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Abstract—Antennas for future communication systems are
required to be highly directive and steerable to compensate for
the high path loss in the millimeter-wave band. In this work,
we propose a linear array of modulated geodesic Luneburg lens
(the so-called water drop lens) antennas operating at 56-62 GHz.
The lens array antenna features two-dimensional beam scanning
with low structural complexity. The lenses are fully metallic and
implemented in parallel plate waveguides, meaning that they are
highly efficient. Each lens is fed with 13 rectangular waveguides
surrounded by glide-symmetric holes to suppress leakage. The
lenses provide 110 degree beam coverage in the H-plane with
scan losses below 1dB. In order to scan in the E-plane, we use a
feeding network based on a 1:4 power divider and three phase
shifters. In this configuration, the array can scan 60 degrees in
the E-plane, albeit with higher scanning losses than in the H-
plane. The lens array is manufactured and a good agreement
between simulated and experimental results is obtained.

Index Terms—Geodesic lens, lens antenna, linear array, Lune-
burg lens, multi-beam antennas.

I. INTRODUCTION

New generations of communication systems intend to cover
the requirements that higher data rates and lower latency that
many emerging applications demand. In order to do that, a
wider frequency spectrum allocation is needed [1]. Specifically
for 5G, wide bands around 30 and 60 GHz were proposed to
achieve high data rates [2]. The band at 60 GHz is mainly
considered for short-range indoor scenarios due to its intrinsic
high path losses. Therefore, antennas used in these applications
need to compensate for these losses with high gain. To provide
adequate angular coverage, the antennas must also be able to
steer their directive beam.

A widely used antenna solution for directive beam scan-
ning applications are planar phased arrays [3]. However, at
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millimeter-wave (mm-wave) frequencies, their feeding net-
works become complex and lossy [4]. Several methods have
been proposed in the literature to simplify the feeding network
of planar arrays. The most common one is to use beamforming
networks, such as Butler matrices [5], [6], Blass matrices [7],
[8] and Nolen matrices [9], [10], among others. However,
for two-dimensional beam steering, these devices are often
narrowband and complex. Alternatively, lenses can be added
to a sparse array to simplify the feeding network while
suppressing the grating lobes [11]. However, the scanning
range is limited due to large scan losses. Another alternative
is to use radomes that extend the scan angle [12], [13], which
compromises the directivity in the broadside direction.
Fully-metallic planar lens antennas have also been proposed
to provide high-gain and wide scanning at mm-wave frequen-
cies [14]. In [15], a bifocal lens antenna implemented in a
parallel plate waveguide (PPW) is proposed. The presented
antenna can produce 11 fixed beams in a range of +30°. In
[16], a double bifocal lens design is proposed, which increases
the scanning range of this type of antenna (+50°). An even
wider scanning range can be reached with a Luneburg lens
antenna [17], [18]. This is due to the fact that the Luneburg
lens is rotationally symmetric, which implies that the scan
losses can be small. This lens antenna can be implemented
with discretized layers of dielectrics [19] or through use of
metasurfaces [20], [21]. The metasurfaces can be fully metallic
to avoid the high material losses from dielectrics at high
frequencies [22], [23]. However, due to the sub-wavelength
size required for the unit cells, metasurface Luneburg lenses
can be difficult to manufacture at higher frequencies.
Fully-metallic Luneburg lenses can also be implemented
using geodesic profiles. These profiles are smooth, which
alleviates the manufacturing constraints. Geodesic lenses are
typically implemented using curved PPWs filled with a ho-
mogeneous material (such as air) that mimics the ray path
of its refractive index counterpart [24]. This concept was
introduced by Rinehart in [25] for the specific case of the
Luneburg lens. Moreover, in [26], the analytical solution of
the generalized geodesic Luneburg lens profile was presented.
One drawback of this solution however is that the height of
the lens is about one third of the lens diameter. As a result,
conventional geodesic Luneburg lenses are bulky. In [27],
it was proposed that this height can be reduced by folding
the lens profile and in [28], an implementation of a folded
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Fig. 2. Stepped transition from PPW to standard WR19 waveguide in two
sections (height and width).

Fig. 1. Conventional and modulated geodesic Luneburg lens pro les and 3D
surfaces (dimensions are normalized to the lens radius).

geodesic lens antenna was presented in which the sharp folding

points in the lens pro le are approximated with arcs to reduce

re ections at the cost of moderate phase aberrations. This

implementation reduced the height by 40% when compared

to the conventional geodesic Luneburg lens. Recently, an

ef cient method to design modulated geodesic lens antennas

has been presented in [18]. This modulated lens is referred

to as thewater droplens and has contributed to a regain ofig. 3. Simulated re ection coef cient of the are (blue line) and of the

interest in geodesic lenses for a number of applications at mfffveguide-to-PPW transition (purple dashed line). The parameters of the
. . . waveguide feed are reported in Tablel.

wave frequencies [29]. The pro le is de ned by continuously

differentiable functions, meaning that the folding is accounted

for in the design, thus reducing the phase aberrations compared Il. WATER DROP LENS ANTENNA DESIGN

to [28]. Moreover, in [30], the integration of a polarizer The designed array element is composed of a water drop

at the are of a geodesic lens antenna was proposed ﬁor . ) !
A o : . ens integrated with 13 waveguide feeds and a are. The
dual-polarization applications. While geodesic lens antennas : .
. . . . . . waveguide feeds match the impedance of a standard WR19
provide relatively simple manufacturing and high ef clency,, veguide to the PPW that forms the lens. On the other side
these PPW lens antennas can only scan in one plane, wt}ﬁ&h . ' L
. L L e are impedance matches the lens to free space and its
is not suf cient in some applications.

) height is constrained by the separation between array elements.
Here, we present a vertically stacked array of fewater

drop lens antennas. Stacking geodesic lenses was previously
proposed in [30], but no demonstration of the scanning ca-
pabilities has been reported until now. The lens element igha Lens design
scaled version of the lens in [18]. The lens antenna array is_uneburg proposed a rotationally-symmetric graded-index
able to scan in two planes through beam switching in thens that has one focal point at the contour of the lens and
horizontal plane and beam scanning in the vertical plangne at in nity [17]. This lens transforms a cylindrical wave at
Each lens antenna can produce 13 independent beams ira@y point on its surface into a plane wgve at the opposite side.
angular range of 55 in the horizontal plane with negligible The refractive index of this lens i( )= 2 2, where is
scan losses thanks to the rotational symmetry of the lensgfy normalized radial position. The lens has a refractive index
Moreover, the linear array of four lenses allows to scagf " 2 at the centre that gradually changesitat the contour,

30 in the vertical plane. This antenna bene ts of the higieaning that it is matched to the free space impedance.
ef ciency and simplicity in the feeding network associated This graded refractive index can be mimicked by a geodesic
with geodesic lens antennas while enabling two-dimensiongtb le with constant refractive index. The geodesic pro le for

beam steering. a Luneburg lens is [25], [26]
This article is organized as follows. Section Il explains N g
the design process of a single water drop lens antenna. In P 1 1
Section lll, the lens array antenna is presented, including the dz=d 2 * f’ﬁ 1 @)

design of a feeding network that includes a power divider and

phase shifters. Section IV describes the experimental reswiisere z the normalized height. This prole is plotted in
of the lens array antenna and Section V summarizes the mkig.1 in blue together with its 3D surface. The height of
conclusions. this geodesic curve is aroun@63 times the radius of the
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TABLE |
DIMENSIONS OF THE STEPPED TRANSITION

Parameter| Dimension (mm)| Parameter| Dimension (mm)| Parameter| Dimension (mm)
hy 0.8 Wo 3.483 ds 1.654
ha 1.315 w3 4.218 da 1.368
h3 2.048 Wy 4.8 ds 1.357
ha 2.39 di 0.914 ds 1.305
w1 3.2 d2 1.592

Fig. 4. Designed water drop lens antenna: (a) upper plate, (b) bottom plate
and (c) exploded view of the antenna. Fig. 5. Electric eld distribution when exciting: (a) port 1 at 56 GHz, (b)
port 1 at 62 GHz, (c) port 7 at 56 GHz, and (d) port 7 at 62 GHz.

lens, which can be too bulky for some applications. The lens
response can be mimicked more compactly with a modulated
surface pro le (water drop) as the one illustrated in pink in
Fig. 1 [18]. This modulated pro le has a height0.24 times
more compact than the original geodesic pro le.

In this work, we use the modulated pro le from [18], with
a radius of 4 g at 57 GHz (21 mm). A PPW is formed with
the pink prole in Fig. 1 corresponding to the pro le of the
mean surface between the two metallic surfaces, which are
separated here by a distance of 0.8 mm. This separation is
less than 0.2¢ at the highest frequency (62 GHz), ensuring
that only the fundamental PPW mode can propagate over the
frequency band of operation.

B. Ports and are design ) . - .
. Fig. 6. Simulated H-plane radiation patterns at 60 GHz for a single water
Rectangular waveguides are used to feed the lens. Eaeﬁ@ lens antenna.

rectangular waveguide is stepped, as illustrated in Fig.2, in

order to match the impedance of the waveguide to the PPW.

The stepped transition is designed in two sections to match thmited space. The two matching sections are connected by
dimensions of a standard WR19 waveguide for test purposasuniform waveguide whose length does not have a relevant
In the section closest to the PPW (section 1), the heiginipact on its operation. The steps that increase the width are
is modi ed to match the impedances of the waveguide andunded in the corners with a radius of 0.3 mm to account for
the PPW, while in the section close to the port (section 2panufacturing using milling. The optimized dimensions of the
the width of the waveguide that is modi ed. The width oftransition are reported in Table| and the re ection coef cient
the waveguide is not modi ed close to the lens due to this presented with the purple dashed line in Fig. 3. The stepped



IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. X, NO. X, 2022 4

Fig. 7. Water drop lens array antenna with four stacked elements.

waveguide has a re ection coef cient below -15 dB in the band
of operation (56-62 GHz). Fig. 8. E-plane radiation pattern of one and four stacked lenses at 60 GHz.

To mitigate the re ections at the output of the lens, a are

is used to match the impedance of the PPW to the free SpgagRances; air gaps can occur between the stacked layers. In
impedance. The Iens_ is intended to be used in a yertlcal al8Yer to make our design robust to manufacturing errors, we
and therefore the height of the are must be suf ciently smally5q,ce an electromagnetic band gap (EBG) structure to the

to ayoid gratin.g lobes when scanning. In our case, the targe ign to mitigate against leakage, as previously implemented
vertical scanning range is30 and so the height at the output, [31].

of the are is chosen to be 3.5mnd:¢f at 60 GHz). The are
has a spline curved shape and a length of 5.24 mm. This a

e .
is illustrated in the inset of Fig.3. The re ection coef cient'&' Lens array design
of the are is presented with blue solid line in Fig.3 and is The designed lens array antenna with four identical stacked

below -20dB in the band of interest. lenses is illustrated in Fig. 7. It is interesting to note that the
stack of lenses has a height of 16.7 mm, which is smaller than
a single conventional geodesic Luneburg lens with the same
C. Integrated lens antenna diameter. Fig. 8 presents the radiation patterns in the E-plane
Fig. 4 illustrates the integration of the 13 waveguide feeds 60 GHz for a single lens element and the stacked array. The
and the are with the lens. Fig.4a and 4b show the uppeinplitudes and phases of the array are uniformly distributed
and bottom plates of the lens, while Fig. 4c illustrates how thghd the patterns correspond to the ports that produce a beam
plates are combined to form the lens antenna. The waveguigdeoe in azimuth. The array has 6dB higher directivity and
feeds are extended to at surfaces for testing purposes. Théise half-power beamwidth decreases from 53td 18.3,
extensions, added between the two sections of the transiti@mpared to the single lens element. The SLL in the E-plane
design, are smooth to minimize re ections. The feeds atsf the array is -14 dB, as expected from the uniform amplitude
spaced:2 , which means that the antenna can scan in a rangigtribution.
of 55°in azimuth.
The z component of the electric eldE,, is illustrated in g Array feeding network

Fig. 5 for port 1 and 7 (numbering indicated in Fig. 4) at 56 and A feeding network, composed by a 1:4 power divider and

62 GHz. A plane wave is produced at 5%Bom port 1 and O hift is desianed 1o d h .
from port 7 in the horizontal plane. Fig. 6 shows the simulat%cp.a.se shifters, Is designed to emonstra.te t € scanning capa-
radiation patterns at 60 GHz. The maximum directivity an lities of the l.ens array antenna. The main design parameters

: . 0of the power divider and phase shifters are illustrated in Fig. 9.
side lobe level (SLL) are 19.04dB and -12 dB, respectively. : o

. . . . , The simulated S-parameters of the power divider are shown

@;sci?rggge :jaggih(z 53;50?;2(5:21:)“2ﬂemzlx!?lfénSZc;nin Fig. 10. The re ection coef cient at the input port (port 1
' ' W v VELIS =o. " in Fig.9a) is below -20dB in the band of interest, under the
condition that ports 2 to 5 are matched. To reduce SLL in the
E-plane of the lens array antenna, we design the power divider

The water drop lens antenna presented in Section Il can otdyproduce a tapered amplitude distribution at its output ports.
scan in one plane. In this section, we propose stacking théseour design, the transmission coef cients for ports 3 and 4
single elements in order to produce an array antenna that eae equal to -5dB at the design frequency whereas for ports
scan in both azimuth (thanks to the lens) and elevation (tharkksnd 5, their value is set to -7 dB. The path length between
to the array), corresponding to the angleand , respectively, the input port and all output ports is equalized resulting in a
with the notations in Fig.4. In this section, we propose gphase difference between output ports lower than 0.15°, which
array composed of four lenses. This array is fed with a powisrin the order of the numerical accuracy of the model. This
divider and phase shifters that control the pointing angle means that the power divider can be used to produce beams

elevation. We note that, as a consequence of manufacturaid® in elevation, without the external phase shifters.

IIl. L ENS ARRAY ANTENNA
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Fig. 11. Phase shifts for scanning 16with L1 =3.5mm,L, =2.5mm and
L3 =5.6mm) and 30 (with L1 =12mm, L, =16 mm andL 3 =26.5mm).
The parameters atep s =40 mm,d =35 mm,w1 =4.8 mm,wz =5.6 mm and
w3 =6mm.

(b)

Fig. 9. Feeding network composed by (a) a 1:4 power divider and (b) phase
shifters. The phase shifts are achieved by having a different waveguide width
and varying the length of a dielectric slab placed in the middle.

Fig. 12. E-plane radiation patterns of port 7 at 60 GHz.

the lens array when connecting the feeding network to the
waveguide feeds that produce a beam at 0° in azimuth. The
beam at 0° in elevation is obtained without the phase shifters.
Fig. 10. Re ection and transmission coef cient of the designed power dividefrhe other directions are obtained connecting the lens array
antenna with the power divider and its corresponding set of

To scan the beam in elevation, phase shifting Waveguid@gase shifters. The maximum d|re_ct|V|ty is 23_.9 dB and the
are connected to each of the output ports of the power dividgfan osses at 30are 2.2dB, following the cosine-like scan
For demonstration purposes, xed phase shifters are designigSes In linear arrays.

In Fig. 10, the top waveguide is invariant in t& direction
and is used as a reference. In the remaining waveguid
different phase shifts are achieved by changing their wid
and the length of thin dielectric slabs placed/at 0, as pro- An EBG structure can be placed surrounding each waveg-
posed in [32]. The parameters dtgs =40mm,d=35mm, uide feed to avoid undesired leakage due to manufacturing
w; =4.8 mm,w, =5.6 mm andv; =6 mm. The dielectric slabs tolerances. For example, metallic pins have already been
are made of Rogers RT5880 with thickness 0.508 mm. To sgamoposed in a technology known gap waveguidef33], [34].
15°, slabs of length; =3.5mm,L, =2.5mm and_3 =5.6 mm Avoiding this leakage is especially critical in mm-wave bands
are used. To scan 300, slabs of length=12 mm,L, =16 mm [35]. Here, instead of metallic pins we have chosen to use
andL 3 =26.5mm are used. Fig. 11 shows the phase differengiide-symmetric holes as the EBG structure [36], [37], [38].
between each phase shifting waveguide and the referefiteese holes have demonstrated to be a robust solution for
waveguide. A progressive phase of 65° and 126° is requinedveguides at high frequencies [39]. The proposed unit cell is
for scanning to 15° and 30°, respectively. shown in Fig. 13a. The holey structure used in this design has a
Fig. 12 shows the simulated E-plane radiation patterns fperiodp=2.5mm, a radius =1 mm and a heightt =1.5 mm.

§‘1$ EBG implementation
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Fig. 15. Manufactured prototype including lenses (top), power divider (bottom
left) and phase shifters (bottom right).

lens. Therefore, at the vicinity of the lens, there is not enough

space for the EBG structure. For these simulations, we assume

that there is no gap in this region. This is a good assumption in

() a real implementation, since a good contact between the two
Fig. 13. (a) Unit cell of the glide-symmetric holes. (b) Top and bottom platplates near the lens can be ensured if an intentional gap in the
of the lens with glide-symmetric holes and an intentional gap in the regigyeg protected by the glide-symmetric holes is imposed [31].
protected by the holes. . . .
The results in Fig. 14 show that the uniform gap of 50

has a clear impact on the radiation patterns. For example, in

port 1, this gap produces an increase of the SLL to -5.3dB, and

for port 7 to -3.8dB, which is unacceptable for the targeted

applications. Instead, the radiation patterns with the EBG

structure have a similar performance than the no-gap case,

validating the proposed mechanical design.

IV. EXPERIMENTAL RESULTS

A prototype is manufactured using high-precision milling to
verify the concept of the water drop lens array antenna. The
prototype is shown in Fig. 15 with four array elements. More
elements could be added at the top or bottom of the stack to
increase the aperture size in elevation if required thanks to
the generic layer design. The lens array antenna is composed

Fig. 14. Simulated radiation patterns at 60 GHz of ports 1 and 7. Comparis@h Ve identical plates milled on both top and bottom faces
of no gap, and uniform gap of 5am with and without glide-symmetric EBG. with an intentional gap of 20m in the areas protected by
the glide-symmetric holes (see Fig.13b). The manufactured
feeding network is also shown in Fig. 15. Both power divider
To illustrate the effect on the antenna performance due and phase shifters are produced in two parts, and the parts
undesired leakage, we have simulated a single water drop lang joined in the E-plane. Therefore, the leakage resulting
with an intentional uniform gap of 50m between the two from manufacturing tolerances will be minimized thanks to
plates. This uniform gap is obviously a worst case from symmetries.
mechanical point of view as gaps are expected to be smalleThe simulated and measured re ection coef cient of seven
and more localized; however the sensitivity of the structure pmrts of a single lens array element are presented in Fig. 16.
very small gaps shows the importance of the EBG structuiEhe results of the remaining six ports are omitted due to
Fig. 14 reports the simulated radiation patterns of port 1 andsymmetry. Fig. 16a shows that the simulated re ection coef -
at 60 GHz for three different cases: 1) ideal case (no gap),@gnts are below -17 dB in the band 56-62 GHz. Fig. 16b shows
uniform gap of 50 m between plates and 3) intentional gaphat the measured re ection coef cients for one lens antenna
of 50 m including a glide-symmetric holey EBG structureare below -10dB in the band of interest. These discrepancies
Fig.13b shows the placement of the holes on the top aatk attributed to the complexity of the antenna and manu-
bottom plates that form a single lens antenna. To minimize tfecturing tolerances at these high frequencies. Similar results
crossover between beams in azimuth, the waveguides musinmze achieved for the other array elements. The re ection
placed as close as possible to each other on the contour of ¢hef cients of the lens antenna are measured connecting each



