linear arrays, spillover and
illumination asymmetry greatly limit the scan range [10].
In this context, the Rotman lens [11] provides an ef�cient
solution to form multiple beams over a wide �eld of view.
Promising performances with scan losses in the order of 1 dB
over a scanning range of ��50° have been predicted for a
lens design with small focal ratio (F/D) [12]. However, the
most practical implementations at millimeter-wave frequencies
using microstrip [13], substrate integrated waveguide (SIW)
[14] or alternative technologies [15] suffer from one major
drawback: the illumination ef�ciency degrades rapidly as the
angles subtended between beam and array ports become large,
leading to high scan losses and increased mutual coupling
between feeds. This problem has been addressed in [16], but
at the expense of reduced broadside gain. Hence, there is
still a clear need for passive beamforming solutions offering
enhanced scanning capabilities and compatibility with highly
ef�cient linear arrays [17], [18].

Recently, a novel type of parallel-plate waveguide (PPW)
lens has been proposed [19]�[22] which overcomes the lim-
itation of discretized beamforming networks in terms of am-
plitude performance. Due to additional degrees of freedom
compared to conventional folded designs [23]�[25], good scan-
ning performances over a range of ��50° (��14 beamwidths)
have been demonstrated with lenses of moderate focal ratio
[20]. Alongside similar trends in geodesic designs [9], a new
concept has been presented recently for reducing the height-
to-diameter ratio from 0.1 to about 0.035 while maintaining
low scan losses up to ��35° [22]. Previous works on shaped
PPW beamformers have focused on all-metal direct radiating
designs [19], [25]. While offering high radiation ef�ciencies,
such realizations are not readily suitable for space ef�cient
integration with excitation networks [26], [27] and radiating
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elements [17].
This paper presents a novel implementation of PPW lenses

which tackles all the above design challenges associated with
multibeam antennas in Satcom terminal applications. The solu-
tion proposed here relies on the dual-lens system introduced in
[20], but is realized in multilayer printed circuit board (PCB)
technology with additional degrees of freedom. Owing to the
refraction at the dielectric-air interface, an enhanced scanning
range of ��60° is achieved, which exceeds that of previous
quasi-optical designs with linear aperture [14], [16], [25]. The
�nal structure is �tted with a plane �are for demonstrating
the scanning performance and fed by nine integrated SIW
horns. Details are provided on the two-step design procedure
involving the lens shaping and feed synthesis using conjugate
�eld matching [28]�[30]. The latter relies on receive-mode
analysis of the lens to most effectively match the feed �elds
to the focal-region distribution by optimal dimensioning and
positioning of the feeds. This approach greatly facilitates the
design process as the number of beams increases. The pro-
posed design concept aims to bridge the gap between shaped
PPW beamformers and standard PCB techniques, favoring
higher integration and a small form factor.

This article is organized as follows. Section II describes
the design procedure for the lens system and discusses the
involved trade-offs between compactness, scan range and aper-
ture ef�ciency. In Section III, the derivation of the optimum
focal curve and feed con�guration is presented. The fabrication
process and experimental validation of a prototype operating at
K-band are reported in Section IV. Finally, Section V presents
concluding remarks.

II. DESCRIPTION OF THE ANTENNA SYSTEM

A detailed view of the proposed beamformer is shown in
Fig. 1. The quasi-optical part consists of two closely spaced
lenses which are formed by continuously shaped vertical PPW
sections. In contrast to previous fully metallic designs [19],
[20], [22], a stack of PCBs is used to realize the vertical lens
cavities. Rogers DiCladfi 880 with a relative permittivity of
�r = 2.2 and a loss tangent of tan �e = 0.0009 (at 10 GHz) was
found to be a suitable substrate candidate in terms of electrical
properties and machinability. The design frequency was �xed
to fc = 18.75 GHz, corresponding to the center of the downlink
K-band (17.3 � 20.2 GHz), with a free-space wavelength of
�0 = 16 mm and a wavelength of �d = 10.8 mm in the dielectric.
The �nal assembly is made of four substrate layers of the
maximum commercially available thickness of h = 3.175 mm,
resulting in a total height of 12.7 mm� 0.8�0. This choice
was motivated by the desire to provide suf�cient degrees of
freedom for the lens shaping, while limiting the fabrication
complexity in this proof of concept. Moreover, the total height
remains comparable to that achieved in [22], thus offering the
potential for stacked antenna arrangements [31].

The lowest layer (sub. 1) is copper cladded and forms the
horizontal parallel-plate focal region. The shaped lens cavities
are created by milling into the substrate layers. The conducting
plates are realized by the remaining metal cladding on the
laminated substrates and by chemically deposited copper on
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Fig. 1. (a) Perspective view and (b) cross-sectional view of the proposed
parallel-plate dual-lens in multilayer PCB technology.

TABLE I
BASIC DESIGN PARAMETERS

Parameter Value
Design frequency 18.75 GHz
Substrates (Rogers DiCladfi 880) h = 3.175 mm, �r = 2.20,

tan �e = 0.0009 (at 10 GHz)
Lens diameter D 10.6�0 = 15.8�d = 170 mm
On-axis focal ratio F/D 0.74
Number of beam ports 9
Feed aperture width w 1.7�d = 18.3 mm
Aperture width Da 13.75�0 = 220 mm

the exposed surfaces. The middle layers (here sub. 2 and 3) are
without metal cladding, while the upper surface of sub. 4 may
be metalized. Outside the vertical PPW sections, no waves
are guided in sub. 2 through 4. Therefore, above the focal
region, the stack can be left unmachined (shown transparently
in Fig. 1) to reduce fabrication time and to provide additional
mechanical support.
The structure is fed by nine integrated SIW sectoral horns,
which are placed along the focal curve of the lens and
launch cylindrical TEM waves in sub. 1. It should be noted
that the PPW spacing h is well below a half wavelength in
the dielectric at the maximum frequency such that only the
dominant mode is guided through the structure. To interface
the PPW lens to free space, a linear �are is formed across
the four substrate layers. The basic design parameters are
summarized in Table I.
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III. LENS DESIGN

This section describes the design of the quasi-optical sys-
tem, involving preliminary design considerations for the basic
dual-lens parameters (Section III-A) as well as the lens shaping
process (Section III-B).

A. Basic Lens Setup
As in [20], two converging lenses of equal diameter and

relatively large focal ratios (Fi /D) are employed. The large
individual optics ensure reduced phase errors at wide scan-
ning angles while maintaining short axial dimensions (small
effective F/D). In the given con�guration, the effective focal
length can be expressed as [32]

F �
F1F2

F1 � F2 � l
(1)

where l is the distance between the lenses. Using �rst-order
optics, it can be further shown that the ratio of the beam
pointing angle to the feed displacement angle (i.e., the inverse
of the angular magni�cation) is given by

 �
tan�1

tan�2
�

F1F2

F1F2 � lF1 � l2
(2)

where  ⁄ 1 for practical values of F1, F2 and l. As a result, a
small inter-lens spacing is not only desirable for compactness
but also for achieving  values close to unity and thus wide
beam angles.

Although  increases also as F2 ¡ F1, a trade-off must be
made when selecting the individual focal ratios. Based on the
analytical constrained lens model [33], the maximum height
of a single PPW lens (without taking into account the parallel-
plate spacing) is related to its focal ratio according to

max tfzi pyqu9

�

1�

d

1�
1

4Fi{D

�

(3)

where fzi pyq, i = f1, 2g describes the height pro�le of the
lenses as illustrated in Fig. 1(b). Hence, the overall pro�le
of the antenna is dictated by the smallest focal ratio and it is
therefore desirable to have F1�F2. The effective focal ratio
(de�ned as the ratio between the effective focal length F and
the lens diameter D), the ratio of beam-to-feed angle as well
as the height-to-diameter ratio (with and without taking into
account the PPW spacing) are plotted in Fig. 2 as a function
of F1 = F2 and l. For the latter, a focal angle of 40° is assumed
[33].
It should be noted that the generalization of the above relations
to N lenses is straightforward using recursive formulas.

B. Lens Shaping
The above guidelines for the basic dual-lens parameters

along with elliptical lens shapes [33] were used as a starting
point in the design process. A ray-tracing procedure embedded
into a global optimization algorithm was employed for shaping
the horizontal and vertical lens pro�les fxi and fzi , respec-
tively, with the far-�eld pattern characteristics as goal points.
The four lens pro�les were represented by even eighth-order
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Fig. 2. (a) Effective focal ratio F/D, (b) ratio of beam-to-feed angle and
(c) height-to-diameter ratio of an elliptical PPW lens as a function of the
individual focal ratio F1/D = F2/D and the inter-lens spacing l.

polynomials which provide suf�cient freedom in the shaping
process while keeping the number of optimization parameters
within reasonable bounds. Normalized by the on-axis focal
distance F, these can be expressed as

fxi pyq �
4‚

n�1
axi;n y

2n (4a)

fzi pyq �
4‚

n�1
azi;n y

2n �min
! 4‚

n�1
azi;n y

2n
)
; (4b)

where � d/2⁄ y⁄ d/2 with d = D/F. Typically, the design pro-
cess is initiated by specifying the lens diameter according to
the desired H-plane (xy-plane) beamwidth for a given edge
taper. For the proposed design, the diameter was not �xed in
advance and the physical constraint taken into account during
the optimization was that the maximum height of the lens
cavities (including the PPW spacing) be smaller than the total
stack height of 12.7 mm. In addition, the inter-lens spacing,
measured between the inner lens contours at the center was
�xed to l = D/10 = 1.06�0 = 17 mm. This ensures a compact
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design and high , while leaving suf�cient margin along the
x direction for accommodating the lens pro�les fxi .

Several optimization loops were carried out initially as-
suming that the PPW is without dielectric and radiating into
free space as well as a standard 10-dB edge taper feed. The
objective here was to minimize the beamwidths, scan loss
and sidelobe levels for beams pointing at 0°, 20° and 40°.
Due to the symmetry of the lens with respect to the y axis,
only positive scan angles were considered. In every iteration,
the aperture phase distribution for all three feed positions (i.e.
beams) is obtained by ray tracing. For each ray in the dual-
lens system, a total of eight intersections must be calculated.
The amplitude distribution on the aperture is determined by
invoking conservation of power in the ray tubes [33]. This
approximate method has the advantage that only the two corner
rays of each ray tube are traced without divergence, thus not
requiring calculations involving the principal radii of curvature
of the ray tubes and the lens contours.

It is important to note that the maximum scan an-
gle was chosen with respect to the critical angle of the
substrate-air interface given by �crit = sin�1

a
1{�r � 42.4°.

The optimization yielded a lens design with a diameter of
D = 10.6�0 = 15.8�d = 170 mm and an on-axis focal ratio of
F/D = 0.74. The coef�cients of the optimized polynomials are,
in ascending order,

ax1 = [� 0.338, � 0.423, 0.053, 0.264]
az1 = [� 0.121, � 0.046, 0.0, 0.265]
ax2 = [� 0.252, � 0.066, � 0.767, 0.0]
az2 = [� 0.134, 0.0, 0.077, 0.0],

resulting in total heights of H1 = 12.7 mm and H2 = 12.6 mm
for the two lenses. Analyzing the two lenses separately in
reception (i.e., under normal plane-wave incidence upon the
aperture) shows that the individual on-axis focal ratios are
approximately Fi /D� 1.47. The resulting effective F/D and 
are highlighted in Fig. 2. The height-to-diameter ratio is about
0.037 when neglecting the PPW spacing. As can be seen from
Fig. 2(c), this value is relatively close to what is obtained for
an equivalent analytical lens pro�le.

The optimized feed positions for the three targeted beams
are de�ned by h = [1.0, 0.99, 0.89] and �1 = [0°, 21.4°, 42.7°],
where h is the normalized distance to the apex of the �rst
lens and �1 the subtended angle as illustrated in Fig. 1(a). The
resulting radiation patterns are plotted in Fig. 3. The results
obtained from full-wave simulations in Ansys HFSS show
that the beamwidth and beam pointing angle are accurately
predicted by ray tracing, while �rst sidelobe levels are in
reasonable agreement. The calculated and simulated scan loss
at 40° is about 1.5 dB, which is reasonably close to the cosine
variation of 1.2 dB (dotted curve). It should be noted that the
sidelobe level for an in-phase aperture would be about �20 dB.
The predicted sidelobe level of �16 dB implies that the �nal
lens design is not fully corrected for on-axis phase errors.

IV. FEED SYNTHESIS AND FLARE DESIGN

The optimization process for shaping the lens contours
yielded a total of �ve feed positions, corresponding to scan
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Fig. 3. Calculated and simulated patterns of optimized dual-lens with 10-dB
edge taper radiating into free space.
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n wn
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Fig. 4. Degrees of freedom of the feed structure including position (hn, �1n),
aperture width wn and tilt angle �n.

angles of 0°, ��20° and ��40°. The entire beam port contour
could then be de�ned simply by interpolation of these points
or by further optimization using only the feed positions as
degrees of freedom. A more ef�cient approach is to derive the
feed contour from the focal-region distribution in reception.
This approach offers the additional advantage that also the
optimal feed aperture width and tilt angle can be determined
using conjugate �eld matching. The available feed design
parameters are illustrated in Fig. 4.

A. Focal Curve Design
The focal contour (i.e., the contour described by the focal-

region �eld maxima) resulting from plane-wave incidence at
angles �i = [�40°... 40°] is shown in Fig. 5. The calculated
curve agrees well with the simulated results for all but
the most extreme angles, where the focal-region maximum
approaches the lens contours. Moreover, it can be seen that
the optimized points lie relatively close to the calculated
contour. The remaining differences can be attributed to the
fact that optimizations were carried out taking into account
the beamwidth and sidelobe level, rather than the maximum
gain. For a feed size �xed a priori, the contour could be further
tuned using the plane-wave expansion of a desired pattern [29].
In the present design, the focal contour shown in Fig. 5 was
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Fig. 5. Dual lens and focal-region contour for incidence angles in the range
�i = [�40°... 40°] along with optimized feed positions. The ray tracing is
depicted for the receive case assuming a plane wave incident at �i = 20°.

used and conjugate �eld matching was applied to optimize the
remaining feed parameters.

B. Feed Design
The optimal feed dimension and orientation were deter-

mined by evaluating the received �elds (Er, Hr) in proximity
of the �eld maxima. Since H-plane sectoral horns are used as
feeds, a transverse electric (TE10) mode distribution is assumed
for the feed aperture �elds (Ea, Ha) on transmit. The ef�ciency
of power transfer from an incoming wave to a feed located in
the focal region of the lens can be expressed as [34]

T �
1

16PrPa

����

»

Sa

rEr �Ha �Ea �Hrs � dS
����
2

(5)

where Pr and Pa are the time-average powers contained in the
respective �elds. The �elds (Ea, Ha) are assumed to vanish
elsewhere on the contour Sa enclosing the feed such that
integration needs to be performed only over the aperture.

The focal-plane electric �eld distribution for a normally
incident plane wave is shown in Fig. 6. Using (5), it was
found that the transfer ef�ciency T, and thus the aperture
ef�ciency of the lens, is maximized for a feed aperture width
of w = 1.7�= 2.3�(F/D). As shown in Fig. 6(c), a maximum
ef�ciency of 0.8 is achieved at broadside. The calculated �eld
distribution over the entire focal region is illustrated in Fig. 7
for two different incidence angles. A closer inspection shows
that the broadening of the focal spots due to defocusing is
small over the angular range of interest. This behavior is
also evident from the results in Fig. 6(c). Hence, the feed
size was kept constant for all feed positions. In transmission,
the selected feed provides an edge taper of 14 dB. Following
the procedure described in [35], it can be shown that the
orthogonal beam spacing for this type of illumination is
approximately �u� 1.8�/D, implying 11 uncoupled beams
over a scanning range of ��40°. Taking into account practical
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Fig. 6. (a) Magnitude and (b) phase distribution of the electric �eld in
proximity of the focal region maximum for �i = 0°. (c) Calculated transfer
ef�ciency as a function of the feed aperture width w for different angles of
incidence.

(a) (b)

Fig. 7. Illustration of the �eld distribution in reception for plane-wave
incidence at (a) �i = 0° and (b) �i = 35°. The optimized feed apertures are
indicated as white dashed lines.

constraints such as the �nite wall thickness of the feed horns,
a total of nine feeds were placed over an angular range of
��37.5° in the proposed design. The phase centers of the feeds
1 to 5 (see Fig. 1) were placed at points given by h = [0.92,
0.97, 0.99, 0.99, 1] and �1 = [37.5°, 27.5°, 18°, 9°, 0°].

Purely geometrical considerations suggest that all feeds
should be tilted to aim at the vertex of the lens in order to
reduce spillover and to ensure a more symmetric illumination.
Hence, feeds 2 to 8 were rotated according to their respective
displacement angle. However, it was found that the scan loss
for the two outermost feeds can be reduced by about 0.35 dB
for a smaller tilt angle of � = 30°. This can be explained by
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a better matching of the phase fronts [28]. The respective
aperture is illustrated in Fig. 7.

C. Input Transition

To interface the feed horns with 50-
 coaxial lines, a
transition equivalent to the design presented in [36] was
developed. The schematic of the input transition is shown in
Figs. 8(a) and (b). An SMA end launch connector (Hirose
HRM(G)-300-467B-1) is used to feed a grounded coplanar
waveguide (GCW) printed on the top of sub. 1 (see Fig. 1).
To ensure that the trace width at the board edge is smaller than
the diameter of the insulator of the connector, the signal pad
at the input was dimensioned according to recommendations
in the datasheet of the connector. Due to the relatively high
substrate thickness (h� 0.3�d), gaps smaller than 50 µm would
be required to achieve a line impedance of 50 
 at the input
of the CPW. Since the available etching process allows a
minimum gap of 100 µm between conductors, a line impedance
greater than 50 
 needed to be accepted for the coplanar
waveguide. A linear taper section and an additional impedance
step of 1.85 mm is used to match the coplanar waveguide
to an SIW of width 7.5 mm (center-to-center distance of the
via rows). The positions of the vias surrounding the GCW
were optimized to reduce radiation due to parasitic parallel-
plate modes. The simulated S parameters of the back-to-back
transition, including the 3D model of the connector, are shown
in Figs. 8(c) and (d). The return loss is better than 23 dB in
the design band and the insertion loss is less than 0.5 dB. The
latter is mainly due to leakage, corresponding to about 6% of
the input power in the worst case.
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Fig. 9. (a) Beam pointing angle for lens made of Rogers DiCladfi 880. (b)
Re�ection coef�cient for substrate-air interface.

(a)

(b)

Fig. 10. (a) Simulation model for optimizing the discontinuities along the
lens and radiating part, (b) simulated re�ection coef�cient. The optimized
dimensions are s = 0.93 mm, t = 4.5 mm, lt = 9 mm, lf = 25 mm.

D. Flare Design

When �lling the PPW with the substrate material, the plane
waves exiting the lens undergo refraction at the interface to
free space. The resulting beam pointing angle is then found
from Snell’s law

�0 � sin�1psin�2
?
�rq (6)

where �2 here denotes the angle of the plane wave inside the
dielectric, which can be obtained from (2). Fig. 9(a) shows
the beam pointing angle as a function of the feed angular
position. Also indicated are the scan angles obtained from
full-wave simulations of the entire lens for feeds 1 through
5. Fig. 9(b) shows the calculated re�ection coef�cient for
a perpendicularly polarized plane wave incident from the
substrate into free space. To reduce re�ections at this interface,
a chamfered transition was inserted between the PPW and
the linear �are as illustrated in Fig. 10(a). As for the input
transition, this part of the antenna was designed separately. A
fast E-plane simulation [7], [37] was performed to optimize
the length of the chamfer (lt) and the �are (lf) as well as
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(a)

(b)

Fig. 11. (a) Perspective view of substrate-air interface and radiating �are with
the dimensions D = 10.7�0 = 170 mm, Da = 13.8�0 = 220 mm. (b) Electric �eld
distribution at 18.75 GHz with port 1 excited.

the stepped E-plane bends of the lens cavities (s, t). The
re�ection coef�cient of the �nal structure for normal incidence
is shown in Fig. 10(b). Within the frequency band of interest,
the re�ection coef�cient is below �20 dB.

The geometry of the entire �are is shown in Fig. 11(a).
The lower E-plane wall is formed by the backing plate on
which the PCB stack is mounted, whereas the upper wall is
formed by the metallization on sub. 2 through 4 as indicated
in Fig. 10(a). The dimensions of the radiating aperture along
the E plane (xz plane) is equal to the total thickness of the
stack, i.e. 4h = 0.8�0 = 12.7 mm. Final full-wave simulations
including the lens showed that a �aring along the H plane
(xy plane) allows reduced scan losses as long as the �are
angle is not signi�cantly smaller than the angle of the plane
wave incident upon the substrate-air interface. On the other
hand, the �are angle can be chosen to maximize the peak
gain at broadside [38]. Hence, a trade-off was found between
these two performance criteria, resulting in a scan loss smaller
than the cosine variation at the expense of a slightly lower
broadside gain. The radiating horn employed in the �nal design
has a width of 13.8�0 = 220 mm. The simulated electric �eld
distribution in sub. 1 and the �are region is illustrated in Fig.
11(b).

V. PROTOTYPE AND MEASUREMENTS

A. Manufacturing
The antenna design described in the previous sections has

been realized using a combination of PCB techniques and

(a) Etching and bonding.

(b) CNC machining.

(c) Electroplating and etching.

(d) Finishing and mounting.

Fig. 12. Schematic diagram of the prototyping process. Dimensions are not
to scale.

conventional machining. The fabrication steps involved are
detailed in Fig. 12. First, four openings were etched into
the top cladding of the lowest substrate layer (sub. 1) to
provide passage for the vertical lens cavities. The four panels
were then treated using Tetra-Etchfi etchant before bonding
them together using Taconic FastRise� FR-27-0030-25 (F)
(�r = 2.70, tan �e = 0.0014 at 10 GHz, pressed thickness of
80 µm) as prepreg. Tests showed that such a preprocessing
signi�cantly enhances the durability during machining as
compared to plasma activation. In the next step, the shaped
lens cavities and �are were formed by CNC milling and the
via holes were drilled into sub. 1. The machined PCB stack-up
was then entirely electroplated with copper and the coplanar
waveguide structures were etched into the deposited layer.
Finally, the copper deposited over the substrate-air transition
and its sidewalls was removed. The �nal structure is shown in
Fig. 13.

B. Measurements

The measured and simulated input re�ection coef�cients
are plotted in Fig. 14. Due to the symmetry of the simulation
model, only half of the off-axis feeds (corresponding to port
1 through 4) is considered. It can be seen that the measured
return losses deteriorate compared to the simulation, but
remain better than 10 dB throughout the frequency band of
interest for all feeds. Fig. 15 shows the measured conjugate-
port coupling, which remains below �17 dB within the band.
The coupling between non-conjugate ports, not reported here
for brevity, is below �20 dB.
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(a) (b)

Fig. 13. (a) Top view and (b) side view of fabricated prototype.

(a)

(b)

Fig. 14. (a) Measured and (b) simulated input re�ection coef�cients.

Fig. 15. Measured mutual coupling coef�cients for conjugate ports.

(a)

(b)

Fig. 16. Measured radiation pattern in the (a) H plane (� = 90°) and (b) E
plane (� = 0°) at different frequency points.

The prototype was measured in the compact antenna test
range of IETR. All simulation results shown for comparison
were obtained using Ansys HFSS. The radiation patterns
measured for the central feed in the principal planes are
plotted in Fig. 16. The cross polarization levels are about
�40 dB (peak-to-peak) in both planes. Due to the asymmetry
of the radiating �are in the E plane, the main beam is tilted
in the respective plane (about 7.5° at the design frequency).
The differences between the simulated and measured patterns
can be attributed to the fact that the metallic support plate on
top of the lens prototype (see Fig. 13) was not included in
the simulation model.

The H-plane radiation patterns in terms of realized gain
are plotted in Fig. 17 for the minimum, center and maximum
frequency. It can be seen that there is good agreement
between the measured and simulated performances in terms
of peak gain, scan loss and maximum sidelobe levels. A slight
deformation of the main lobe in the simulated patterns of the
two outermost feeds can be observed, especially at the upper
and lower frequency. This degradation is due to spurious
radiation from the input transition, which was shielded during
the measurements.

The peak directivity obtained from 3D pattern
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(a)

(b)

(c)

Fig. 17. Measured and simulated radiation patterns at different frequency
points.

measurements is plotted in Fig. 18(a) as a function of
frequency. It can be seen that the scan loss for the outermost
beam remains relatively stable at about 2 dB. For the central
feed, a directivity of 19.1 dB is measured at the design
frequency, which corresponds to an aperture ef�ciency of
about 60%. The selected edge taper of 14 dB causes a
reduction in ef�ciency of about 20%. The further reduction
can be attributed to the slight oversizing of the �are in the H
plane to reduce scan losses and to suboptimal �are shaping
in the E plane.

(a)

(b)

Fig. 18. (a) Peak directivity and (b) estimated radiation ef�ciency for selected
feeds.

Fig. 18 shows the radiation ef�ciencies extracted from
simulations and measurements for feeds 5, 7 and 9. At the
design frequency, the measured total loss is about 1.1 dB.
The path length of the principal ray inside the PPW is about
185 mm, which implies a dielectric loss of 0.42 dB and a
conductor loss of 0.06 dB at 18.75 dB [39]. The simulated
insertion loss of the input transition is 0.42 dB (see Fig.
8). The estimated total loss (0.9 dB) is therefore in close
agreement with the measured results. The slight difference
between simulated and measured ef�ciencies is attributed
to deviations of the dielectric loss factor. The scan-plane
patterns of the antenna over the entire downlink K-band
were measured and are shown in Fig. 19. for three different
feeds. As expected for a true-time delay beamformer, the
scan angles are virtually frequency invariant. The worst-case
sidelobe levels are observed for feed 1 and remain below
�13 dB across the frequency band. The same pattern stability
is obtained for the remaining feeds.

VI. CONCLUSION

The design of a parallel-plate lens in PCB technology was
presented. It was shown that the degrees of freedom in a dual-
lens system can be exploited to design a low-pro�le beam-
former with excellent scanning performance over an angular
range of ��40°. Furthermore, it was demonstrated that good
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(a) Feed 5 (b) Feed 3 (c) Feed 1

Fig. 19. Measured radiation patterns as a function of frequency and azimuth angle for different feed positions.

TABLE II
COMPARISON OF THE PROPOSED LENS BEAMFORMER WITH STATE-OF-THE ART SOLUTIONS

Ref. Type Bandwidtha Sizeb Max. Gainb Rad. Eff. Scan Range Scan Lossb Max. SLLb

[4] Luneburg lens
+ circular �are ¡ 9 � 13 GHz 19.4��16.2��(n.a.) 16.7 dBi 0.51 �� 45° (10 BW) 1.0 dB �13 dB

[7] Luneburg lens
+ circular �are 26 � 30 GHz 14.7��14.7��0.65� 17.5 dBi ¡ 0.80 �� 50° (8.3 BW) � 0 dB �11 dB

[8] Luneburg lens 14 � 16 GHz (6.5�)2��0.64� 20.5 dBi c ¡ 0.55 c �� 60° (10.7 BW) 1.5 dB �13 dB

[14] Rotman lens
+ slotted SIWs 23.6 � 24.4 GHz 10.5��8��0.12� 22.6 dBi 0.78 �� 33° (4.2 BW) 1.7 dB �15 dB

[16] Rotman lens
+ patch array 24.75 � 27.5 GHz 5.7��5.7��0.15� 15.5 dBi n.a. �� 56° (4 BW) 1.5 dB �11 dB

[23] Parabolic pillbox
+ slotted SIWs 23.5 � 25.75 GHz 12��11.7��0.08� 22.2 dBi ¡ 0.80 �� 30° (5 BW) 0.6 dB �12 dB

[24] Cassegrain pillbox
+ slotted SIWs 27.5 � 28.5 GHz 11.6��7.4��0.15� 18.0 dBi ¡ 0.47 �� 25° (2.6 BW) 0.5 dB �10 dB

This work Shaped dielectric PPW
lens + linear �are ¡17.3 � 20.2 GHz 14.7��13.8��0.8� 18.2 dBi ¡ 0.75 �� 60° (10 BW) 2.0 dB �14 dB

a Referring to the frequency range for which the return loss is better than 10 dB for all feed positions.
b Referring to the design frequency and/or the pattern in the scan plane.
c Estimated from provided data.

radiation performances can be obtained over an enhanced �eld
of view due to the refraction at the dielectric-air interface. To
validate the proposed concept, a K-band prototype producing
a total of nine beams over an angular range of ��60° was
fabricated and tested. At the design frequency, the scan loss
is about 2.0 dB for the outermost beams and sidelobe levels
remain below �14 dB for all feed positions.

The performances are summarized in Table II and compared
with related designs in the literature. The comparison focuses
on antenna solutions that are fully or partly integrated in
PCB technology. While Luneburg lens antennas provide the
lowest scan loss, their scan range is typically limited to
about ��40° when used for feeding a �xed linear array [5],
[6]. Hence, due to the rotational symmetry (F = D), the lens
diameter becomes large when higher gain is required. Among
the designs with linear aperture, the present antenna offers
signi�cant improvements in terms of scanning performance.
One limitation of the proposed design is its total height
of about 0.8�0, which can be overcome simply by using a
smaller PPW spacing. Further studies are required to assess the
transmission of the waveguide bends and the feasibility of the
lens cavities in such a con�guration. Alternatively, additional

lenses can be introduced, which help to further improve the
scanning performance. In this case, the shaping process can
be accelerated by imposing similar lens shapes, and therefore
similar focal lengths, to ensure a low pro�le.

The compatibility with standard PCB techniques, high scan-
ning performance and relatively low loss make the proposed
design a promising building block for future Satcom terminal
antennas. More speci�cally, the beamformer may be used for
phasing ef�cient passive structures or integrated with active
antenna arrays. To enable beam scanning in the elevation
plane, techniques for further reducing the antenna pro�le are
currently under investigation.
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