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Additively Manufactured Wideband Low-Profile
Bidirectional 2-D Beam-Scanning Antenna Using Double
Folded Transmitarrays With Curved Polarizers
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Abstract—This paper presents a wideband low-profile
bidirectional two-dimensional (2-D) beam-scanning antenna for
millimeter-wave applications. It achieves independently controlled
bidirectional beams by two orthogonally mirrored folded
transmitarrays (TAs) overlapping in space, significantly reducing
the antenna profile. The folded TA consists of a feed source, a
curved polarizer and a receive-transmit (R-T) array. The feed
source is realized by an all-metal wideband miniaturized
magnetoelectric (ME) dipole based on the metal 3D-printing
technique. The curved metal grating acts as a polarizer, which
achieves reflection and transmission for y-polarized and
x-polarized waves, respectively. Using the additively
manufactured electronics (AME) technique, the R-T array
element is realized by two wideband tightly coupled bow-tie dipole
antennas connected by a pair of differential microstrip-line phase
shifters with true-time delay and continuous 360° tuning range.
Finally, 2-D beam scanning with constant beam direction across
the operation band is achieved by adjusting the polarizer along the
x- and y-directions. The height diameter ratio (H/D) is 0.5, while
the measured 2-D bidirectional beam scanning range covers +10°
in both the E- and H-planes within 27 ~ 39 GHz, with a maximum
scan loss of 1.9 dB. The measured peak gain is 27.1 dBi, and the
maximum aperture efficiency is 53.4%. The measured 1-dB and
3-dB overlapped gain bandwidths for 0° and 180° beams are 30 ~
36.2 GHz (18.7%) and 27~40 GHz (38.8%), respectively.

Index Terms—millimeter-wave, wideband, folded
transmitarray, bidirectional antenna, 3-D printing, additively
manufactured electronics (AME), 2-D beam scanning.

I. INTRODUCTION

With the ever-increasing demand for communication
capacity, millimeter-wave (mm-wave) bidirectional
radiation antennas have attracted extensive attention since they
have wide applications for microbase stations, railway and
tunnel relay communications [1], [2]. To compensate for the
atmospheric propagation loss of mm-waves, it needs high-gain
bidirectional antennas with a pencil beam. For high-mobility
mm-wave applications, to expand spatial coverage, the beam of
a high-gain antenna should be steered within a wide frequency
range [3], [4]. Thus, wideband bidirectional antennas with high
gain and beam scanning capability are in demand.
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The conventional circuit-fed bidirectional antennas include
SIW array antenna [1] and microstrip array antenna [5]-[7]. In
[1], an mm-wave SIW bidirectional multibeam array antenna
with 8x8 Butler matrices was realized. The measured gain is
only 7.2—-11.1 dBi, and the bandwidth is 28.6~31.2 GHz (8.7%).
It needs a more complex feeding network for high-gain
large-scale mm-wave array applications, resulting in high
insertion loss, high fabrication cost and narrow bandwidth. As
an alternative, spatially-fed transmit-reflect-array (TRA)
antennas with bidirectional beams have aroused more interest
since they feature lightweight, low-cost, high-efficiency
feeding techniques and wide bandwidth [8]-[17]. The TRA
antenna consists of reflectarray (RA) and transmitarray (TA) to
generate the backward and forward pencil beams, respectively.

The first kind of TRA antennas [8], [9] only works in the
simultaneous operating mode, generating backward and
forward beams simultaneously. In [8], a TRA antenna using
phase-shifting frequency-selection-surface (FSS) elements was
proposed for the first time. The aperture efficiency is 15%,
since it uses cross-polarized field components. The second kind
of TRA antennas [10]-[15] can independently control backward
and forward beams, working in simultaneous operating mode or
time-division operating mode. In the time-division operating
mode, the backward and forward beams are switched, which
brings about a 3-dB gain improvement. In [11], a dual-band
orthogonally-polarized TRA with a linearly-polarized feeder
was proposed. The circularly polarized forward beam operates
at 10 GHz with a 1-dB gain bandwidth of 14.2%, while the
linearly polarized backward beam operates at 14 GHz with a
1-dB gain bandwidth of 10.4%. A slight difference exists
between the gain bandwidths of backward and forward beams
due to asymmetrical structure [9]-[15], causing a narrower
overlapped bandwidth for bidirectional beams. In addition, in
[8]-[15], there is a long distance between the feed source and
the array, resulting in a relatively high profile of TRA antennas.

The aforementioned TRA antennas only achieve two fixed
beams within a limited spatial coverage, which cannot satisfy
the requirement of wide-beam coverage for mm-wave
communication systems. Therefore, electronically scanning
bidirectional spatially-fed array antennas were proposed by
using PIN diodes [16], [17]. In [17], a reconfigurable
bidirectional beam-steering aperture with TA, RA and TRA
modes switching was proposed. However, they work in the
low-frequency band (<11 GHz), and the aperture efficiencies
are only 8.2% in [16] and 19.2% in [17], due to the loss of PIN
diodes and quantization phase error of the array. Thus, it is
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Fig. 1. Configuration of the proposed bidirectional antenna.

necessary to find new solutions for beam scanning for
mm-wave bidirectional antennas with high aperture efficiency.

In this paper, an additively manufactured wideband
low-profile bidirectional 2-D beam-scanning antenna is
proposed for mm-wave applications. The backward and
forward beams are independently controlled by two
orthogonally mirrored folded TAs, which are composed of a
feed source, a curved polarizer and an R-T array. The two
folded TAs overlap in space to further reduce the antenna
profile. A 3D-printed all-metal miniaturized ME dipole antenna
is designed as a feed source integrated with the folded TA. The
polarizer is realized by curved metal gratings for
high-efficiency reflection. High isolation between two feed
sources is obtained due to high cross-polarized ME dipoles and
high polarization selective metal gratings. Based on the AME
technique, the R-T array element is realized by two wideband
tightly coupled bow-tie dipole antennas connected by a pair of
differential microstrip-line phase shifters with true-time delay.
The continuous 360° phase-shift tuning is obtained by changing
the length of the microstrip-line phase shifters. Benefiting from
the broadband characteristics of feed sources, polarizers and
R-T array elements, a wide overlapped gain bandwidth for the
backward and forward beams is obtained. Furthermore, the 2-D
beam scanning capability with constant beam direction within a
wide frequency is realized by moving the polarizer along the x-
and y-directions. As a proof of concept, a 312-element antenna
prototype working from 27 to 40 GHz is designed and
experimentally characterized.

The rest of the paper is organized as follows. Section II
presents the configuration, operating principle and design
details of the proposed bidirectional antenna. Section III
presents the simulation and measurements of the proposed
bidirectional antenna. The conclusion is given in Section V.

II. DESIGN OF THE BIDIRECTIONAL ANTENNA BASED ON
DOUBLE FOLDED TRANSMITARRAYS

A. Beam-Scanning Mechanism

Fig. 1 shows the configuration of the proposed bidirectional
antenna, which consists of two orthogonally mirrored folded
transmitarrays of TA_ 1 and TA 2. The folded TA 1 consists of
R-T array 1, Polarizer 1 and Feed source 1, and the folded TA 2
consists of R-T array 2, Polarizer 2 and Feed source 2. The
TA 1 and TA 2 are overlapped in space to reduce the total
height of the antenna as much as possible. The R-T arrays 1 and
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Fig. 2. Mechanism of independently controlled bidirectional beam scanning.
(a) Port 1 excites. (b) Port 1 excites and polarizer 2 offsets. (c) Port 1 excites
and polarizer 1 offsets. (d) Port 2 excites. (e) Port 2 excites and polarizer 1
offsets. (f) Port 2 excites and polarizer 2 offsets.
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Fig. 3. Side-view of the proposed antenna for the 0° beam.

2 are located on the top and bottom, respectively. Polarizers 1
and 2 with curved surfaces are located between the R-T arrays 1
and 2. Feed sources 1 and 2 are located in the center of the R-T
arrays 1 and 2, respectively. Feed source 1 and R-T array 1
work in y-direction linear polarization, while Feed source 2 and
R-T array 2 work in x-direction linear polarization.

Fig. 2 shows the mechanism of independently controlled
bidirectional beam scanning. The ports 1 and 2 represent the
input ports of Feed sources 1 and 2, respectively. As shown in
Fig. 2(a), when exciting the input port 1 of Feed source 1, the
y-polarized incident wave (red line) is reflected by Polarizer 1,
and arrives at R-T array 1. By utilizing the phase compensation
of R-T array 1, TA 1 can generates y-polarized beams (in red
color) in the +z direction. Polarizer 1 is designed to transmit
x-polarized wave and reflect y-polarized wave, simultaneously,
while Polarizer 2 is designed to transmit y-polarized wave and
reflect x-polarized wave, simultaneously. In theory, the
y-polarized incident waves radiated from Feed source 1 will
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transmit Polarizer 2 and be entirely reflected by Polarizer 1.
Thus, TA 2 (i.e., Polarizer 2, R-T array 2 and Feed source 2)
does not affect the beam’s characteristics in the +z direction,
and the beam direction will not change when Polarizer 2 moves,
as shown in Fig. 2(b). The beam direction is determined by the
position of Polarizer 1. Fig. 2(c) shows the beam direction
changes to the left, with Polarizer 1 moving to the left. Similarly,
when exciting the input port 2 of Feed source 2, an x-polarized
beam is generated in the -z-direction, as shown in Fig. 2(d).
TA 1 (i.e., Polarizer 1, R-T array 1 and Feed source 1) does not
affect the beam’s characteristics in the +z-direction, so the beam
direction is not affected when Polarizer 1 moves, as shown in
Fig. 2(e). Fig. 2(f) shows the beam direction changes to the right,
with Polarizer 2 moving to the right. Thus, the bidirectional
beam with independent scanning capability is realized.

Fig. 3 shows the side-view of the proposed antenna for the 0°
beam. The diameters of the R-T arrays 1 and 2 are D. The height
H between R-T arrays 1 and 2 equals 2k, + 2%, + hpo. Ay 1s the
distance between the Feed source 1 and Polarizer 2. Ay and Ay
stand for the thickness of the Polarizers 1 and 2 and the distance
between the apexes of Polarizers 1 and 2, respectively. d; is the
distance between the ends of Polarizers 1 and 2. Under a
cylindrical reference system (p, z), the upper surface of
Polarizer 1 can be expressed as

z,=-H+h,+h,

(pp -1 )? +(zp +H—h_ﬁ7

0<p,<n
—h,=R) =R} n<p,<r+n

(1
For 0 < p, <7y, the surface of Polarizer 1 is a circular plane with
a radius of 7. For r1 < pp, < 1, the Polarizer 1 is a spherical
surface with a curvature radius of R,. R is determined by

2 + (hiz _ i)Z
P2 2
R=——"7—=——=—. 2
‘ h,-d,

The surfaces of Polarizers 1 and 2 are symmetrical along the
plane of z=-H/2. The phase center of Feed source 1 is located at
the point of O (0, 0), and Feed source 2 is located on (-H, 0).
The R-T arrays 1 and 2 are located on the plane z=0 and z =-H,
respectively.

Since the proposed antenna is symmetrical, the performances
of the folded TAs 1 and 2 are the same. Without loss of
generality, the working mechanism of folded TA 1 is analyzed
by using the folded ray-tracing principle [18]-[20]. As shown in
Fig. 3, the incident wave (ray 1) radiated from Feed source 1 is
reflected by Polarizer 1. Then, the reflected wave (ray 2) arrives
at the location O; (p; 0) (i.e., element 7) of the R-T array 1. The
incident angles of a and f are calculated by (3) and (4),
respectively.

p2

P
o = arctan—-

pp
arctan ——
H-h, —h

— p Pl

0<p, < (3)
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Fig. 4. Beam scanning mechanism along y-direction. (a) Polarizer 1 on the
center. (b) Polarizer 1 moving along y-axis (offset the center). (c) Phase
distributions for the R-T array 1.
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0 is the angle between the tangent of Polarizer 1 and p-axis.
From Fig. 3, the following relationship can be obtained.

p=p,—z,tan (©)
For the 0° beam (see Fig. 3), the incident wave phase ¢, of
element i can be expressed as

L ) ()

where P, and P; are the path length of ray 1 and ray 2,
respectively. ¢ and f are the velocity of the free space wave and
operating frequency, respectively. The phase shift of element i
is Agi. To realize a high gain beam at 0°, the radiated wave
phase ¢} of element i should be independent with i. Based on (7),

o =- ”/ AL p+py=

the radiated wave phase ¢, of element i (=¢| +A¢') can be
calculated as

2
¢ =0, +A¢ =—%f(P‘+PZ—

i i

c 2

_Awl) = __cho/m&ant (8)
f c

where Leonsiant 18 @ distance constant. Thus, from (8), the A¢; for

the 0° beam can be calculated as

rg=Zlparor). ©)

i

Fig. 4 shows the beam scanning mechanism along y-direction.
Based on the methods in [18]-[20], the beam scanning
mechanism of the folded TA can be analyzed by using the
virtual feed source. As shown in Fig. 4(a), When Polarizer 1 is
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Fig. 5. Configuration of the feed source. (a) 3D view of the ME dipole antenna.

(b) 3D view of the radiation structure. (c) 3D view of the coax-to-waveguide
transition. (d) YOZ plane of the coax-to-waveguide transition.

on the center, it can be regarded as the Virtual feed source 1 is
on the center. The distance between Virtual feed source 1 and
Feed source 1 equals to 24, where /4 is the distance between
the apexes of Polarizer 1 and R-T array 1. The path length R;
between Virtual feed source 1 and element i equals to P +P.
As shown in Fig. 4(b), when the Polarizer 1 moves from the
center to the right by my,, it can be regarded as the Virtual feed
source 1 moves from the center to the left by m,. then, the path
length changes to R,. The incident wave phase qog of element i
can be expressed as

y 2 f R

0 i

(10)
C

Based on (9) and (10), the radiated wave phase ¢, of element i
(=@, +A@") can be calculated as

. y 2 ,
o =g +ag =Lk PPl
C

cons tant ) N

)]

When the value i increases, the wave phasefront ¢, decreases,
which results in a gradient phase distribution along the
y-direction. Due to the gradient phase distribution, as shown in
Fig. 4(c), the antenna generates the # beam along y-direction,
which is similar to other mechanically scanning transmitarray
[21], [22]. Similarly, beam scanning in the x-direction can be
realized by moving Polarizer 1 along the x-axis.
Based on (11), the corresponding time delay 7 of the
radiated wave of element i can be calculated as
‘i ' 1 2
g0 KRB R Ly
2xf c
From (12), the time delay 7} is frequency independent, which
indicates the constant beam direction is realized for the § beam.
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B. Feed Source

Fig. 5 shows the configuration of the proposed feed source. It
adopts an all-metal ME dipole antenna, which features high
gain, small size, wide gain bandwidth and stable pattern. Fig.
5(a) shows the ME dipole antenna consists of a radiation
structure and a coax-to-waveguide transition. The radiation
structure comprises a radiation slot and a pair of L-shaped
metallic arms, as shown in Fig. 5(b). Two L-shaped arms are
placed at the center of the slot edge and work as an electric
dipole in the y-direction. The radiation slot can be equivalent to
a magnetic dipole in the x-direction. Two resonance modes are
generated by the electric and magnetic dipoles [23]-[24]. To
excite the electric and magnetic dipoles simultaneously, a
wideband coax-to-waveguide transition is designed, with
reference to [25], as shown in Fig. 5(c). The transition consists
of a coaxial probe, a parasitic cavity and a transition waveguide,
as shown in Fig. 4(d). By tuning the parameters of ¢, wi, we
and /p, the wideband impedance matching can be achieved.

Fig. 6 shows the simulated results of the proposed ME dipole
antenna with final dimensions of /1= 1.7, o= 1.7, [s= 8, 4
:1.5, lslot: 7.11, Wslot — 2.9, t= 0.8,pf: 10, 111 = 3.2, 112 = 4.3, Wil
=3.76, wo =2.96, w3z =3.56, t; = 1.68, wy = 3.56, [, ="7.11 (unit:
mm). Fig. 6(a) shows the 10-dB matching bandwidth and 1-dB
gain bandwidth are 40.2% and 42.4%, respectively. The
simulated realized gain of feed source ranges from 8.6 to 9.5
dBi within 26 to 40 GHz. Fig. 6(c)-(e) show the radiation
patterns at 26, 33 and 40 GHz, respectively. The
cross-polarization levels are lower than -60 dB in the broadside
direction with the front-to-back ratio of higher than 28 dB.

C. Polarizer
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Fig. 8. Simulated transmission coefficients of the polarizer element with and

without semi-ellipses in y-polarization.

As mentioned above, Polarizer 1 needs to transmit
x-polarized wave and reflect y-polarized wave. In addition,
Polarizer 1 should provide phase tuning for y-polarized
reflected waves. To realize phase tuning for reflected waves,
traditional planar reflectarrays usually consist of multilayer
structures with phase-shift elements. For the purpose of simple
structure and easy integration, a spherical polarizer is used in

this design, since it doesn’t need additional phase-shift structure.

Fig. 7(a) shows the configuration of the proposed curved
polarizers, which consist of two same Polarizers 1 and 2. As
shown in Fig. 7(b), Polarizer 1 is rotated by 90° with respect to
Polarizer 2, and Polarizer 1 consists of a series of parallel
curved metal gratings with the same distance of pyy. The
co-polarization direction (i.e., y-polarization) of Feed source 1
is parallel with the metal gratings direction of Polarizer 1,
which is perpendicular to the metal gratings direction of
Polarizer 2. The co-polarization direction (i.e., x-polarization)
of Feed source 2 is parallel to the metal gratings direction of
Polarizer 2, which is perpendicular to the metal gratings
direction of Polarizer 1. When exciting Feed source 1 with the
y-polarized wave, the two adjacent metal gratings of Polarizer 2
work as a parallel-plate waveguide. Therefore, the y-polarized
wave can pass through Polarizer 2. While the y-polarized EM
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Fig. 9. Simulated S-parameter of the polarizer element with different py. (a)
x-polarized reflection coefficient Siyx. (b) y-polarized transmission coefficient
S2y[y.
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Fig. 10. Simulated S-parameter of the polarizer element.

wave is reflected by Polarizer 1, since it is parallel to the metal
gratings of Polarizer 1. Similarly, when exciting the port 2 with
the x-polarized wave, the x-polarized wave will pass through
Polarizer 1 and be reflected by Polarizer 2. Thus, Polarizer 2
reflects the x-polarized wave and transmits the y-polarized
wave. To obtain high aperture efficiency and wide gain
bandwidth, the height %, of Polarizer 2 (see Fig. 7(c)) should be
as large as possible [20]. The distance %5 between Polarizer 2
and Feed source 1 is optimized to realize good port matching of
feed sources and low antenna profile. To obtain a large
coverage for incident waves when Polarizer 1 moves, the
diameter d;, of Polarizer 1 is slightly larger than that of the R-T
array.

To estimate the transmission and reflection efficiencies of
Polarizers 1 and 2, the polarizer element with two floquent ports
and an air box is simulated under periodic boundary conditions,
as shown in Fig. 7(c). The cross-section of the polarizer element
consists of a rectangle with a length of A, and a width of wyp,
connected by two semi-ellipses with a long axis of 4, and a
short axis of w, on its ends. The semi-ellipse metal structure
acts as a transition between the free space and parallel-plate
waveguide to improve the transmission efficiency of the
polarizer. Fig. 8 shows that the y-polarized transmission
coefficient |S2y1y| is increased by more than 0.8 dB at 33 GHz
with the semi-ellipse structures.

Fig. 9(a) shows the x-polarized reflection coefficient |Sixix|
decreases with the increasing pyy between metal gratings. Fig.
9(b) shows the y-polarized transmission coefficient [Sayiy|
increases with the rising ppy. Fig. 10 shows the simulated
S- parameters of the polarizer element with final dimensions of

=4.5,wp,= 1.6, h,= 1.5, hy =2 (unit: mm). The transmission
coefﬁCIent |S2y1y] and reflection coefficient |Sixix| are nearly 0
dB within the 26 ~ 40 GHz frequency range. The reflection
coefficient |Siy1y| is less than -10 dB from 26 to 40 GHz.
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Fig. 11. Different combinations of feed sources and polarizers. (a) Feed source
1. (b) Feed source 1 and Polarizer 2. (¢) Feed source 1 and offset Polarizer 2.
(d) Feed sources 1, 2 and offset Polarizers 1, 2.

To estimate the performances of Polarizers 1 and 2, four
combinations of feed sources and polarizers are simulated, as
shown in Fig. 11. In Fig. 11(a), there is only Feed source 1. Fig.
11(b) and (c) show Feed source 1 with Polarizer 2 and with
offset Polarizer 2, respectively. Fig. 11(d) contains
orthogonally mirrored Feed sources 1 and 2 along with
Polarizers 1 and 2. Fig. 12 shows the simulated S-parameters
and realized gains of the four cases with final dimensions of H=
49.5, hip=10, mx= 15, r1 =5, r»=55 (unit: mm). Fig. 13 shows
the simulated radiation patterns of Feed source 1 with and
without Polarizer 2 at 33 GHz. As shown in Fig. 12, with
Polarizer 2 or offset Polarizer 2, the |Sii| and realized gains of
Feed source 1 have small variations. Fig. 13 shows that with
Polarizer 2 or offset Polarizer 2, the E-plane and H-plane
patterns of Feed source 1 almost keep the same within +60°
region. Thus, Polarizer 2 achieves good transmission efficiency
for the x-polarized wave. Fig. 12 shows the isolation between
Feed sources 1 and 2 is better than 100 dB within 26 ~ 40 GHz.

D. R-T Array Element

Fig. 14 shows the configuration of the proposed R-T array
element with two tightly coupled bow-tie dipole antenna. From
(9), the phase-shift of R-T array element 4¢; should be linear
with frequency to realize a correctly compensated phase within
a wide bandwidth. As shown in Fig. 14(a), two wideband
tightly coupled bow-tie dipole antennas act as the receiving and
transmitting antennas, which are symmetrical about the ground.
The incident and transmitted waves are both linear polarizations
in the x-axis direction. Two pairs of differential microstrip lines
with a length of /., (see Fig. 14(b)) work as a true-time-delay
phase shifter to transfer the energy from the receiving antenna

to the transmitting antenna with the required phase and low loss.

The metal holes connect the parts of microstrip lines above and
below the ground with a height of Ahy. The differential
microstrip lines are connected to the receiving and transmitting
antennas by the metal holes with a height of %, as shown in Fig.
14(b). To realize the required phase modulation, the phase shift
between the receiving and transmitting antennas should be
continuous 360° coverage. The continuous phase tuning of 360°
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Fig. 12. Simulated S-parameter and realized gain for different combinations of
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Fig. 14. The proposed R-T array element. (a) 3D view. (b) Side view. (c) Top
view. (d) Simulated reflection coefficient of transmitting antenna.

is realized by changing the length 2/, of the differential
microstrip lines.

As shown in Fig. 14(c), to avoid grating lobes of the array,
the element size p; is set to 4.5 mm (~0.4 AL, AL is the
wavelength at the lowest working frequency of 27 GHz). The
impedance bandwidth of the tightly coupled bow-tie dipole
antenna is affected by the mutual capacitance between adjacent
antenna elements and the inductance caused by the ground
[26]-[28]. The mutual capacitance is determined by the width
wa of the bow-tie and the distance gq¢. The inductance coming
from ground is determined by the distance %, between the
bow-tie and the ground. By properly adjusting the values of wq,
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Fig. 15. Simulated transmission responses under normal incidence.
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Fig. 16. Simulated transmission responses under different oblique incidence
angles.
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Fig. 17. Required phase distributions on the aperture of the R-T array.

gd and A, the mutual capacitance can cancel out the inductance
coming from the ground, resulting in a wide impedance
bandwidth. The 4, is set as 1.2 mm (0.14.). Fig. 14(d) shows the
simulated reflection coefficient of the transmitting antenna
when the distance gq changes from 0.1 mm to 0.9 mm. The
impedance of the lumped port is set to 150 Q. When the
distance gq is 0.5 mm, the optimized 10-dB matching
bandwidth is realized from 26 to 40 GHz (42.4%). Therefore,
by properly adjusting g4, one can control the mutual coupling
between adjacent antenna elements and obtain optimal
matching bandwidth.

The proposed R-T array element is realized by the AME
technique, which can 3D print the conductive and dielectric
materials, simultaneously [29]-[31]. The printed dielectric
material is ultraviolet (UV) curable acrylate ink with a
dielectric constant 2.8 and a loss tangent 0.013 [29]. All the
conductor layers are printed using silver nanoparticle ink with a
thickness of 35 pm. All the diameters d;, of the metal holes are
0.3 mm. Thanks to the AME technique, the element thickness s
and interlayer distances A, i can be kindly adjusted, which
improves the design flexibility.

Feed source 1

]

u
7|
b

B=

Support structure
N\ Feed source 2

(d)
Fig. 18. Photograph of the proposed bidirectional antenna. (a) Feed sources 1
and 2. (b) Polarizers 1 and 2. (c) R-T arrays 1 and 2. (d) Total structure.

A full-wave simulation is conducted for the R-T array
element with final optimal dimensions of p; =4.5, wa1 = 0.5, way
=1.1,24= 0.9, wn=0.45, g =0.35, hy = 0.32, hp = 1.04, hs=
2.4, dn=0.3(unit: mm). When a normal incidence plane-wave is
applied, the simulated transmission responses with different
lengths /i, of the microstrip lines are shown in Fig. 15. When /i,
changes from 0.6 to 3.5 mm, the amplitudes of transmission
coefficients are greater than -1.4 dB from 26 to 40 GHz. The
phases are almost linear as a function of frequency. By tuning
the /i, from 0.6 mm to 3.5 mm, the phase-shift tuning range of
the proposed element is larger than 360° at 33 GHz. Fig. 16
shows the simulated transmission responses under different
oblique incidence angles. The phase deviation within oblique
incident angle range of 30° is less than 20° from 26 GHz to 40
GHz. The insertion losses for all states from 26 GHz to 40 GHz
are less than 1.5 dB.

E.  Results of Simulation and Measurement
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Fig. 21. Simulated and measured S-parameters of the bidirectional antenna.

For verification, a bidirectional antenna with 312-element
R-T arrays working from 27 GHz to 40 GHz is designed and
simulated. Fig. 17 shows the required phase compensation
distribution on the aperture of the R-T array at 33 GHz, which
was calculated by (1)-(6), (9). Fig. 18 shows the photo of the
fabricated bidirectional antenna with final dimensions of D =99,
H=49.5,ht,=9.75, hp1 =5, hpp =20, r1=5,r,=55,d; =1 (unit:
mm). As shown in Fig. 18(a), Feed sources 1 and 2 with support
structures are printed by metal 3D printing technique. The
support structure consists of three metal gratings. As shown in
Fig. 18(b), Polarizers 1 and 2 are also printed by metal 3D
printing technique. To realize the 2-D beam scanning capability,
Polarizers 1 and 2 are independently moved along the x- and
y-direction, respectively. As shown in Fig. 18(c), the
312-element R-T arrays are fabricated by AME technique
[29]-[31]. The printing resolutions are 18 um, 18 pm and 10 pm
in the x-, y- and z-direction, respectively. The printing time of a
312-element R-T array is about 4 hours. To integrate the feed
source in the center of the R-T array, the center 12 elements are
taken out. The feed sources, polarizers and R-T arrays are fixed
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o
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2707 =

H-plane 180

by Nylon screws, and the total structure is shown in Fig. 18(d).
As shown in Fig. 19, the bidirectional antenna was measured in
a near-field anechoic chamber.

Fig. 20 shows the measured 10-dB bandwidth of feed sources
is 42.4% (26~40 GHz). Fig. 21 shows the measured 10-dB
bandwidth of the bidirectional antenna is 36.4% (27~39 GHz)
with measured isolation of better than 70 dB. Fig. 22 shows the
simulated and measured normalized patterns in the forward
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Fig. 24. Measured normalized H-plane patterns versus frequency. (a) -10°. (b)
0°. (c) 10°. (d) 170°. (e) 180°. (f) 190°.

direction at 27, 33, and 39 GHz. When Polarizer 1 is located in
the center, the measured beam directs to 0°. When Polarizer 1
moves from the center along the x-axis and y-axis by £30 mm,
the measured beams direct to +£10° in the H-plane and E-plane,
respectively. Fig. 23 shows the simulated and measured
normalized patterns in the backward direction at 27, 33, and 39
GHz. When Polarizer 2 is located in the center, the measured
beam directs to 180°.When Polarizer 2 moves from the center
along the x-axis and y-axis by £30 mm, the measured beams

direct to 170° and 190° in the E-plane and H-plane, respectively.

In the broadside directions of 0° and 180°, the measured
sidelobe levels are better than -15 dB, and the measured
cross-polarization levels are below -40 dB. For all scanning
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Fig. 25. Simulated and measured realized gains and aperture efficiencies of the
bidirectional antenna. (a) 0° and 180°. (b) 10° and 170° in H-plane. (c) 10° and
170° in E-plane.

states, the measured sidelobe levels are better than -13 dB, and
the measured cross-polarization levels are below -35 dB. Fig.
22 and 23 show that the bidirectional antenna can perform 2-D
beam scanning within 27~39 GHz by moving polarizers along
the x- and y-directions. To further illustrate the beam scanning
with constant beam direction, Fig. 24 (a)~(f) shows the
measured normalized H-plane patterns versus frequency for
beams of -10°, 0°, 10°, 170°, 180° and 190°, respectivly. As
shown, for all scanning states, the measured maximum pointing
errors are less than 1° from 27 to 39 GHz.

Fig. 25 shows the simulated and measured realized gains and
aperture efficiencies in different directions. As shown in Fig.
25(a), the simulated maximum gain for 0° and 180° beams is
27.7 dBi at 33 GHz. The simulated peak aperture efficiency for
0° and 180° beams is 61.3% at 33 GHz. The simulated 1-dB and
3-dB overlapped gain bandwidths for 0° and 180° beams are
16.5% (30.5~36 GHz) and 39.5% (26.8~40 GHz), respectively.
The measured maximum gains for 0° and 180° beams are 27.1

TABLEI
COMPARISONS WITH OTHER REPORTED SPATIALLY-FED ARRAY ANTENNAS
Freq Type Peak Gain Peeaflf(i(?ﬁ;ture H/D Gain bandwidth in ligrigleregrtll(;);lr?tl Scanning type
(GHz) P 0°/180° (dBi) eiency 0°/180°/overlapped pen &P
0°/180 scanning
15% / 14% / 14% (1-dB)
0, 0,
(8] 10 TA+RA 25.5/25 15% / 14% 2094 / 20% 1 205% (3-dB) No N.A
[9] 30 TA+RA | 21.4/244 7%/ 14% 0.72 6.7%/9.3% / 6.7% (1-dB) No N.A
[12] 9.4 TA+RA | 20.3/203 45.5% / 41.8% 7.4% /5.2% / 5.2% (1-dB) No N.A
12.5% /21%/ 12.5% (1-dB)
0, 0,
[13] 10 TA+RA | 21.1/212 29.5% /29.6% 0.71 2085 27.5% | 20.8% (dB) No N.A
19% / 22% / 19% (1-dB) 2D Electrical
0, 0,
[16] | 535 | TA+RA | 172/154 8.2%/ 5.4% 3294 / 30% 1 325% (3-dB) No i
171 | 95 | TA+RA | 214721 19.2% / 17.3% NA | 19.5%/19.9%/19.5% (3-dB) Yes 0 ifgf:gal
[22] 27 TA 18.5 24.8% 0.4 33.3% (3-dB) No 1D Mechanical
scanning
[32] 28.5 TA 19.8 15.9% 0.67 16.2% (3-dB) No 2D Electrical
scanning
[33] 12.8 TA 184 20.2% 0.74 9.4% (3-dB) No 2D Electrical
scanning
This ) ) 18.7% / 18.7% / 18.7% (1-dB) 2D Mechanical
work | 33 TA+TA | 27.1/27.0 53.4% /52.2% 0.5 38.8% / 38.8% / 38.8% (-dB) Yes scanning
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dBi and 27 dBi, respectively. The measured peak aperture
efficiencies for 0° and 180° beams are 53.4% and 52.2%,
respectively. The 1-dB and 3-dB overlapped gain bandwidths
for 0° and 180° beams are 18.7% (30~36.2 GHz) and 38.8% (27
~ 40 GHz), respectively. As shown in Fig. 25(b), the measured
maximum gains for 10° and 170° beams in H-plane are 25.9 dBi
and 25.5 dBi, respectively. The measured peak aperture
efficiencies for 10° and 170° beams in H-plane are 40.5% and
36.9%, respectively. The measured 1-dB and 3-dB overlapped
gain bandwidths for 10° and 170° beams in H-plane are 16.7%
(30~35.5 GHz) and 38.8% (27~40 GHz), respectively. As
shown in Fig. 25(c), the measured maximum gains for 10° and
170° beams in the E-plane are both 26 dBi. The measured peak
aperture efficiencies for 10° and 170° beams in the E-plane are
38.2% and 39.6%, respectively. The measured 1-dB and 3-dB
overlapped gain bandwidths for 10° and 170° beams in E-plane
are 14.9% (31~36 GHz) and 36.3% (27~39 GHz), respectively.
The measured scanning losses are below 1.7 dB and 1.9 dB in
the H-plane and E-plane within 27~40 GHz, respectively.

Table I compares the measured performances of this work
with the previously reported spatially-fed array antennas.
Compared with other state-of-the-art works [8], [9], [12]-[17],
the proposed antenna has the highest efficiency, lowest
height-to-diameter ratio (H/D) and widest gain bandwidths at
directions of 0° and 180°. In addition, only the bidirectional
antenna in [17] and this work show bidirectional independent
2-D beam-scanning capability. Compared with [17], the
proposed antenna exhibits better aperture efficiency. The
antennas in [22], [32] and [33] exhibit unidirectional beam
scanning, while the proposed antenna achieves bidirectional
beam scanning. In addition, compared with antennas in [22],
[32] and [33], the proposed antenna shows higher aperture
efficiency and wider 3-dB gain bandwidth.

III.

A wideband low-profile bidirectional 2-D beam-scanning
antenna was proposed. Two orthogonally mirrored folded TAs
overlapping in space achieved independent bidirectional beams
and reduced antenna profile. The folded TA consists of a
wideband feed source of ME dipole antenna, an efficient
polarizer with curved metal gratings and a wideband R-T array
with true-time delay. A 312-element antenna operating from 27
to 40 GHz was fabricated and measured for verification. Wide
1-dB gain bandwidth (18.7%), high aperture efficiency (53.4%)
and low profile (H/D is 0.5) were achieved. The 2-D
bidirectional beam-scanning coverage of £10° with a maximum
scanning loss of 1.9 dB was realized. The proposed
bidirectional antenna can be a good candidate for modern
millimeter-wave wireless communication systems, such as
tunnel relay communications and microbase stations.

CONCLUSION
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