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Abstract—This paper introduces an all-metal series dual-fed
continuous transverse stub (CTS) array that enables multi-beam
operation at K-band. This capability is obtained by utilizing a
reflecting Luneburg lens (RLL) beamformer made of two stacked
circular parallel plate waveguides (PPWs). The bottom PPW
hosts a graded index medium that collimates the rays coupled
by a corner reflector to the top PPW, where the CTS array is
located. This design capitalizes on the RLL’s rotational symmetry,
employing a circular array of feeds to generate multiple planar
wavefronts that illuminate the CTS array across a 360◦ range.
Consequently, a new series-fed CTS array has been introduced to
ensure high aperture efficiency when excited from diametrically
opposed ends. The appropriate selection of the feeds, combined
with the rotation of the CTS plane, enables the generation of
simultaneous independent beams with continuous scanning. This
architecture enhances the capabilities of conventional variable
inclination CTS arrays. A prototype has been fabricated and
tested, demonstrating excellent performance between 17.3 and
21.2 GHz, with an aperture efficiency of 43.5-58% and a radiation
efficiency of 90%. The antenna achieves scanning up to 55◦ in
azimuth and from 5◦ to 65◦ in elevation through port switching,
and full-azimuthal coverage with the added mechanical rotation.
This design is particularly significant for K-band low-earth orbit
(LEO) high-throughput satellite communications.

Index Terms—beam-scanning, broadband antenna, continuous
transverse stub array, K-band, metalens, multi-beam antenna,
reflecting Luneburg lens, satellite communications.

I. INTRODUCTION

THE growing demand for seamless connectivity and higher
data rates has driven a shift towards heterogeneous space

and terrestrial networks and the utilization of higher frequency
bands, such as the K-band [1]. In this context, low-earth orbit
(LEO) high-throughput satellite communications (SATCOMs)
[2] require novel antenna concepts to maintain the connectivity

Manuscript received May 17 2024. This work has been supported in part by
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both in the space and ground segments. Multi-beam archi-
tectures with wide coverage are particularly crucial as they
can reduce the number of antennas onboard the satellite [3].
Additionally, due to its integration in moving platforms, the
antenna system in the ground segment needs to be low-profile
and strike an optimal trade-off between fabrication complexity,
power consumption, material losses, and bandwidth.

Continuous transverse stub (CTS) arrays [4] were proposed
in the 1990s by Milroy to meet the requirements above [5]–
[7] and have been widely utilized in SATCOM. Depending
on the array feeding scheme, CTS arrays can be categorized
as parallel-fed [8]–[14] or series-fed [15]–[17]. Parallel-fed
CTS arrays operate over larger bandwidths with a fixed point-
ing angle, while series-fed CTS arrays offer a lower-profile
solution with wide-angle frequency scanning [18]. Series-
fed CTS arrays typically consist of a double-layer structure,
comprising two stacked parallel plate waveguides (PPWs) or
substrate integrated waveguides. The bottom layer includes a
beamformer that generates a planar wavefront in the top layer,
which hosts the slot array. Continuous scanning along a given
contour can be achieved by introducing an inclination between
the propagating wavefront exciting the CTS and the long slots,
as in variable inclination CTS (VICTS) arrays [19]. To that
end, most solutions feature a mechanical rotation between the
two PPWs [15], [20].

The planar wavefront utilized to feed the slots in VICTS
arrays is commonly generated in one direction by using a
corporate feed network (CFN) in the bottom PPW [15], [20].
However, planar wavefronts with different directions may
also be generated by using quasi-optical (QO) beamformers
in PPWs, such as pillbox systems [8]–[14], [21], [22] and
flat Luneburg lenses (LLs) [23]–[29]. Both solutions, when
appropriately combined with a radiating aperture like the CTS,
can generate pencil beams. LLs can create planar wavefronts
with different azimuthal directions without suffering from scan
loss. However, to achieve pencil beams, the radiating aperture
needs to be placed after the lens, resulting in an increased an-
tenna footprint [26], [29] and low aperture efficiency. Pillbox
systems, on the other hand, have a more compact architecture,
with the beamformer and antenna sharing a common aperture.
These systems consist of two stacked PPWs connected by
a 180o PPW bend with a parabolic profile, transforming a
cylindrical wavefront generated by a primary feed in the
bottom PPW into a plane wave in the top one. However, coma
phase errors increase the side-lobe level (SLLs) when scanning
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the beam by moving the feed position in the focal plane.
To address the aforementioned challenges, the reflecting

Luneburg lens (RLL) was introduced in [30]. The RLL com-
prises two vertically stacked circular PPWs. The lower PPW
is filled with a graded index (GRIN) medium, which exhibits
cylindrical symmetry and enables full azimuthal scanning. The
GRIN medium guides the rays along curvilinear trajectories so
that, upon encountering a reflecting boundary, they emerge
parallel in the upper PPW as a plane wave. Different ap-
proaches for realizing the RLL medium have already been
documented in the literature, such as geodesics [31] and
metallic bed-of-nails (BoN) [32].

This work leverages the azimuthal scanning capabilities of
the RLL to efficiently excite a specially modified series dual-
fed CTS array. By switching between multiple ports placed
in the lower PPW, the proposed antenna can radiate multiple
pencil beams. Each port excites one of the ridge waveguide
feeds arrayed along a focal ring to generate planar wavefronts
with different directions in the upper PPW. The angles of
these wavefronts relative to the orientation of the slot array
determine the direction of the beam for each port. Therefore,
port-switching allows beam scanning without the need for
mechanical rotation between the layers, although rotation can
still be used to increase coverage. Furthermore, for the first
time in the literature, the CTS array has been adapted to benefit
from bi-directional excitation, taking advantage of the RLL’s
360◦ azimuthal scanning capabilities, all while optimizing the
aperture efficiency in this scenario. Such features may be of
interest to systems that handle handover processes.

The paper is structured as follows. Section II presents the
antenna structure comprised by the RLL, the feeding system
and the CTS array. Section III discusses the numerical simula-
tion results of the antenna and compares it with experimental
measurements for the input reflection coefficients and coupling
matrix, radiation patterns and scanning performance. Finally,
the conclusions are drawn in Section IV.

II. ANTENNA DESIGN

The proposed antenna, depicted in Fig. 1(a), operates over a
frequency range from 17.3 GHz to 21.2 GHz catering for both
civil and military downlink needs in SATCOM. The circular
structure has a diameter of D=200mm and a height of H=
22.7mm. It can be divided into three structural blocks, labelled
as P1, P2 and P3 in the exploded view of Fig. 1(a). Blocks P1
and P2 conform the bottom PPW, which accommodates the
RLL beamformer, while blocks P2 and P3 constitute the CST
array. The three blocks are entirely metallic, which eliminates
dielectric losses and ensures mechanical robustness.

Before delving into the details of the design, let us suc-
cinctly explain the working mechanism of the antenna. The
RLL beamformer in the bottom PPW exploits a BoN structure
to realize the RLL GRIN medium, as explained in Sec-
tion II-A. The cylindrically symmetric GRIN medium guides
the rays launched by a primary source, placed in a focal
ring, until the circular conductive rim such that they emerge
collimated in the upper PPW. The coupling between the RLL
and the top PPW is achieved effectively by a corner reflector,
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Fig. 1. (a) Perspective and side views of the proposed antenna architecture.
Operating principle of the series-fed CTS array under variable inclination
ϕs of the impinging slow-wave wavefront with respect to the stub array (b)
without and (c) with rotation of the block P3 with the long slots (top views).

as shown in the side view of Fig. 1(a) and the zoom in
Fig. 2(d). The planar wavefront generated in the upper PPW
is then gradually radiated by the long slot array as a pencil
beam, the direction of which will be determined by the angle
ϕs between the plane wave and the array of slots, as depicted
in Fig. 1(b).

In VICTS arrays, this relative angle is obtained by intro-
ducing mechanical rotation between the beamforming network
and the stub array [15], enabling continuous scanning. How-
ever, in our design, the angle between the propagating plane
wave and the slots can be simply controlled by introducing
multiple feeds in the RLL inner focal ring (right inset in
Fig. 1(a)). Assuming ϕfeed the angle of the feed with respect
to the x-axis, each feed generates a planar wavefront in a
different direction defined by the relative angle ϕs = π+ϕfeed
as presented in Fig. 1(b). To achieve this, the structure in
Fig. 1(a) incorporates 18 feeds equispaced at an angle of
20◦, as detailed in Section II-B. Out of these feeds, up to
5 pairs of diametrically opposed ports can be excited at a
time to radiate a beam for a fixed orientation of the CTS.
A sequential excitation of these ports yields beam scanning
via port switching, while simultaneous excitation results in
a multi-beam operation. Furthermore, the scanning range can
be significantly enhanced by mechanically rotating the upper

ACCEPTED MANUSCRIPT / CLEAN COPY



SUBMITTED TO IEEE TRANS. ANTENNAS PROPAG., MAY 2024 3

n

(a)

p

p
p
w

b

b

d

h

h

b

p

ad

ad

ada

h

(b)

17.3 17.95 18.6 19.25 19.9 20.55 21.2

Frequency [GHz]

1

1.5

2

2.5

3

n
e
q

h
b
 =1 mm

h
b
 =1.4 mm

h
b
 =1.8 mm

h
b
 =2 mm

h
b
 =2.4 mm

h
b
 =2.7 mm

h
b
 =2.9 mm

(c)

block1
z

l

block2l

block2h
block1h

x

(d)

18 19 20 21

Frequency [GHz]

-40

-30

-20

-10

0

S
1

1
 [

d
B

]

-0.2

-0.15

-0.1

-0.05

0
S

2
1

 [
d

B
]

(e)

Fig. 2. (a) Ray-paths in the bottom PPW (white lines), in the top PPW
(black arrows), and color map showing the refractive index values for the
RLL’s GRIN medium for a source placed at its inner focal ring. (b) Hexagonal
unit-cell with dimensions pb = 1.4mm, db = 0.43mm and hppw = 4mm,
(left); unit-cell for the artificial dielectric with dimensions pad = 1.4mm,
aad = 0.63mm and hppw = 4mm (right). (c) Equivalent refractive index
of the hexagonal unit-cell as a function of frequency for different values of
hb. (d) Side view of the corner reflector with dimensions lblock1=1.6mm,
hblock1 =1.8mm, lblock2 =1.6mm and hblock2 =0.7mm. (e) Magnitude
of the input reflection (solid blue line) and transmission (solid red line)
coefficients in dB for the corner reflector transition between the two layers.

layer an angle ϕrot with respect to the x-axis, which results in
ϕs = π + ϕfeed − ϕrot. This surpasses the contour restrictions
of conventional VICTS arrays.

Finally, the series dual-fed CTS is described in Section II-C.
While the RLL is responsible for collimation in the H-
plane, the long slots produce the narrow beam in the E-
plane. Additionally, the series configuration enables frequency
scanning for all the beams, further expanding the field of view.

A. Reflecting Luneburg Lens

The RLL beamformer and corner reflector in this antenna
system reside within the lower PPW (comprised of blocks P1
and P2 in Fig. 1(a)). The refractive index profile of the RLL
was analytically derived in [30] and reads as

n(r) = nup

(
−1 +

√
1 + 8(r/Rlens)2

2 ((r/Rlens)2)

)3/2

, (1)

where nup is the equivalent refractive index of the upper PPW,
r is the radial distance and Rlens is the radius of the lens. Since
the refractive index value at the rim of the lens matches that

of the top PPW, we can easily couple the power to it using
a corner reflector. The azimuthally symmetric GRIN medium
described by (1) guides the rays emitted from a source at the
focal circumference (rim of the lens) along curvilinear paths.
These rays then impinge on a circular reflecting boundary
at an angle of arrival, causing them to emerge parallel to
each other in the top PPW. This mechanism is shown in
Fig. 1(b) of [30]. Although the exact focus is at the periphery
of the lens, the RLL also presents an inner focal ring at a
radial distance r = 0.46R. The operation of the lens does
not change significantly when the source is placed in this
ring; that is, a planar wavefront is still generated in the upper
PPW, as depicted in Fig. 2(a). Therefore, one can omit the
center-most part of the structure and place the sources inside
the lens, reducing the maximum required refractive index to
n(0.46R) = 1.86nup. More importantly, in this configuration,
diametrically opposed sources do not block each other while
coupling power to the upper PPW. This constitutes a key
advantage compared to classical Luneburg lenses.

A BoN with hexagonal lattice [33]–[35] is used here to
realize the GRIN medium of the RLL. As shown in the left
side of Fig. 2(b), the periodic inclusions are placed in the
bottom PPW with a height of hppw = 4mm and consist of
hexagonal metallic posts placed at the centers of the hexagonal
unit cells. This type of lattice has more symmetry axes (six
instead of the four present in a Cartesian lattice) [34]. The
greater number of symmetry axes provides a more isotropic
behavior for the unit-cell, which becomes particularly signif-
icant at frequencies where the unit-cells are not very small
relative to the wavelength. A hexagonal lattice also enables
an increase in the density of the unit-cells, thus increasing the
resolution of the GRIN medium. Furthermore, the realization
complexity is not significantly affected compared to the more
conventional BoN with a rectangular lattice.

The unit-cell was simulated using an eigenmode solver
[36], where we set the appropriate boundary conditions on
the hexagonal walls of the unit-cell. From the dispersion
diagram one can extract the equivalent refractive index, which
is depicted in Fig. 2(c) as a function of frequency for different
post heights hb over the frequency range of interest. One can
observe that hb=2.85mm is sufficient to achieve the highest
refractive index value n(0.46R)=2.2 at the central frequency
of 19.25GHz for a source positioned at the inner focal ring
when nup = 1.2. The rationale behind this value of nup for
the top PPW will be provided in the next section. Additionally,
Fig. 2(c) illustrates the effects of dispersion, which are more
pronounced for taller posts and could limit the bandwidth
of operation of the lens. These effect may be mitigated by
using a unit-cell with higher symmetries, as in [32]. However,
considering the lens radius of Rlens = 5.5λ0, where λ0 is
the free space wavelength at the center frequency, and the
requested relative bandwidth of 20%, the hexagonal unit-cell
with conventional symmetry provides a good trade-off between
performance and fabrication complexity (simpler here than in
the higher symmetric case).

The upper PPW should support a slow wave to excite the
series-fed CTS array [37]. The required equivalent refractive
index of nup= 1.2 has been obtained using the BoN depicted
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TABLE I
DIMENSION OF THE COAXIAL TO RIDGE WAVEGUIDE TRANSITION

Variable l1 l2 l3 l4 l5 w1 w2

Value (mm) 3.29 3.71 2 2.18 3.99 5.4 8.3
Variable h1 h2 h3 d1 d2 r1 r2

Value (mm) 3.14 3.34 2.4 0.9 1.8 2.2 3.49

in the right side of Fig. 2(b). This BoN consists of metallic
square posts with a width of aad =0.63mm and a height of
had=1.46mm, arranged in a Cartesian lattice with periodicity
pad = 1.4mm. The power between the two PPW layers is
coupled using a corner reflector. An important factor impacting
its design is the thickness of the middle metallic plate (P2 in
Fig. 1(a)), which must be sufficient to ensure structural rigidity
and allow for the milling of the square posts on the top side
without deformations. This thickness adds an extra optical path
to the theoretical ray paths presented in [30]. To compensate
for this effect, the dimensions of the corner reflector sec-
tions, presented in Fig. 2(d) are optimized (lblock1 =1.6mm,
hblock1 = 1.8mm, lblock2 = 1.6mm and hblock2 = 0.7mm)
to minimize the phase errors associated with the additional
optical path. The magnitudes of the reflection and transmission
coefficients of the corner reflector are depicted in Fig. 2(e) with
blue and red lines, respectively, over the frequency range of
interest. This lens beamformer is excited by a circular array
of feeds positioned at the inner focal ring, as described in the
next section.

B. Feeding System

The array of feeds at the RLL’s inner focal ring is de-
picted in Fig. 1(a) (block P1). The chosen solution relies on
ridge waveguides, which are preferred over typical rectangular
waveguides due to their greater compactness. This enables
the potential accommodation of a larger number of feeds and
enhances the angular resolution in azimuth. Specifically, to
adhere to the cutoff frequency of the conventional rectangular
waveguide at the lower frequency (17.3GHz), the resulting
waveguides would need to be at least 8.7 mm wide. This
minimum width would allow for a maximum of 14 feeds,
thereby impacting the level of overlap between adjacent beams
and limiting the angular resolution in the azimuth plane to
25.7◦. Hence, a ridge waveguide is selected as the feeding
mechanism for the lens.

The ridge waveguides are vertically excited by a coaxial
connector from the bottom side of part P1. Fig. 3(a) depicts
the focal ring array, featuring a total of 18 feeders spaced
at angular increments of 20◦ for ϕfeed, which represents the
angle of the feed with respect to the x-axis (Fig. 1(b)). The
ports are numbered following a clockwise scheme. The top and
side views of the coaxial-to-ridge transition are shown in the
insets of Fig. 3(b). The dimensions of the matching section,
presented in Table I, are optimized to match the impedance
of the coaxial connector to that of the RLL in the inner focal
region. Fig. 3(b) shows the magnitude of the input reflection
coefficient for the coaxial-to-ridge transition when located in
the inner focal region of the lens.

To showcase the illumination of the lens, we analyze a
simplified structure, consisting of a half-lens with the top
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Fig. 3. (a) Port configuration for the lens feeding system. The ports are placed
at 20◦ increments of the angle ϕ, totaling 18 ports numbered clockwise. (b)
Magnitude of the input reflection coefficient in dB for the coaxial-to-ridge
transition when located in the inner focal region of the lens. The top-left
and top-right insets show the side and top views, respectively, of the coaxial-
to-ridge transition. The dimensions of the matching section are presented in
Table I. (c) Real part of the vertical component of the electric field Re(Ez)
in logarithmic scale for (left) the bottom PPW and (right) the top PPW at f=
19.25 GHz. (d) Normalized directivity on the H-plane cut at f=19.25GHz
(blue), f=17.3GHz (green) and at f=21.2GHz (red).

layer filled with the rectangular BoN providing nup=1.2 and
terminated by a perfectly matched layer (PML). The dimen-
sions w2 and r2 of the ridge feed reported in Table I provide
an edge-illumination taper of −10 dB at ϕ = ±67◦ at the
periphery of the lens. The structure has been simulated using a
commercial full-wave solver [38]. Fig. 3(c) shows the real part
of the vertical component of the electric field in both the lower
(left) and the upper PPW (right) at the central frequency of
19.25GHz. A planar wavefront is clearly formed in the upper
PPW, as expected. The far-field performance of the lens in the
H-plane is predicted based on the field amplitude and phase
distribution across the PML bounded aperture, located in the
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array at (a) ϕrot = 0◦ and (b) ϕrot = 12◦.

upper PPW. Fig. 3(d) depicts the normalized directivity pattern
in the H-plane at the lower frequency (17.3GHz), central
frequency (19.25GHz), and upper frequency (21.2GHz) of
the band. The lens produces a clear main lobe with a −3 dB
beamwidth narrower than 10◦ and SLLs consistently lower
than −14 dB across the desired frequency range (from 17.3 to
21.2 GHz). This broadband capability primarily stems from
the appropriate choice of the unit-cell providing the graded
index.

C. Continuous Transverse Stub Array

The long slots of the CTS are machined on block P3 and are
excited by a planar slow-wave wavefront, which is generated
by the RLL and propagates in the upper PPW, as described
in Sections II-A and II-B. By selecting the excited port, one
can change the azimuthal direction of this plane wave. Thus,
a linear phase is created along the radiating slots, resulting
in a beam direction dependent on the plane wave’s angle of
incidence. To find the relation between this incidence angle
and the beam direction, we introduce a coordinate system
x′Oy′ relative to the slot orientation, as shown in Fig. 1(c).
This reference system rotates along with P3 by an angle
ϕrot. When ϕrot = 0◦, the two coordinate systems align, as
illustrated in Fig. 1(b), and ϕ′=ϕ. In this scenario, the angle
ϕs is entirely determined by ϕfeed, which represents the feed’s
angular orientation relative to the x-axis, as shown in Figs. 1(b)
and (c). The x′ and y′ components of the wavevector k of the
slow Parallel Plate Mode (PPM) in the PPW can be written
as

kx′ = k cosϕs =
2π

λguided
cosϕs (2)

ky′ = k sinϕs =
2π

λguided
sinϕs, (3)

where λguided is the guided wavelength in the upper PPW. To
determine the scanning properties of the antenna, we utilize
the array factor AF of the long slots array [15], calculated
as the product AF = AFx′ ×AFy′ between the array factors
along the x′ and y′ axes, respectively. These factors read as:

AFx′ =
sin
(

Np
2 (k0 sin θ cosϕ

′ − kx′

)
N sin

(
p
2 (k0 sin θ cosϕ

′ − kx′)
) (4)
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Fig. 5. (a) 3D geometry and (b) equivalent circuit of a CTS unit-cell in a PPW
loaded with a BoN with a single reflection-canceling notch. (c) 3D geometry
and (d) equivalent circuit of a CTS unit-cell with dual reflection-canceling
notches. The the unit-cell design variables are indicated.

AFy′ = sinc
(
Lslot

2
(k0 sin θ sinϕ

′ − ky′)

)
(5)

where ϕ′ and θ are the azimuth and elevation angles in the
spherical coordinate system in Fig. 1(c), N and p are the
number of slots and periodicity along the x′-axis, and k0 is the
free space wavenumber. The quantities kx′ and ky′ are defined
in (2) and (3), respectively. Equation (5) has been derived by
considering each slot, with length Lslot along the y′-axis, as
an array with an infinite number (Ny) of infinitesimally small
slots with size py , such that Lslot = Nypy .

The maxima of radiation in the visible space can be found
by solving [37]

sin θ cosϕ′ =

(
kx′

k0
+

2πm

k0p

)
, m = 0,±1, ...,±M. (6)

It is clear that the positions of these maxima are determined by
the periodicity p and the guided wavenumber k. For broadside
pointing and ϕs = 0◦, one has p = −2πm/k, so m ̸= 0 and
we choose m = −1 to obtain a single beam. Furthermore,
p < λ0 to prevent the onset of grating lobes when m = 0,
which also necessitates a slow wave (k > k0) PPM, as
previously discussed. In our case, k = nup k0 at the central
frequency, which is achieved by implementing an artificial
dielectric consisting of a BoN with hb = 1.46 mm, as detailed
in Section II-A. The value of p = 11.2mm is chosen to ensure
that the main lobes of the array factor produced by the feeds
with ϕfeed =±40◦ remain within the visible spectrum at the
lower frequency 17.3 GHz when ϕrot=0◦.

The radiation pattern of the CTS array with radius RCTS =
81mm can now be computed using p in (2)-(5). The dispersion
of the artificial dielectric substrate can also be taken into
account in this analysis. Fig. 4(a) illustrates the position of
the main beam at f1 = 19.25GHz when ports 17, 18, 1,
2, and 3 are activated for ϕrot = 0, i.e., the case where the
long slots are aligned with the y-axis, as shown in Fig. 1(b).
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Fig. 6. (a) Magnitude of the input reflection coefficient for the dual-directional
unit-cell in Fig. 5(c) as a function of frequency for different values of a1 and
(b) Contour lines showing the attenuation constant α in Np/m as a function
of a1 within the frequency band of interest.

The dashed line represents the continuous scanning contour
obtained from (6). It is shown that the choice of p and nup

permits the radiation of 5 beams in this configuration. Next,
we consider a mechanical rotation of the upper layer by an
angle ϕrot, as depicted in Fig. 1(c), which leads to a rotation
of the scanning contour in the u-v plane (ϕ′=ϕ+ ϕrot). Fig.
4(b) represents the rotated scanning contour and the positions
of the main lobes when P3 is rotated by ϕrot = 12◦. In this
instance, the beam for port 3 (with ϕs = π − 40◦ − 12◦) is
outside the visible region, reducing the maximum numbers of
beams to 4. For every rotation of P3 by ϕrot, ϕs should remain
within the π ± 40◦ range meaning that the excitation of the
appropriate feeds is required to potentially cover the entire 2D
space.

After determining the scanning capabilities of the array, a
slot element that efficiently radiates the slow-wave power is
investigated. Fig. 5(a) shows a typical structure for a series-
fed CTS unit-cell, consisting of two vertical PPW sections or
matching sections, while Fig. 5(b) illustrates the corresponding
equivalent circuit model. The first matching section has a
height and width of h1 and a1, respectively, while the second
has a height and width of h2 and a2, respectively, to ensure
matching to free space. The width of the matching sections
(or equivalently the height of the PPWs) must be chosen to
ensure uni-modal propagation of the transverse electromag-
netic (TEM) mode over the operating frequency range [8].
This condition yields a2<amax=

c
2fup

, where fup is the higher
frequency. For fup = 21.2 GHz, this results in a2 < 7.1 mm
and, in our case, we select a2=6.7 mm.

The power radiated by each unit-cell can be controlled by
adjusting a1. Additionally, a single reflection-canceling notch
at a distance dn from the slot is employed to mitigate reflec-
tions originating from the radiating slot, targeting a specific
direction of propagation for the exciting wavefront. However,
in our case, we must ensure reciprocal response when feeding

1. Guess of S1(x)

4. Conditions 

for εconv and εap

Condition for εconv/2

2. Calculate α1 

for x ∈ [0, L/2]
3. Compute  S2(x)

α2 from α1

No

5. Final α2 (x) for 

x ∈ [0, L]

Yes
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Fig. 7. (a) Flowchart illustrating the algorithm used to derive the total
attenuation profile α2. (b) Comparison between enforced (blue) and realized
(red) power density distributions along the direction of propagation.

from both port 1 and port 2 in Fig. 5, so a symmetry plane
is enforced at the center of the vertical PPW opening. By
introducing a second notch, shown in Fig. 5(c) and (d), one
can achieve wideband matching of the unit-cell for different
values of a1 in both directions of propagation. Fig. 6(a) shows
the magnitude of the input reflection coefficient within the
operating frequency band for the optimized dimensions of the
reflection-canceling notches (dn = 0.5mm, wn = 1mm, and
hn = 0.6mm), and heights of the matching sections (h1 = 2.2
mm and h2 = 1.5 mm). The S11 is below −10 dB, which
attests to the adequate functioning of this new CTS unit cell.

The attenuation constant for each unit-cell is estimated
from its ABCD matrix, which is obtained in turn from
the scattering parameters. The complex propagation constant
γ=jk=jβ+α is determined by cosh (γp)= A+D

2 , a function
of the parameters A and D in the transmission matrix. Fig.
6(b) presents the leakage factor α calculated for different slot
widths a1 within the frequency band of interest. The values
of α exhibit stable performance with respect to frequency and
provide an acceptable range of values to tailor the aperture
field distribution in the E-plane.

D. Synthesis of the aperture profile by non-uniform leakage
factor

The design of unidirectional series-fed CTS arrays [15],
[39] typically aims to achieve a uniform aperture distribution
to maximize the aperture efficiency. However, our structure
must accommodate excitation from opposite directions, which
necessitates a symmetric profile of α. Therefore, enforcing
a uniform power distribution, as in [40], is not feasible.
To circumvent this issue, the iterative process schematically
shown in Fig. 7(a), is followed to find the attenuation profile
α(x) that provides a power distribution optimizing the aperture
efficiency.

First, let us derive the relationship between the power
density distribution and the local attenuation constant. The
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TABLE II
GAP a1 AND ATTENUATION OF CTS ELEMENTS

Stub # 1 # 2 # 3 # 4 # 5 # 6 # 7
a1 (mm) 1.37 2.1 2.7 3.26 3.81 4.39 5
αi (Np/m) 2.8 5.6 8.5 11.3 14.2 17 19.62

Stub # 8 # 9 # 10 # 11 # 12 # 13
a1 (mm) 4.39 3.81 3.26 2.7 2.1 1.37
αi (Np/m) 17 14.2 11.3 8.5 5.6 2.8

power distribution psw for the slow wave (SW) propagating
along the x direction in the PPW underneath the array can be
written as [41]:

psw(x) = psw(0)e
−2

∫ x
0

α(x′)dx′
(7)

where psw(0) is the power at the input point, and x′ is
the integration variable. The previous expression can also be
written as

− d

dx
psw(x) = −2α(x)psw(x) (8)

After some derivations, detailed in the Appendix, the profile
α(x) providing a desired radiated power density S1(x) for half
of the antenna reads as

α1(x) =
S1(x)/2

psw(0)
psw(0)−psw(L/2)

∫ L/2

0
S1(x′)dx′ −

∫ x

0
S1(x′)dx′

(9)

The adopted algorithm relies on non-linear optimization
[42] and looks for a local minimum. In step 1, we consider a
general power density distribution

S1(x) = a1 sin

(
b1x

L
+ c1

)
+a2 sin

(
b2x

L
+ c2

)
, x ∈ [0, L/2]

(10)
After initializing (10) with a1 = 14.75, b1 = 0.47, c1 = 1.558,
a2 = 1.55, b2 = 9.6 and c2 = −0.14, one can use (9) to obtain
α1(x) for x ∈ [0, L/2] in step 2. Then, symmetry is enforced
to obtain the attenuation constant for the entire antenna length
α2 by mirroring α1(x) with respect to the midpoint of the
antenna:

α2(x) =

{
α1(x) 0 ≤ x ≤ L/2
α1(−x+ L) L/2 ≤ x ≤ L

(11)

The radiated power per unit length, which can also be seen
as the lost portion of the SW power, is related to the final
leaky-wave (LW) power density S2 as follows:

plw(x) = psw(0)− psw(x) =

∫ x

0

S2(x
′)dx′ (12)

In step 3, by differentiating (12) and using (8), the resulting
S2(x) can be expressed in terms of α2(x) as:

S2(x) = 2α2(x)psw(x) = 2α2(x)psw(0)e
−2

∫ x
0

α2(x
′)dx′

(13)

Finally, we define the conversion efficiency up to the
halfway point of the antenna length as ϵconv/2=

psw(0)−psw(L/2)
psw(0)

,
while the total conversion efficiency is defined as ϵconv =
psw(0)−psw(L)

psw(0)
. The optimization ends in step 4 when a pre-

defined goal for ϵconv (obtained from ϵconv/2) and the aperture
efficiency ϵap are both reached. Otherwise, the parameters a1,
b1, c1, a2, b2 and c2 are modified and a different profile of
S1(x) is evaluated.

(a) (b)

(c) (d)

Fig. 8. (a) CNC milling process shaping the bottom component, which
includes the hexagonal unit-cell lattice forming the RLL and the feed network.
(b) Completed assembly of the fabricated antenna. (c) Coaxial connectors used
to excite the multi-port system. (d) Far-field measurement setup.

Fig. 7(b) shows the power density distributions S1(x)
(red line) and S2(x) (blue line), based on an initial target
efficiency of ϵconv/2 = 0.75. The efficiencies resulting from
the optimization process are ϵconv = 0.96 and ϵap = 0.83,
which are consistent with the results obtained from other
symmetric tapering profile solutions, such as those in [43],
and attests to the effectiveness of our optimization strategy.
The values of the optimised parameters of (10) are a1 = 11.2,
b1 = 0.72, c1 = 1.172, a2 = 2.92, b2 = 12 and c2 = −1.37.
The final S2(x) for the entire antenna length follows the
enforced power distribution S1(x) until the halfway point L/2,
but the second half of S2(x) is significantly lower due to
the symmetric nature of the attenuation constant. Next, the
attenuation profile α2 is obtained by adapting (9) for the entire
antenna length. This profile is then discretized into the number
N of long slots along the x-axis, enabling the mapping of
α2 to the appropriate values of the parameter a1 using the
information in Fig. 6(b). Table II displays the slot widths and
their corresponding attenuation constant values at the center
frequency f = 19.25 GHz. These dimensions complete the
geometrical definition of the antenna.

III. EXPERIMENTAL RESULTS

The three blocks composing the proposed multi-beam an-
tenna, as defined in Section II and Fig. 1(a), have been
fabricated in aluminum (σ = 3.8 × 107 S/m) using computer
numerical control (CNC) milling. Fig. 8(a) shows block P1
during the milling process and the assembled antenna is shown
in Fig. 8(b). A central screw from the backside of part P1
(visible in Fig. 8(c)) secures it together with part P2, while 6
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Fig. 9. S-parameters comparison of the antenna system between measured
(dashed lines) and simulated values (solid lines) for 0o rotation of the upper
layer. (a) Reflection coefficient of ports 1,2 and 3 and (b) Mutual coupling
for ports 1, 2, 3 and 10, 11, 12.

screws spaced at 60◦ intervals around the perimeter join parts
P1 and P3. Although only 6 screws are necessary for these
parts’ mechanical contact, part P1 features 60 screw holes at
6◦ intervals to mimic mechanical rotation by enabling multiple
angles ϕrot between the upper and lower layers.

Fig. 8(c) also shows the 18 coaxial connectors on the
backside of part P1; they lie on the inner focal circle and serve
to excite the antenna at 20◦ intervals. The complete structure
measures H = 22.7mm in thickness (1.45λ0 at 19.25 GHz),
including the additional 5mm for the measurement support.
The reduced anisotropy of the hexagonal lattice and the
strategic placement of ports yield a symmetric lens and feed
system response at 20◦ increments. Hence, we can focus on
two upper layer rotation configurations relative to the rest of
the system, at ϕrot=0◦ and 12◦. All simulation results in this
section have been obtained using CST Microwave Studio [38].

A. S-parameters

The S-Parameters were measured for a ϕrot=0o rotation of
the upper part. First, Fig. 9(a) displays the measured (dashed
lines) and simulated (solid lines) input reflection coefficients
for ports 1, 2 and 3, which fully characterize the antenna
due to the symmetry of the structure at 20◦ intervals. The
antenna is well matched, displaying a reflection coefficient
below −10 dB for the objective frequency band. In turn,
Fig. 9(b) presents selected mutual coupling curves for ports
1, 2, 3, 10, 11 and 12. Ports 10, 11 and 12 are diametrically
opposed to ports 1, 2 and 3 respectively and have ϕfeed larger
by 180◦. In leaky-wave antennas, the non-radiated power is
usually absorbed by a load. However, in our case, where
we aim to excite the CTS array indistinctly from opposite
directions by using two reciprocal ports (e.g. 1 and 10), this
solution cannot be used. Here, owing to the RLL design, any
non-radiated power is redirected to the opposed port, thus
ensuring that energy remains within the bottom PPW and
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Fig. 10. Comparison between the simulated (co-pol: solid blue line) and
measured (co-pol: dashed blue line, cross-pol: dashed green line) normalized
directivity in dB when port 1 is excited for the E-plane and H-plane,
respectively, at (a)-(b) f = 19.25 GHz, (c)-(d) f = 17.3 GHz, and at (e)-
(f) f=21.2 GHz. Comparison between the simulated (co-pol: solid magenta
line) and measured (co-pol: dashed magenta line, cross-pol: dashed red line)
normalized directivity in dB when port 10 is excited for (g) the E-plane and
(h) H-plane at f=19.25 GHz.

preventing unwanted destructive interference. As mentioned
in subsection II-D the system has been designed to radiate
more than 90% of the power while maximizing the aperture
efficiency, so the power received by reciprocal ports should be
below 10%. Fig. 9(b) shows the coupling between the pairs
of reciprocal ports 1-10, 2-11 and 3-12 with green, cyan and
blue lines respectively. We see indeed that the remaining power
gathered by the diametrically opposed ports is attenuated by
around −12 to −16 dB, which represents around 2.5 to 6%
of the accepted power. The rest of the (non-reciprocal) ports
display a good isolation of around −25 dB as showcased by
the red and magenta lines in Fig. 9(b).

B. Radiation Patterns

This section first presents the radiation performance of
the antenna when port 1, which is aligned with the x-axis
at ϕfeed = 0, is excited. Figs. 10(a) and (b) display the
E- and H-plane normalized directivity patterns, respectively,
at the center frequency. Both simulated (solid blue line)
and measured results (dashed blue line) are presented. The
resulting pencil beam is directed at an azimuth angle of
ϕ = 0◦ and elevation angle θ = 13◦. Figs. 10(c) and (d)
depict the normalized radiation patterns in the E- and H-plane,
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Fig. 11. Comparison of simulated (solid) and measured (dashed) directivity
(blue) and realized gain (black) across the frequency band of interest for ports
(a) 1, (b) 2, (c) 3, and (d) 10.

respectively, at 17.3 GHz, the lowest frequency of the band.
In turn, Figs. 10(e) and (f) showcase the principal cut planes
at the upper frequency of 21.2 GHz. All the measured values
present an excellent agreement with the simulated ones. The
beamwidth and side lobe levels of the H-plane patterns rely
on the beamforming capabilites of the RLL. One can see that
the beamwidth decreases for increasing frequency, while the
SLLs remain below −15 dB within the operating frequency
band. On the other hand, the E-plane patterns depend on the
CTS leaky wave radiation, with the pointing angle predicted as
in subsection II-C. For the slow-wave wavefront parallel to the
long slots, as when port 1 is excited, only the elevation angle
changes with frequency from θ = 4◦ at 21.2GHz to θ = 23◦

at 17.3GHz. Next, Figs. 10(g) and (h) display the E- and H-
plane normalized directivity patterns at the central frequency
when port 10, diametrically opposite to port 1, is activated. As
expected, the E-plane pattern is the mirrored version of that
shown in Fig. 10(a), with a pointing angle of θ=−13◦.

Finally, Figs. 11(a), (b), (c) and (d) present the simulated
(solid lines) and measured (dashed lines) directivity (blue) and
realized gain (black) versus frequency responses for ports 1, 2,
3 and 10, respectively. The agreement between the experimen-
tal and predicted results is very good also in this case. The
overall aperture efficiency is calculated to be between 43.5-
58%, and the radiation efficiency is consistently above 90%
across the entire frequency range of interest for port 1. The
measured directivity ranges from 25.7 dBi to 28.7 dBi.

C. Scanning Performance

First, the antenna scanning capabilities through port switch-
ing are showcased when ϕrot = 0◦. Each port is associated
with a different ϕfeed, which results in different discrete
beam directions in azimuth and elevation along the contour
defined by (6). Figs. 12(a)-(c) show the contour plots for the
normalized directivity in the u−v plane for ports 1, 2 and
3 at the central frequency, corresponding to ϕfeed angles of
0◦, 20◦, 40◦. We observe that the main lobe directions follow

TABLE III
MEASURED BEAM LOCATION AT 19.25 GHZ

Port ϕrot Meas. ϕ (Sim. ϕ) Meas. θ (Sim. θ)
1 0◦ 1.2◦(0◦) 13◦(12◦)
2 0◦ 53◦(54◦) 30.5◦(30◦)
3 0◦ 55.3◦(57◦) 64.9◦(63◦)
10 0◦ −1.3◦(0◦) −13◦(−12◦)
11 0◦ 51.2◦(54◦) −31.2◦(−30◦)
12 0◦ 54.4◦(57◦) −65.5◦(−63◦)
1 12◦ 53.7◦(59◦) 22.8◦(20◦)
18 12◦ −20.8◦(−26◦) 18◦(16◦)
17 12◦ −42.3◦(−45◦) 42◦(40◦)
2 12◦ 66.5◦(69◦) 48.8◦(47◦)

the predicted scanning contours, represented by the dashed
white lines. Due to the symmetry of the structure, the beams
for ports 17 and 18 are those of ports 3 and 2 mirrored with
respect to the u axis. Additionally, ports 8-12 provide beams
that are those of ports 3, 2, 1, 18 and 17 mirrored with respect
to the v axis, which results in a total number of 10 beams in the
visible region. Table III presents the discrete beam positions.
In Fig. 11 we can see that the directivity and realized gain
of these beams also correspond to the simulations. Due to
the beam for port 3 being directed at 65◦ in elevation, the
effective aperture, and therefore the directivity, are lower. The
description of the ϕrot = 0◦ configuration is completed by
examining the effect of frequency scanning when different
ports are excited. Table IV illustrates how the direction of the
radiated beam changes with frequency in both elevation and
azimuth for ports 1, 2, and 3. The values ∆ϕ and ∆θ indicate
the changes in pointing direction in azimuth and elevation,
respectively, relative to the central frequency (19.25GHz) for
each port. For completeness, the normalized directivity in the
u-v plane is included in Fig. S1 of the Supplementary Material
for ports 1, 2 and 3, at both the lower (f = 17.3 GHz) and
higher frequencies (f = 21.2 GHz).

TABLE IV
MEASURED FREQUENCY SCANNING FOR PORTS 1, 2 AND 3

Port 17.3 GHz 19.25 GHz 21.2 GHz

1

ϕ : 0◦

∆ϕ : −1.2◦

θ : 23.6◦

∆θ : 10.6◦

ϕ : 1.2◦

∆ϕ : 0◦

θ : 13◦

∆θ : 0◦

ϕ : 3.3◦

∆ϕ : 2.1◦

θ : 4.9◦

∆θ : −8.1◦

2

ϕ : 39.8◦

∆ϕ : −13.2◦

θ : 38.7◦

∆θ : 8.2◦

ϕ : 53◦

∆ϕ : 0◦

θ : 30.5◦

∆θ : 0◦

ϕ : 68.1◦

∆ϕ : 15.1◦

θ : 26.2◦

∆θ : −4.3◦

3

ϕ : 48.2◦

∆ϕ : −7.1◦

θ : 73.7◦

∆θ : 8.8◦

ϕ : 55.3◦

∆ϕ : 0◦

θ : 64.9◦

∆θ : 0◦

ϕ : 63.1◦

∆ϕ : 7.8◦

θ : 57.2◦

∆θ : −7.7◦

Second, we explore continuous scanning by rotating the
CTS on the upper layer. To achieve this, we apply a rotation
of the top layer equal to ϕrot = 12◦, resulting in a rotation
of the scanning contour in the u− v plane as explained in
Section II-C. Figs. 12 (d)-(e) depict the normalized directivity
in the u− v plane for ports 1, 18 and 17, respectively, at
f=19.25 GHz. In this configuration, port 3 does not radiate as
the angle ϕs between the propagating wavefront and the CTS
orientation is too large. This results in only 8 beams in the
visible region, from ports 1, 2, 18 17, and their diametrically
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Fig. 12. Measured beamscanning performance in u−v plane at the central frequency f = 19.25 GHz for 0o rotation of the upper layer when (a) port 1, (b)
port 2 and (c) port 3 are excited. For a 12o rotation of the upper layer when (d) port 1, (e) port 18 and (f) port 17 are excited.

opposed counterparts. It is demonstrated that the measured
beam positions fall again on the predicted scanning contour,
represented by the white dashed line. The continuous rotation
of the scanning contour is dependent on ϕrot, whereas scanning
along the contour is determined by the discrete values of the
feeds ϕfeed. The beam in this case scans along the contour
in discrete steps the azimuth from −42.2◦ to 66.5◦ and the
elevation from 18◦ to 48.8◦, also presented in Table III.

Table V presents the key performance metrics for recent
CTS arrays defining the state-of-the-art and reported in the
open literature, as well as for our design. Our solution enables,
for the first time, the excitation of the CTS from opposite
directions. This results in a significant increase in the number
of simultaneous beams. Compared to the multibeam solution
in [16] and [17], which provide 5 and 4 simultaneous beams
respectively, we double the number of beams, achieving up
to 10. In addition, we show that it is possible to concurrently
utilize multibeam operation alongside mechanical scanning to
enhance the coverage provided by other CTS arrays that rely
solely on mechanical rotation for scanning [15], [20].

IV. CONCLUSION AND DISCUSSION

This paper introduces, for the first time, the use of a
reflecting Luneburg lens as a beamformer for multibeam
operation of a continuous transverse stub (CTS) array. It has
been demonstrated that this double-layer solution doubles the
number of simultaneous beams compared to other examples
in the open literature. To achieve this, the reflecting Luneburg
lens in the bottom PPW features a circular array of 18

feeds in its inner focal region. The RLL’s GRIN medium is
implemented by a BoN with a hexagonal lattice for improved
isotropy, thereby better leveraging the lens’s capability of
generating planar wavefronts with arbitrary directions in the
top layer. To effectively radiate the power impinging from
multiple directions on the series dual-fed CTS array, a novel
unit cell has been also proposed to offer good matching when
excited from opposite directions. Moreover, an optimization
framework has been presented to maximize the radiation and
aperture efficiencies of the proposed antenna system.

The experimental results confirm the predictions, showing
good matching and isolation between ports. The measured
directivity for the main port ranges from 25.7 to 28.7 dBi
between 17.3 GHz and 21.2 GHz, corresponding to a 43.5-
58% aperture efficiency. Additionally, this all-metal antenna
demonstrates excellent radiation efficiency, exceeding 90%
across the band, and constitutes a robust solution well-suited
for harsh environments. Alongside the inherent frequency
scanning of series-fed CTS arrays, the measurement campaign
has also demonstrated the antenna’s scanning capabilities.
Initially, we demonstrate that our system can generate up to 10
simultaneous beams through port switching, surpassing current
multibeam limits documented in the literature. Subsequently,
through mechanical rotation of the CTS block, each of these
beams can be continuously directed in different directions, as
shown here in the case of a 12◦ rotation. By combining port
switching with mechanical scanning, this antenna significantly
expands the current scanning limitations of CTS systems,
providing full 2D scanning coverage.
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TABLE V
SUMMARY OF THE STATE-OF-THE-ART ON VICTS ARRAYS

Ref. Peak Gain (dBi) BW (GHz) Scan Range (◦) Dimensions Scanning Method Rad. Eff.(%) Silm. Beams

[18] 18.1 8.5− 14.1 −16.8 to 55.2
11.7λ0 × 1.28λ0 × 0.24λ0

292mm × 32mm × 6mm Frequency Scan NA 1

[16] 20.9 33− 37 ±38,±69
4.1λ0 × 4.8λ0 × 0.24λ0

35.1mm × 41.1mm × 2mm Port Switch 87.1 5

[17] 31 23− 25 ±15
23λ0 × 23λ0 × 1.68λ0

288mm × 288mm × 21mm Port Switch 79.9 4

[15] 29.3 59− 63 ±60
11.7λ0 × 11.7λ0 × 1.92λ0

57mm × 57mm × 9.35mm Mechanical Rot. 82.2 1

[20] 24.2 19.2− 20.4 ±38
7.3λ0 × 6.5λ0 × 0.65λ0

111mm × 99.7mm × 10mm Mechanical Rot. 90 1

[20] 28.5 28.4− 30 ±60
10.8λ0 × 9.7λ0 × 0.97λ0

111mm × 99.7mm × 10mm Mechanical Rot. 90 1

This
work 28.7 17.3− 21.2 ±63

12.8λ0 × 12.8λ0 × 1.45λ0

200mm × 200mm × 22.7mm
Port Switch &

Mech. Rot. 90 8-10

APPENDIX A

To obtain the α profile providing a desired radiated power
density S1(x) for half of the antenna, we first differentiate (7):

d

dx
plw(x) = − d

dx
psw(x) = −2α(x)psw(x) = KS(x) (14)

where K is a proportionality constant.
Next, we integrate (14) to obtain:∫ x

0

dpsw(x
′) = −K

∫ x

0

S(x′)d x′

⇒ psw(0)− psw(x) = K

∫ x

0

S(x′)dx′
(15)

∫ L/2

0

dpsw(x
′) = −K

∫ L/2

0

S(x′)d x′

⇒ psw(0)− psw(L/2) = K

∫ L/2

0

S(x′)dx′
(16)

and solve for K in (16):

K =
psw(0)− psw(L/2)∫ L/2

0
S(x)dx

(17)

By inserting (15), (17), and (7) into (8), we obtain α as in
(9).
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