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Millimeter-Wave Short-Focus Thin Lens
Employing Disparate Filter Arrays

Jungsuek Oh, Member, IEEE

Abstract—This letter presents a millimeter-wave thin lens
employing disparate filter arrays created by placing both metallic
patches and wire mesh on the same plane. This disparate con-
figuration of patches and wire mesh enables the coexistence of
two different types of filter response, lowpass and bandpass, on
the same plane. It is found that this disparate design can achieve
improvement in the tunable range of phase shift of the spatial fil-
ter array with a limited number of metal and substrate layers so
as to retain the thin feature of the lens. This arrangement enables
higher focusing gain than prior thin lenses employing single-type
spatial filter arrays for a short focus of f/D = 0.2, where f is
the focal length and D is the lateral dimension (aperture) of the
lens. The design procedure for the proposed lens employing the
disparate filter arrays is discussed. Full-wave simulation results
demonstrate that the proposed lens can achieve more than 2 dB
in gain enhancement over previous thin lenses made of only low-
pass filter arrays. The fabricated lens is confirmed to have less than
0.05 Ao in total thickness and up to 11 dB in gain for f/D = 0.2.

Index Terms—Bandpass filter, lens, lowpass filter, millimeter-
wave antennas.

I. INTRODUCTION

ENSES have been widely used in many applications

operating from microwave to optical frequencies. A sig-
nificant amount of research regarding dielectric lenses has been
conducted to allow for beam steering and shaping applica-
tions at these lower frequencies [1]-[4]. Recent advancements
in frequency selective surfaces (FSSs) and metasurface tech-
nology have enabled the emergence of thin flat lenses for
microwave frequencies [5]-[10]. For such lenses with electri-
cally large apertures, selection of millimeter-wave frequencies
(between microwave and optical frequencies) is a feasible com-
promise for industrial products because the advantage of the
electrically-large-aperture effect is still valid at millimeter-wave
frequencies, although the lenses do not require the physically
bulky features of microwave lenses.

To apply this thin lens technology to millimeter-wave appli-
cations, there are many technical barriers in terms of system
integration, fabrication, and functionality [11]. The lenses need
to have the ability to be integrated into millimeter-wave sys-
tem packages. This integration configuration limits not only
the lens thickness, but also the distance between the antenna
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and the lens, so as to produce a small system volume. Because
the distance between the antenna and the lens is determined
by the inherent focal length of the lens, integration capabil-
ity requires a short focal length along with thinness. f/D is
used extensively as an effective criterion of the focal length,
where f is the focal length and D is the lateral dimension of the
lens.

The letter presents a novel design technique that can improve
the gain of millimeter-wave short-focus thin lenses by plac-
ing two different filter responses on the same lens surface. In
the lens, one type of unit cell consists of only patches, while
another type consists of both patches and wire mesh. In the sec-
ond metal layer, the patches and wire mesh coexist to produce a
wider tunable range of phase shift; this results in gain enhance-
ment for short-focus thin lenses. In Section II, disparate phase
features of two different-type unit cells, corresponding to low-
pass and bandpass response, are demonstrated. In Section III,
based on the unit cell analysis, a design procedure for a flat thin
lens is discussed. In Section IV, full-wave simulation and mea-
surement results confirm the advantages of the proposed design
approach for short-focus thin lenses.

II. DISPARATE FILTER ARRAYS

Discussion of the proposed design approach starts from
two well-known FSS unit cells functioning as spatial lowpass
and bandpass filters, respectively. The geometrical shapes and
design parameters of the two unit cells are shown in Fig. 1. The
geometrical difference between lowpass and bandpass unit cells
is that lowpass unit cells consist of only patches and bandpass
unit cells consist of both patches and wire mesh. To perceive
the wire-mesh pattern clearly, note that the repetition of the
loop-shape unit pattern in Fig. 1(b) produces the wire-mesh
pattern highlighted in Fig. 6(b) [12]. In the past, the design
of thin lenses has relied on a single-type unit cell, namely a
lowpass or bandpass unit cell. In the literature, the necessary
wide range of phase shift is acquired by increasing the order of
the filter response. However, this requires a significant increase
in the number of metal and substrate layers. This stacked-layer
configuration may be acceptable for microwave lenses, but not
for millimeter-wave lenses because of the increased energy
loss and fabrication errors resulting from misalignment among
the metal layers between bonding layers and because of the
increased fabrication cost. To address this, a new design method
combining different-order lowpass elliptic filter responses was
reported [11]. The literature demonstrates promising results
when f/D is 0.7. However, only relying on the same type of
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Fig. 1. Exploded view and dimension parameters of (a) lowpass and
(b) bandpass unit cells.

TABLE I
DIMENSION PARAMETERS, PHASE SHIFT, AND INSERTION LOSS
OF LOWPASS AND BANDPASS UNIT CELLS AT 28 GHZ WITH
NORMAL INCIDENCE

UCH# | Filter Type | P1and P3 (mm) | P2 (mm) | W (mm) | Phase (degree) | Insertion Loss (dB)
1 | Lowpass 1275 -117 15
2 | Lowpass 13 -130 12
3 | Lowpass 1.325 -145 04
4 | Lowpass 1.325 15 -169 1.9
5 | Lowpass 1.35 15 -192 0.81
6 | Lowpass 1.375 15 211 04
7 | Lowpass 14 15 247 09
8 | Lowpass 1425 15 -262 15
9 | Lowpass 145 15 278 14
10 | Bandpass 0.85 0.6 17 2
11 | Bandpass 09 0.6 2 1
12 | Bandpass 0.95 06 20 04
13 | Bandpass 1 06 -40 05
14 | Bandpass 1.05 0.6 58 13
15 | Bandpass 11 06 -74 19
16 | Bandpass 115 06 -85 2
17 | Bandpass 12 0.6 95 21

filter response limits lens gain for short focusing when f/D
is 0.2, which is addressed in this letter. The numbers of metal
and substrate layers are limited to three and two, respectively,
for a practical implementation at millimeter-wave frequencies.
Rogers 6010LM and 2929 Bondply are used as the substrate
and bonding layers, respectively. Permittivity, loss tangent, and
thickness (mm) of Rogers 6010LM and 2929 Bondply are
10.2, 0.0023, and 0.254 and 2.94, 0.003, and 0.04, respectively.
Because a lowpass filter array (LFA) requires a smaller number
of metal and substrate layers than a bandpass filter array (BFA)
for the same tunable range of phase shift, the LFA is considered
as a reference for the proposed disparate filter arrays (DFAs).
Three stacked patch layers in Fig. 1(a) can create 3rd- and 5th-
order lowpass filter responses [11]. The unit cells are designed
to have less than 3 dB of insertion loss (IL) at 28 GHz and
to achieve a maximum available tunable range of phase shift
within the 3-dB IL bandwidth.

In this letter, unit cells with the dimension of 1.6 x 1.6 mm?
contain different-sized patches; they are numbered as listed in
Table I. The phase shift and transmittance are shown Figs. 2—4.
Note that the tunable range of phase shift of the LFA cannot
cover from —120° to +80°, as indicated by the shadowed area
in Fig. 2. As will be discussed in Section IV, this uncovered
region may cause quantization loss in the lens, leading to a
decrease in lens (focusing) gain that is pure gain enhancement
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Fig. 2. Simulated phase shift through lowpass unit cells with different patch
sizes. (The shadowed area indicates the uncovered region of phase shift, which
is unable to fully collimate propagating rays through the thin lens.)
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Fig. 3. Simulated phase shift of both lowpass and bandpass unit cells with
different patch sizes and wire mesh widths.
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Fig. 4. Simulated transmittance (S21) of both lowpass and bandpass unit cells
with different-sized patches and different-width wire mesh.

factor [dB] by the lens. Fig. 3 depicts a key idea of this letter by
adding the tunable range of the phase shift of the BFA shown
in Fig. 1(b) to Fig. 2. This DFA, made of an LFA and a BFA,
can broaden the tunable range of the phase shift within 3 dB
IL bandwidth by covering the shadowed region in Fig. 2. Fig. 4
confirms that all of the LFA and BFA unit cells have insertion
loss of less than 3 dB at 28 GHz.

III. LENS DESIGN

In this section, utilizing the tunable range of phase shift
enhanced by the proposed disparate filter arrays, a flat thin
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TABLE I1
NUMBERED ZONES, REQUIRED PHASE SHIFT AT THE CENTER OF EACH
ZONE, SELECTED UC# FOR EACH ZONE, INCIDENT ANGLE, PHASE,
AND INSERTION LOSS AT THE CENTER OF EACH ZONE

phzzgliﬁ: at Incident angle at Pha§e of unitcell | Phase of unit hselﬁon L0§s Imerﬁon Loss
Zone |l cortor o7 Selected | the center of wnh normal cellatthe | of unitcellwith | of unit cell at
e uc# eachzone incidence center of each o normal the center of
() (degree) (degree) zone (degree) | incidence (dB) |each zone (dB)
z1 -130 2 0 -130 -130 12 12
2 -1 1 17 117 -120 15 18
3 -30 12 32 20 -13 04 04
A -295 9 43 278 275 14 19
) -207 6 52 211 -209 04 0.5
Pl -101 17 57 95 91 21 28
77 0 1 62 2 19 1 18
P 247 7 65 247 -243 0.9 21
2 -151 3 68 -145 -118 04 2.7

a) (b)

Fig. 5. (a) Simulation model and (b) fabricated sample of the proposed lens.

lens is designed. The lens design follows the generic procedure
described in the literature [8], [11]. First, the phases of spheri-
cal waves emitted by a A\/2 dipole antenna are captured on the
aperture of 54.4 x 54.5 mm? at the distance of 10 mm from the
antenna. The 10-mm distance is selected to realize the short-
focus designs that allow f /D to be 0.2. From the captured phase
values, the amount of phase shift with a surface resolution of
1.6 mm (= unit cell size) that is required to transform the emit-
ted spherical waves into plane waves is calculated. The unit cell
number (UC#) with the phase shift value that is closest to the
calculated values is selected from Table I. In this way, the lens
aperture is filled with a disparate filter array made up of the
selected unit cells.

Table II shows the numbered zones, required phase shift at
the center of each zone, selected UC# for each zone, incident
angle, phase, and insertion loss at the center of each zone. From
comparison between the fifth and sixth columns in Table II, it is
assumed that variations in phase and insertion loss by different
incident angle are small. Finally, a lens structure is designed as
shown in Fig. 5(a). The lateral dimension of the lens (= ap) is
54.5 mm, and total thickness of the lens is 0.575 mm based on
the sum of thickness of two Rogers 6010 (= 0.254 mm X 2)
layers, one 2929 Bondply (= 0.04 mm) layer, and three copper
claddings (= 0.009 mm x 3).

Fig. 5(b) shows a photograph of fabricated sample of the pro-
posed lens. As stated above, the proposed lens consists of three
metal layers, two substrates (Rogers 6010), and one bonding
layer (2929 Bondply). Fabrication process starts from printing
metallic patterns on the top and bottom copper claddings of the
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Fig. 6. Top view of (a) first and third metal layers and (b) second metal layers
configured using coplanar patches and wire mesh.
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Fig. 7. Measurement setup to characterize the focusing features of the lens.

first substrate corresponding to the first and second metal lay-
ers. Next, metallic patterns for the third metal layer are printed
on the bottom copper cladding of the second substrate. Finally,
the bottom side of the first substrate (where second metal layer
exists) is combined with the top side of the second substrate
(where no metallic pattern exists) through a bonding layer with
pressure and heat. The metallic patterns on the first and third
metal layers are the same as those shown in Fig. 6(a). Unlike
those of the first and third metal layers, the metallic patterns on
the second metal layer have both patches and wire mesh, which
correspond to lowpass and bandpass filter arrays, respectively,
forming the DFA. Fig. 6(b) shows the coplanar patches and wire
mesh.

IV. SIMULATION AND MEASUREMENT RESULTS

The structure of the proposed thin lens was full-wave sim-
ulated with ANSYS HFSS for performance characterization.
Fig. 7 shows the setup used for both simulation and measure-
ment activities. In the setup, a A/2 dipole antenna and a horn
antenna are connected to a vector network analyzer; the pro-
posed lens is positioned in front of the dipole antenna, and the
distance between the lens and the horn antenna is 1 m. The
lens is mounted in a jig, which can adjust the distance between
the lens and the dipole antenna. Energy is transmitted from the
dipole antenna for two cases: with and without the lens. From
the difference between the received powers at the horn antenna
for the cases of with and without the lens, the gain of the lens
is extracted. To measure the focal length of the lens (= f/D),
the distance between the lens and the antenna at which the
max lens gain is acquired should be determined. Therefore, the
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Fig. 8. Simulated and measured lens gains for DFA and LFA lenses.
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Fig. 9. Simulated lens gain of DFA lens as a function of (a) incident angle of
plane wave and (b) frequency.
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Fig. 10. Radiation patterns of DFA lens fed by A/2 dipole antenna in the
(a) zz-plane and (b) yz-plane (z-, y-, and z-axis are shown in Fig. 7).

aforementioned measurement is performed multiple times for
different distances between the lens and the dipole antenna near
the expected focal length.

Fig. 8 shows the simulated and measured lens gains for the
proposed DFA-based lens and simulated lens gain of the prior
LFA-based lens as a function of the distance between the lens
and the dipole antenna. The LFA lens is used as a reference; the
lens consists of only LFA, while the presented DFA does both
LFA and BFA. The type and number of substrate and bonding
layer, total thickness, and aperture size in the LFA lens are the
same as those of the presented DFA lens for fair comparison.
For all three datasets in Fig. 8, the focal length is observed to be
10 mm. By comparing the simulated results of DFA and LFA
lenses, it is demonstrated that the increased tunable range of
phase shift of the DFA can result in gain enhancement (= 2 dB)
for a case of short focus (f /D =~ 0.2). Fig. 9(a) shows simulated
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lens gains by different incident angle of plane wave. Overall
results are within about 2 dB difference from the results in [8].
Fig. 9(b) shows simulated lens gain as a function of frequency.
This suggests 3-dB gain bandwidth is about 13%, which is
lower than the bandwidth (= 20%) reported in [8]. This is due
to thinner configuration (= 0.05)() of the proposed lens, com-
pared to the thickness (= 0.08)\g) of the previous thin lens
reported in [8]. Fig. 10 shows radiation patterns of DFA lens
fed by \/2 dipole antenna at 27, 28, and 29 GHz in the x2- and
yz-planes.

V. CONCLUSION

A novel design approach to achieve high focal gain for
millimeter-wave short-focus thin lenses is presented. It is
demonstrated that disparate filter array configured by using
subwavelength unit cells can achieve gain enhancement for
short-focus thin lenses at 28 GHz. All of the unit cells con-
stituting the filter arrays are designed considering feasible
printed circuit board (PCB) processes at millimeter-wave fre-
quencies. Finally, the simulated and measured results demon-
strate the expected performance and features of the proposed
lens.
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