
Received March 7, 2019, accepted March 20, 2019, date of publication April 10, 2019, date of current version April 16, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2909175

Millimeter-Wave Thin Lens Using Multi-Patch
Incorporated Unit Cells for
Polarization-Dependent Beam Shaping
INSEOP YOON1, (Student Member, IEEE), AND JUNGSUEK OH 2,3, (Senior Member, IEEE)
1Department of Electronic Engineering, Inha University, Incheon 22212, South Korea
2Institute of New Media and Communications, Seoul National University, Seoul 08826, South Korea
3School of Electrical and Computer Engineering, Seoul National University, Seoul 08826, South Korea

Corresponding author: Jungsuek Oh (jungsuek@snu.ac.kr)

This work was supported in part by the National Research Foundation of Korea (NRF) through the Basic Science Research
Program funded by the Ministry of Science, Information and Communications Technologies (ICT) and Future Planning under Grant
NRF-2018R1A1A1A05079523, and in part by the Center for Advanced Meta-Material (CAMM) funded by the Ministry of Science, ICT,
and Future Planning through the Global Frontier Project under Grant CAMM-2014M3A6B3063708.

ABSTRACT This paper describes a millimeter-wave thin lens that exhibits different beam-shaping char-
acteristics depending on the polarization of the incident waves. The proposed unit cell topologies, which
use multiple rectangular patches and rectangular-slotted grids, enable thinner (= 0.05λ0) and smaller
(= 0.168λ0) features than in previous polarization-dependent lenses. An appropriate set of the proposed
unit cells is shown to cover a tunable phase range of 180◦ with respect to one polarized wave but have
an almost-zero tunable range of phase shifts with respect to another polarized wave. Thus, using this
unit cell set for x-polarized incident waves, the proposed lens operates as a convex lens, whereas for y-
polarized incident waves, the lens operates as a frequency selective surface. This confirms that gain variations
of 13 dB or more can be differentiated according to the polarization of the incident waves on the lens,
supporting polarization-dependent beam-shaping capability as a function of the polarization of incident
waves.

INDEX TERMS Lens, metasurface, millimeter-wave antenna, polarization, spatial filter, transmit array.

I. INTRODUCTION
Mobile communication systems are expected to undergo an
explosive increase in data usage because of the continu-
ous growth in data traffic inspired by next-generation ser-
vices such as the Internet of Everything (IoE). Therefore,
worldwide organizations have been actively studying the
millimeter-wave band for use as the 5G frequency. One essen-
tial requirement formillimeter-wavewireless communication
is high antenna gain to compensate for high signal attenuation
in the wireless channel. To achieve this, millimeter-wave thin
lens technology, which consists of an array of sub-wavelength
spatial filters, has received considerable attention as a novel
way to boost antenna performance. The main approaches
for improving antenna gain have focused on transform-
ing spherical waves into plane waves. In particular, some
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low-profile and extremely compact lenses have the potential
to be used in millimeter-wave applications [1]–[3].

Recent design techniques for frequency selective sur-
faces (FSS) can synthesize accurate spatial filter responses
owing to their relatively large degree of design freedom
in controlling the profile of the electromagnetic waves [4].
Furthermore, it has been discovered that a wider range of
phase shifts can be acquired by increasing the order of the
filter response produced by multi-layer FSS. These multi-
layer FSS can be bandpass or low-pass unit cells, where the
geometrical difference between the two is that the low-pass
unit cells consist of only patches, whereas bandpass unit cells
consist of both patches and grids.

Such millimeter-wave thin lenses have mainly been stud-
ied in terms of improving antenna gain by transforming
spherical waves into plane waves. Interestingly, most pre-
vious lens technologies utilizing the polarization character-
istics of the incident waves have focused on transforming
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FIGURE 1. (a) Exploded view of a conventional thin lens, (b) exploded
view of a unit cell (operating as a spatial filter), and (c) equivalent circuit
of the unit cell.

waves such that their polarization is different from that of the
incident waves [5]–[7]. Recently, several polarization-
dependent lenses have been reported in which the thick-
ness is about 10% of the wavelength at their operating
frequency [7]–[13]. However, this thickness and the lat-
eral dimension of the unit cell are too bulky for such
lens technologies to be used in industrial applications such
as 5G.

This paper describes a lens in which a tunable phase
range of 180◦ can be achieved from a cell with a thickness
of 0.548 mm (equivalent to 0.05λ0 at 28 GHz) by using new
unit cell topologies combining asymmetric patches and grids.
This approach is based on the discovery that the proposed
multiple rectangular patch (MP) can realize lower values for
in-plane capacitance. For polarization-dependent operation,
we design different types of unit cells that have a nearly-
zero range of variation in phase shifts for one polarized wave,
but a wide range of variation for the other polarized wave.
As a result, for x-polarized incident waves, the proposed lens
operates as a convex lens, whereas for y-polarized incident
waves, the lens operates as an FSS. Finally, measurements of
fabricated samples with a relevant setup confirm the excellent
performance of the proposed lens.

II. DESIGN OF POLARIZATION-DEPENDENT LENS
A. SPATIAL FILTERS EMPLOYING ASYMMETRIC TOPOLOGY
The proposed lens consists of nonperiodic unit cells operating
as a spatial filter, as shown in Fig. 1. The design of the
unit cells starts with an analysis of the equivalent circuits of
planar patches and grids having sub-wavelength dimensions,
as shown in Fig. 1(c). The equivalent circuits can be approx-
imated by C and L [4]. The in-plane capacitance formed
by the gaps between the patches of different unit cells is a
function of the geometrical parameters D and s, as shown
in Fig. 2(a) [14]–[17]:

C = ε0εeff
2D
π

ln

(
1

sin
(
πs
2D

)) (1)

FIGURE 2. (a) Conventional square-shaped patch and grid, (b) single
rectangular patch and corresponding grid having a rectangular slot, and
(c) multiple rectangular patches and corresponding grid.

Similarly, the inductance corresponding to a grid in the unit
cell is a function of D, as shown in Fig. 2(a) [14]–[17]:

L = µ0µeff
D
2π

ln

(
1

sin
(
πw
2D

)) (2)

The T-shaped inductive network formed by Lsubstrate and
Lgrid in Fig. 1(c) can be converted into an equivalent π
network [14]. This converted equivalent circuit network rep-
resents a second-order bandpass filter network. High-order
bandpass filter responses can be synthesized if the patch and
grid patterns in the unit cell are stacked alternately. Similarly,
in this study, the proposed lens is based on three metal layers,
withmetallic patches on the top and bottom layer andmetallic
grids on the middle layer. Rogers 6010 is used as the lens
substrate; its permittivity, loss tangent, and thickness are 10.2,
0.0023, and 0.254 mm, respectively. Rogers 2929 Bondply
is used as a bonding layer to combine the substrates; its
permittivity, loss tangent, and thickness are 2.94, 0.003, and
0.04 mm, respectively.

Numerous unit cells on the proposed lens exhibit a
fixed phase shift for y-polarized incident waves, but a
widely tunable range of phase shifts for x-polarized inci-
dent waves. To realize different reactive responses for two
orthogonally-polarized incident waves, conventional square-
shaped patches and square-slotted grids are changed into
rectangular-shaped patches and rectangular-slotted grids hav-
ing different lengths along the x- and y-axes. In this sense, s
andw in Fig. 2(a) become sx, sy andwx ,wy in Fig. 2(b), while
Dx andDy, which are related to thewhole size of the unit cells,
are fixed to 1.8 mm. In-plane couplings between the patches
are modeled as a capacitance and are a function of sx , where
sy is fixed to 0.2 mm. Based on the assumption in (1), s <<
D, sx is tuned from 0.1 mm to 1.0 mm. In this parametric
sweep, the in-plane capacitance varies over a wide range
of 33.91–138.32 fF for x-polarized incident waves, while the
capacitance varies in a narrow range of 87.14–104.62 fF for
y-polarized incident waves, as shown in Fig. 3.
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FIGURE 3. Theoretical and simulated in-plane capacitance of x- and
y-polarized SP and MP.

FIGURE 4. Frequency responses of the y-polarized bandpass unit cells
based on SP unit cells and MP unit cells.

For a fixed sizeD of the unit cells, the use of MP, as shown
in Fig. 2(c), can achieve a further dramatic difference between
x-polarized and y-polarized responses compared to the afore-
mentioned single rectangular patch (SP). Under the condi-
tions mentioned in the previous paragraph, the y-polarized
in-plane capacitance formed by the MPs varies over a nar-
rower range of 47.32–66.87 fF, while the x-polarized in-
plane capacitance using MPs varies over almost the same
range as when utilizing SPs, enabling a wider range of
polarization-dependent in-plane capacitance. Finally, band-
pass unit cells (BU) are designed based on SPs and MPs,
as shown in the bottom left of Fig. 4. To focus on the
difference between SP- and MP-based BU designs, Fig. 4
shows the frequency responses for y-polarized incident waves
only. As expected, the slope of the frequency response for
MP-based BU is flatter than that of SP-based BU. This
suggests that the utilization of MP enables a higher level
of independent control of x-polarized BU from y-polarized
BU. This is because, as the dimension parameters related
to the x-polarized BU change, the frequency response of
y-polarized BU exhibits a relatively small variation. In this
sense, the insertion loss and phase shift of a 28 GHz
MP-based BU example are plotted in Fig. 5 as sx of BU is
changed to 0.5, 0.6, and 0.7 mm where the IL varies less
than 1 dB. As intended, the x-pol phase variation due to the
change in sx becomes approximately 20 degrees while the
phase value corresponding to y-pol remains constant.

B. POLARIZATION-DEPENDENT TUNABLE RANGE OF
PHASE SHIFT
This section confirms the feasibility of realizing the
polarization-dependent tunable range discussed in
Section II-A in a spatial filter. The lens proposed in this paper

FIGURE 5. Insertion loss and phase shift of the MP-based BU as a
function of sx .

FIGURE 6. Tunable ranges of phase shift of the proposed unit cells
according to x- and y-polarized incident waves.

TABLE 1. Patch and grid size, insertion loss, and phase shift of proposed
unit cells.

is intended as a transparent medium for y-polarized incident
waves and a convex lens for x-polarized incident waves.
Thus, all of the unit cells must provide the same level of phase
shift for y-polarized incident waves, but they must provide
significantly different levels of phase shift for x-polarized
incident waves. Fig. 6 shows the phase shift results against the
x- and y-polarized incident waves on 10 selected unit cells,
and Table 1 presents the specifications of the selected unit
cells. For energy-efficient beam shaping, only unit cells with
an insertion loss of less than 1 dB are selected for both x- and
y-polarized incident waves. When the lens is designed using
the unit cells listed in Table 1, the phase shifts produced by
passing y-polarized incident waves through the lens varies
in a narrow range of approximately 10◦, whereas the phase
shifts for x-polarized incident waves can achieve a tunable
range of approximately 180◦.
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TABLE 2. Feature comparison for previous lenses.

FIGURE 7. Geometry and dimension parameters of designed probe λ/2
dipole antenna.

It has been known that the increase in the number of metal
and substrate layers can acquire the 360 degrees, as shown
in Table 2. But this comes at the expense of practical prob-
lems such as accumulated misalignment errors among the
substrates combined by numerous bonding layers and high
fabrication cost, limiting the range of the commercial appli-
cations [4].

Furthermore, acquiring the tunable range was more
challenged for designing dual-polarized unit cells simultane-
ously [9]. In this paper, the proposed lens utilizing asymmet-
rical multi-patches and grids have the thickness of half of the
prior dual-polarized lens presented in the literature [9], but
losing only 30 degrees in the tunable range of the phase shift
from 210 degrees to 180 degrees.

C. PROBE DIPOLE ANTENNA DESIGN
A printed dipole antenna operating at the target frequency
of 28 GHz is designed as a probe source to feed the pro-
posed lens for full-wave simulations and measurements. The
dipole source generating spherical waves is appropriate to
examine the function of the proposed lens where the spher-
ical waves are converted into the plane waves only for one
polarized incident waves. Fig. 7 shows the geometry and
dimension parameters of the designed dipole antenna. The
designed dipole antenna was constructed using a 10-layer
FR4 stack substrate, which is widely used in commercial

FIGURE 8. Top view of the designed probe λ/2 dipole antenna (a) 5th
layer, (b) 6th layer, and (c) other layers.

millimeter-wave antenna-in-package solutions since the fab-
rication cost was lowered by the rapid development of 5G
technology [24]–[27]. To be compatible with this printed
circuit board, two arms of the dipole antenna were connected
to different layers, with one connected to the 5th, signal-
line layer, and the other to the 6th, ground layer, as shown
in Fig. 8. Note that in the absence of other RF components
for antenna design, all layers except the 5th are fully filled
with copper and the layers are connected through via walls,
producing a solid ground. As a result, the signal line on the
5th layer is fully surrounded by via walls, with the 4th and
6th copper layers forming a quasi-coaxial cable to minimize
substrate losses at 28 GHz. As shown in Fig. 8, the via walls
are added along the edge of the solid ground as a reflector.
Through optimization performed by full-wave simulations,
L1, L2,W1, andW2were set to 1.5mm, 3.8mm, 0.2mm, and
0.5 mm, respectively. The simulated 10-dB return loss results
in a bandwidth of∼ 1 GHz.Within the 1 GHz bandwidth, the
antenna gain varies from 1.5–2.2 dBi and the gain is 2.0 dBi
at the target frequency of 28 GHz. Note that 2.0 dBi is lower
than the theoretically expected gain value, even considering
the addition of the via wall reflector. This is because the
dipole arms, radiating elements, and initially radiating paths
are buried in FR4, a commercial and lossy substrate.

D. LENS IMPLEMENTATION USING MACRO DESIGN
This section describes the design procedure for the proposed
lens using the polarization-dependent spatial filter responses
discussed in Section II-B. The design steps for determine the
numerous unit cell types are stated below [4], [20]:

Step 1. The antenna source, from which the proposed
lens will be placed at the target distance, is first considered
as per the system requirements. In this study, to observe a
dramatic difference in the radiation pattern between two cases
corresponding to two orthogonal polarizations of the incident
waves, the probe dipole antenna designed in Section II-C was
used as a quasi-spherical wave source at a target distance
of 20 mm.

Step 2. The phase profiles of a propagating wave-front
emitted from the probe dipole antenna are captured over a
selected aperture at the selected target distance (20 mm),
as shown Fig. 9. In this study, considering the size of the unit
cell, the phase profiles were captured at 1.8 mm intervals on
the basis of the center of each unit cell. The first quadrant of
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FIGURE 9. Phase distributions on captured plane at the distance
of 20 mm away from the probe dipole antenna.

FIGURE 10. (a) First quadrant phase distributions captured at a selected
distance away from the antenna and (b) distribution of the numbered
unit cells selected from Table 1.

FIGURE 11. Distribution of zones selected from Fig. 11 (b).

the captured aperture is shown in Fig. 10(a), and the original
analog phase distributions are quantized into bins of 10◦,
where the phase profiles are in the range −180◦–180◦.
Step 3. From the predetermined phase shifts, the types

of unit cells at each point are selected from Table 1. In the
case of y-polarized incident waves, the unit cells for all
of the captured points have the same phase shift value of
∼20◦; in the case of x-polarized incident waves, the types
of unit cells are selected to compensate different levels of
phase shift in the captured points to create a flat wave-front,
suggesting enhanced antenna gain toward the intended beam
direction. The first quadrant of the selected unit cells is shown
in Fig. 10(b).

TABLE 3. Numbered zones, incident angle, selected UC# for each zone,
insertion loss and phase at the center of each zone.

Step 4. To utilize the effect of an incident angle of the
proposed lens, the zone is formed in Fig. 11 and the cal-
culated distance from each zone is organized as Table 3.
Table 3 shows the numbered zones, incident angle, selected
UC# for each zone, phase, and insertion loss at the center
of each zone. From the comparisons between Table 1 and
Table 3, it is assumed that variations in insertion loss and
phase shift by different incident angles are not significant.

Step 5. Finally, the design of the proposed lens is com-
pleted by applying the aforementioned procedure for all four
quadrants, as shown in Fig. 12.

III. FABRICATION AND MEASUREMENT
The top view of the fabricated sample of the dipole antenna
is shown in Fig. 13. The fabricated 10-layer FR4 stack has a
total thickness of 0.741 mm, and its dielectric constant and
loss tangent are 3.8 and 0.002, respectively. Fig. 14 shows
the simulated and measured return loss of the probe dipole
antenna. The 10-dB return loss bandwidth of the antenna is
1.3 GHz. Fig. 15 shows a fabricated sample of the proposed
polarization-dependent thin lens. It is practically useful to
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FIGURE 12. Oblique view of designed lens (a) in case of y-polarized
incident waves and, (b) in case of x-polarized indent waves.

FIGURE 13. Picture of the fabricated probe dipole antenna.

FIGURE 14. Simulated and measured return loss of the probe dipole
antenna.

note that, in the fabricated sample, the existence of extra
substrate areas in the exterior of the metallic lens area must be
combined with a zig holder. Fig. 16 shows the simulated 3D
radiation patterns corresponding to the probe dipole antenna
without and with the proposed lens transforming y- and x-
polarized incident waves. Fig. 16(b) shows that, for the y-
polarized incident waves, the 3D radiation pattern formed
by the waves radiating from the proposed lens is the same
as the 3D radiation pattern excited using the dipole antenna
without the lens. In contrast, for the x-polarized incident
waves, the 3D radiation pattern formed by the waves radiating
from the proposed lens is much sharper than the patterns in
the aforementioned two cases. In each cases, the polarization
purity of the proposed lens is high, indicating the low cross-
pol gain compared to co-pol.

In the measurement setup, two orthogonal arrangements
of the probe dipole antenna were tested to produce inci-
dent waves with x- and y-polarization. Fig. 17 shows the

FIGURE 15. Top view of the fabricated MP-based lens.

FIGURE 16. Simulated 3D radiation patterns of co-polarization
corresponding to (a) only the probe dipole antenna, and the proposed
lens transforming (b) y-polarized and (c) x-polarized incident waves. And
simulated 3D radiation patterns of cross-polarization corresponding to
(d) only the probe dipole antenna, and the proposed lens transforming
(e) y-polarized and (f) x-polarized incident waves.

FIGURE 17. Measurement system and Styrofoam jig for the proposed
lens.

measurement setup, where the proposed lens fed by the dipole
antenna is used as a transmit (Tx) antenna, and a standard-
gain horn antenna is used as a receive (Rx) antenna. The
fabricated lens (size = 50.4 mm × 50.4 mm) was mounted
on a Styrofoam jig, and the position of the λ/2 dipole antenna
behind the lens was controlled to be accurately aligned with
the center of the lens, maintaining the intended distance
of 20 mm between the antenna and the lens.
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FIGURE 18. Simulated and measured radiation patterns for three
different antenna configurations on the E-plane.

FIGURE 19. Simulated and measured radiation patterns for three
different antenna configurations on the H-plane.

FIGURE 20. Simulated and measured gains for the cases ‘Only the probe
dipole antenna’, ‘The probe dipole antenna + the proposed lens for
y-polarized incident waves’ and ‘The probe dipole antenna + the
proposed lens for x-polarized incident waves’ within 10 dB-return loss
bandwidth of the dipole.

TABLE 4. Measured lens gain for distance between probe antenna and
lens.

Figs. 18 and 19 show the simulated and measured radia-
tion patterns of the proposed lens on the E- and H-planes,
respectively. The gain using only the probe dipole antenna
was measured to be 1.9 dBi (HPBW: 95◦ ). The proposed
lens reacting to the y-polarized incident waves has a similar
gain to that of the probe dipole antenna within an error

TABLE 5. Feature comparison between previous lens [9] and proposed
lens.

range of 0.5 dB. However, the proposed lens reacting to
the x-polarized incident waves exhibits a significant gain
improvement of 13 dB compared to the reference probe
dipole, and thus the corresponding radiation pattern is shaped
to have a narrow beam with HPBW of approximately 11◦.
Note that the use of a quasi-omnidirectional dipole might
cause undesired scattering on mechanical fixtures, leading
to slight discrepancies between the simulated and measured
results. The gains corresponding to the cases of the probe
dipole antenna without and with the proposed lens were
simulated and measured in the range of the probe dipole
antenna bandwidth, as shown in Fig. 20. This confirms that
there is good agreement between the simulated and measured
results, as well as a stable gain bandwidth in the given range.
In this study, aperture efficiency for x-polarized incident
waves is calculated as low as 14.7%. This is because a printed
dipole antenna rather than a directive horn antenna is used
as a spherical-wave source which is more appropriate to
demonstrate the proposed dual polarized operation showing
two extreme cases of broad and narrow beams. Table 4 shows
the gain variation due to the change in the distance between
the probe antenna and the lens. In the case of x-pol, the max-
imum gain enhancement is achieved at the desired distance
of 20 mm.

Finally, Table 5 compares the features of a previous lens [9]
with those of the proposed lens. The thickness of the proposed
lens has been significantly reduced from 0.1λ0 to 0.05λ0 at
the expense of a slight reduction in the tunable range of phase
shift from 210◦ to 180◦. The gain enhancement factor of the
proposed lens (lens gain) is 3.5 dB lower than that of the prior
lens because the lens size and distance from the feed antenna
are much smaller for the proposed lens than for the previous
lens, which affects the total antenna volume.

IV. CONCLUSION
This paper has presented a novel millimeter-wave thin lens
exhibiting different beam shaping properties according to the
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polarization of the incident waves. When x-polarized waves
are incident on the proposed lens, the radiation pattern of the
waves radiating from the lens is much narrower than that of
the probe λ/2 dipole antenna, functioning as a convex lens.

In contrast, for the y-polarized incident waves, the radiation
pattern of the waves radiating from the lens is almost the
same as that of the probe dipole, functioning as a transparent
medium. A novel combination of the proposed MPs and
asymmetric grids can achieve a tunable phase range of 180◦.
This enables the lens thickness to be as little as 0.05λ0(=
0.548 mm) at 28 GHz.
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