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ABSTRACT This paper proposes a novel transmitarray antenna which can achievgahigand
produce dual-mode orbital angular momentum (OAM) beams in Kd.3amo backto-back wideband
dual-polarized microstrip antennas are employed as the unit cells, whicbrarected using metalized
via holes. Full 360 phase ranges can be obtained by varying the length of feedingirinam
orthogonal polarizations. Due to high isolation between the two orthogoteizations, dual-mode
OAM beams can be formed simultaneously by tuning phase distribltiors and y-polarizations,
respectively. The approach for generating OAM beams is explained.efify this concept, one
prototype carrying O and +1 mode OAM beams is designed, fabricatethesslred. Experimental
results demonstrate that the both 0 and +1 mode OAM beams candratgersuccessfully, and the
measured results agree well with the simulated results. Because dfifeigivity and focusing effects
of transmitarray, the proposed +1 mode OAM beam has stable perf@raara long propagation
distance.The maximum gain reaches 26 dBi and 20 dBi in 0 and +1 mode OAMsheaspectively.
Meanwhile, a narrow divergence angle of #is5obtained in +1 mode OAM beam. Compared to other
OAM antennas reported, main advantages of the proposed antenna ingludaihj narrow divergence
angle, low costplanar structure and the capability of producing dual-mode OAM beams.

INDEX TERMS Orbital angular momentum (OAM), dual-mode, high-gain, transmitarray

I. INTRODUCTION OAM was investigated in optical region initiall\L.
With the rapid development of wireless communication, it Allen demonstrated experimentally that electromagnetic
has become a major challenge to provide faster and highgEM) waves can carry OAM [3]. Since then, OAM gave
data capacity with limited radio resources. As a promisingrise to many applications in optical domain, such as optical
technique, orbital angular momentum (OAM) is expected tomanipulation, optical trapping, imaging and so[é#7]. In
potentially improve channel capacity and spectrum[g], an optical wireless link reached a data rate of 2.56
efficiency [1] Comparedo plane waves, OAM waves have Tbit/s by using OAM beams. The concept of OAM was
helical phase fronts withz2 phase shifts, whereis OAM introduced in radio region as well. B007, B.Thide. first
mode which can be any positive or negative integer. When proposed that OAM can be used in @vrequency [9]

is 0, namely 0 OAM mode, the proposed OAM waves is| ater, extending communications capacity using OAM
plane waves without phase twist [2]. Due to thepeams starts a new page for OAM applications in radio
orthogonality of different OAM modes of the vortex beam, frequency The first radio frequency experiments for
it is possible to build individual channel using one modegeneraﬁng and detecting OAM waves in laboratory was
with little interaction on other modes at the same Workingreported in 20111[0]. In 2012, an OAM-based wireless
frequency. This property leads to the potential ofconnection over a distance of 442 m was demonstratad in
transmitting  high density information using mode real-world setting, where two radio waves encoded with
multiplexing technique. different OAM beams at the same frequenty][In further

VOLUME XX, 2018 1

2169-3536 (c) 2018 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See

http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/ACCESS.2018.2875680, IEEE Access

IEEE Access

Multidisciplinary : Rapid Review 3 Open Access Journal

Transmitarray

’|/

Dual-polarized P4

feeding antenna L

I

Dual-polarized
Receive-array

Beam- :

forming _%_.
(phase | |
delay
line) _;_.

Dual-polarized
Transmit-array

FIGURE 1. Scheme of transmitarray generating dual-mode OAM beams

Metal pin

1 I
b
L Ground plane P

@ (b)
FIGURE 2. Unit cell: (a) 3-D exploded view; (b) top view of the unit cell

[23], elliptical patch antenna and substrate  integrated
waveguide (SIW) antenn&4]. However, the drawbacks
such as non-planar, high complexity and low efficiency still
exist.

Transmitarray antennas (TAs) and reflectarray antennas
(RAs) are an attractive alternative to lens antennas and the
traditional phased array antennas because of their planar
structure, low cost, simple feeding system and easy beam

research, OAM was applied in millimeter-wave (mm-wave)forming [25-29] Using TAs or RAs is another way to
domain [LZ]. One example is that a dual-channel 60 GHz9enerate OAM beams. The TAs or RAs consist of hundreds

communications using OAM beams was demonstratgd [ ©F thousands of periodic unit cells, which can be used to
In this study, anm-wave wireless link reached 8-Gbit/s and control the transmission phase or reflection phase to design
4-Gbit/s using different OAM modes. a desired beam. The proposed unit cells are usually

As a key complement generating OAM beaargtennas designed based on fre_quency selective surface (FSS)
play a very important role in OAM wireless systeMany ~ Metasurface or microstrip antennas. 80][ a +1 mode
antennas have been studied to generate OAM beam®AM beam was produced by a transmitarray, which is
Typical approaches such as spiral phase plane (SPP) afgnstituted by the unit cell of split-ring FSS. B1], a high
helicoidal parabolic antenna are often employed to generatgfficiency folded reflectarray was designed for producing
OAM beams [14-16]. In10], a discrete eight-step staircase ©AM beam. In mm-wave domain, an OAM transmitarray
phase reflector was used to create a discontinues phase sHiSed on multilayer phase-shifting surface was presented in
for OAM beam generation. Using a similar approach, al32l- Compared to UCAs, OAM beams produced by TAs or
helicoidal parabolic antenna was fabricated and tedtiid [ RAS have higher gain performance. However, one
But these antennas have non-planar structures, bulky sizeédrawback of the most of reported transmitarray and
heavy weight, high fabrication complexity and high cost.éflecarray OAM antennas is that only one mode OAM
More importantly, it is difficult to produce dual-mode beam can be produced, wh|(_:h is d|ff|c.ult to meet th_e dual-
OAM beams. Multilayer uniform circular arrays (UCAs) mode OAM Dbeams requirement in future wireless
were predicted to generate dual-mode or multi-mode OANMCOMMUNications. Although a generation method for dual-
beams. The advantages of planer structure and easy pha&@de OAM beams was reported in [33], the different OAM
control lead to more attentioan UCAs carrying OAM beams were in different directions, which have many limits
beams [1720]. For example, in [18]a research on dual- N Wireless communications _

OAM-mode antenna array was investigated, in which a Inspired by TAs and dual-pglarlzeq antenna arrays, we
UCA fed by two feeding networks was designed to generat®OPOS€ & new strategy to realize a high-gain transmitarray
+1/-1 OAM modes. In [13], a UCA using multi-layer generating dual-mode OAM beams in Ku band. This
structure was proposed to achieve +/-1 and +/-2 OAM@Ntenna can achieve multithread communication with a
beams, where the inner UCA and outer UCA producesmgle transmitarr_ay. instead of two independeqt _and
different OAM beams with different modes independently. ©rthogonal polarization  OAM  antennas  for  similar
However, UCAs often suffer a complex feeding system,fU”Ct'_O”S- I-n the prqposeq design, two compact dual-
resulting in significant lossetow efficiency and high cost. ~Polarized wideband microstrip antennas are placed teack-
Moreover, it is very challenging to design large OAM back as the unit ce_II. The _approach for generating dual-
antenna arraysas the feeding network is much more Mode OAM beams is explained. To verify the concept, a
complicated than conventional antenna arrays due to th&/ generating 0 mode OAM beam in x-polarization and +1
specific phase shift requiremengl]. Other types of Mode OAM beam in y-polarization is designed and
antennas were also reported for OAM beam generatiorfabricated. Excellent performance in terms of high gain,
such as travelling-wave ring-slot anter2#] lens antenna ~ Narrow divergence angle, low cost, planar structure is
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FIGURE 3. Phase and Magnitude of transmission coefficient in different L, FIGURE 5. (a) the transmission magnitude of the unit cell with different

with fixed L» oblique incidence; (b) the transmission phase of the unit cell with different
obliqueincidence.
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FIGURE 4. (a) The transmission magnitude of the unit cell at different
frequencies; (b) the transmission phase of the unit cell at different frequencies. (@ (b)
obtained. The experimental results agree well with the™'GURE 6. Thephasedistributions: (@) 0 OAM mode; (b) +1 OAM mode
simulated oneswvhich show that the proposed transmitarray

can produce 0 and +1 mode OAM beams successfully, Wmtflsed .to connect the feeding lines. The phase response can
maximum  gain of 26 dBi and 20 dBi, respectively. be adjusted by changing the lengths of the feeding lines.

Meanwhile, a narrow divergence angle+df5° is obtained To obtain dual-mode OAM beams, independent phase

in +1 mode OAM beam control in different polarization is necessary. This
requirement can be regarded as that there is few interaction
Il. TRANSMITARRAY DESIGN when the values of jLor L, vary uniquely. To verify this,

The configuration of the proposed transmitarray isthe scatting response of the unit cell is investigated using
schematically shown in Fig. 1, which consists of two parts:CST Microwave Studio and the periodic boundary is
feeding antenna and transmitarray. The transmitarrayonsidered during the simulation. Fig. 3 depits phase
consists of receive-array, beam-forming structure anc®nd magnitude of transmission coefficient versus different
transmit-array, which is centrally illuminated by the L1 With fixed L, (4mm). As can be seen, the proposed unit
incident waves from feeding antenna with the focal distanc&€ll can get good transmission magnitude above -2 dB from
of F. The incident waves are received by receive-array and2-5 GHz 10 15.2 GHz.  Meanwhile, there are few effects
then transmitted by transmit-arrady the proposed design, On the phase response in y-polarization when the feeding
the transmitarray operates in two orthogonal polarizations!ines in x-polarization (L) varies. The simulated results
Thus, the dual-mode OAM beams can be achieved in x- anghow that the ftransmission phase can be controlled
y-polarizations, respectively. independently ineachorthogonal polarization. Thus, it is
feasible to produce dual-mode OAM beams in different
polarizations
Generally, the phase shift atransmitarray should cover
60 with high transmission efficiency. Fig. 4 simulates the
phase variation and magnitude in x-polarizatida can be
een, a full transmission phase range of°3é0achieved
ith  well linearity at different frequencies. The

A. DESIGN OF UNIT CELL

The unit cell of the proposed transmitarray is shown in Fig.3
2, which is composedf two dual-polarized wideband
microstrip antennas. The two antennas are placed tback-
back and share a common ground plane. The driven pat

has two orthogonal feeding lines and is printed on the[ransmission magnitude is better than -2 .dBhe

substrate (.)f 0.5 mm Roggrs 4003@:3'55).‘ To enhance transmission phase curvest different frequencies are
the bandwidth, the parasitic patch, etched in 0.8 mm Roger,

. ) ) ) Zlmost parallel to each other, which indicates the broadband
4]9235& IS "’T"rf‘ teq abofv s _the dnvte?] pa:;:h W'th.t‘?m altr Ep_ac erformance of the unit cell Due to similar structure and
of =5 mm. *he size ot driven palch and parasilic pach 15 igh isolation between x- and y-polarizations, it can be
mm and 6.1 mm, respectively. Two metalized via holes

ded b cular disk etehed in th 4ol redicted that similar transmission coefficient in y-
surrounded by a circular disk etched in the ground plane argolarization can be obtained whepit varied.
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FIGURE 9. The side view of E-fields: (a) x-polarization; (b) y-polarization

FIGURE 7. The geometry of the proposed transmitarray. transmitarray is placed at the plane of z=0, namely xoy
plane.

The spiral phase plane can be obtained based on the
function (2)

@spp = L X @ =1 X arctan(x;/y;) (2)

where | is the OAM mode. Thus, the final phase
distribution for generating OAM beams can be concluded
@ (b) as the following function

FIGURE 8. The simulated radiation patternsat 13.5 GHz: (a) 0 mode OAM
beam; (b) +1 mode OAM beam

Pijoam) = Pijp) T Pspp 3
In practice, most of the unit cells are not placed in the .
central area and they are illuminated by oblique incidences Iln the propose'd trarl]ﬁsmltar_r,a(y mode and +1 mode areh
with different angles. tl is necessary to analyze the Selected to verify the design concept. Based on the
performance of the unit cell under oblique incidence. Fig. 5d|scussmn_, a squgre-ap_erture transmltar_ray copsstlng of
depicts the transmission phase and magnitude at differer™14 unit cells is built. A dual-polarized wideband

oblique incidence angseFrom the simulated results, within microstrip antenna, which is similar to the unit cell, is used
40P oblique incidence, the transmission magnitadekeep as the feeding antenna. Considering the aperture size of the

higher than -2 dB with small variation of transmission transmitarry and radiation pattern of the feed anterime, t

phase. According to the simulated results, it can bdoc@llength is optimizeas113mm. According to function
concluded that the proposed unit cell has low transmissiofl): (2) and (3), the phase distributions for generafing
loss and less sensitivity to the oblique incident electric fieId_r,“Od_e and +1 mOF‘e OAM beams_are calculated and shown
in Fig. 6(a) and Fig. 6(b), respectivels can be seen, the
phase distribution of 0 OAM mode is symmetric to the
array center, which is plane wave phase distribution

B. DESIGN METHOD OF DUAL-MODE OAM BEAMS actually. The phase distribution of +1 mode OAM beam
The process for generating OAM beams using transmitarrayspows a 360clockwise phase shift.

can be divided into two steps: the first step is phase
compensation. This step coverts the spherical phase front
from the feeding antenna to planar phase front. The secorl: SIMULATION AND ANALYSIS

step is phase superposition, which means add a spiral phad8€ Proposed transmitarray is constituted based on the
on the converted planar phase front. The spiral phas‘galculated phase distributions. Fig. 7 shows the geometry of
the transmitarray. In the design, the phase delay lines in x-

polarization (L) are employed to produce 0 mode OAM
beam and the phase delay lines)(In y-polarization are
used to generate +1 mode OAM beam. Full-wave
simulation using commercial software HFSS is carried out.
The simulated radiation patterns are shown in Fig. 8. The
Pijpy = ko X \[(xi —x)2+ @~y + 2z (1) 0 mode and +1 modfe OAM beams are producgd
successfully as expectation. Due to large aperture, high
transmission coefficient and accurate phase compensation,
the radiation patterns have high gain performance. At 13.5

which is desired to constitute a transmisstarray.

imposes a total phase shift &frl around one azimuthal
cycle according to the OAM mode |

The phase distribution of the first step is definegas,),
which can be obtained according to the following function

where (X, y;) is the position of unit cell and(¥;, z) is the
position of the feeding antenna. Here, wassume the
VOLUME XX, 2018 9
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FIGURE 11. The antenna prototype and antenna measurement in anechoic 500<500er is mounted above the proposed transmitarray

chamber as reference plane. The distance between the reference
. . . plane and the transmitarray is selected as 220 ril0 A( at

GHz, the simulated gain reaches 25.6 dBi in 0 OAM mode13 5 GHz), 330 mm(L5 4 at 13.5 GHz), 440 mme=@0 A

and 19.9 dBi.in +1 OAM mode, respectively. at 135 GHz) and 520 mm=23 A at 13.5 GHz),

A small d!vergence angle of +/-6n +1_ mode OAM respectively. For content concise, the simulated phase
heam IS achieved Compared to_ conventional FJCAS_ for fronts and E-field intensity at the distance of 330 mm and
generating OAM beams, the d'Ve’Qence anglen this 550 mm are plotted in Fig. 10. As can be seen, the
. L ) %‘roperties of +1 mode OAM beam, such as spatial phase
be used to increase the OAM-basemmmunication link gigyipytion and ring-shaped amplitude intensity, still keep
distance. To further demonstrate the principle of generatmgg/ery well even when the OAM beam propagates to a long

OAM beams, the side view of E—figld is present in Fig. 9 distance. Conclusively, the +1 mode OAM beam has a good
As can be seen, the electromagnetic waves produced by t%?able performance

feeding antenna is reconstructed when it spreads throug

the transmitarrayit is observed that the incident x- and y-

polarized spherical waves from the feeding antenna iV FABRICATION AND MEASUREMENT

transformed to 0 mode OAM beam and +1 mode OAMTO verify the design, a prototype is fabricated, assembled

beam, respectively. and measured, as shown in Fig. 11. The overall dimension
For +1 mode OAM beam, there is an amplitude null in©f the proposed transmittarry is 240x240 fmith

the center of radiation patterns. This null area become§ffective area of 203x203 nfmwhich is covered by 14x14

larger with the increase of propagation distance, whichunit cells. To support the whole array and create air space,

makes challenge in long-distance OAM-based Several nylon spacers are employed between every two

communication. To study the stability of the +1 mode Substrate layers. These nylon spacers are considered during

OAM beam, the evolution processes is simulated andhe simulation.
shown in Fig. 10. In this simulatioareference plane with
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FIGURE 13. Themeasured +1 mode OAM beams: (a) 13 GHz; (b) 13.5 GHz, FIGURE 14. The measured near-field radiation patterns of the produced +1
(c) 14 GHz mode OAM beams at different frequencies: (a) 13 GHz (b)13.5 GHz; (c) 14
GHz.
A. RADIATION PATTERNS OAM beam can be generated with continuously distributed

The measured and simulated radiation patterns of dualsyaiia| phase. Meanwhile, the measured E-field intensity
mode OAM beams at different frequencies are plotted i,5 4 geep null in the center of scanning plane. It can be
Fig. 12 and Fig. 13respectively The both of 0 mode and i, jjcated that the designed transmittarray can produce good
+1 mode OAM beams are ngl pro_duced by the propos_egi1 mode OAM beams.

antenna. Good agreement is achieved between numerical

calculation and measurement. Within the frequency range

from 13 GHz to 15GHz, the measured gain of 0 modeC: PERFORMANCE COMPARISON _ _

OAM beams is above 20 dBi with maximum gain of 26 Table | compares the proposed transmitarray with other
dBi at 13.8 GHz. At the same frequency range, therep_orted antennas carrying OAM beams. This comparison
measured gaiof +1 mode OAM beams is above 14.2 dBi mainly focuses on antenna type, plangr structure, fee.dlng
with maximum gain of 20 dBi at 13.6 GHz. The 3-dB beamnetwork, OAM modes and antenna gain. The comparison
width in 0 mode OAM beam is around &.5he maximum Shows that using array antennas can simply achieve dual-
side lobe level (SLL) is less than -14 dB and the crossMede OAM beams. But the feeding network is complex.

polarization level less than -15 dB, respectivefhe  Most of the reflectarrays or transmitarrays can achieve

measured divergence angle of the +1 mode OAM beams (@AM waves with only one mode. As comparison, the
approximately +/-8 proposed antenna has the advantages of planar structure, no

need of feeding network, dual-mode OAM beams and high
gain. It is worth pointing out that although the present
B. PHASE FRONTS AND E-FIELD INTENSITY design in this paper is generating 0 and +1 mode OAM

The phase fronts and E_—field inter_15ity of +1 mode OAM beams, the design method is also adapted to other two types
beams are measured using near field measure system. TQFbeams

scanning plane in the near-field measure system is set as

520x520 mn? with the measure step of 3mm. The distance

between the scanning plane and the transmitarray is 53¢ CONCLUSION _ _ _

mm. As shown in Fig. 14he phase fronts of thel mode A novel Ku-band high-gain transmitarray antenna for
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generating dual-mode OAM beams is presented and studiedesign approach successfully. The 0 mode and +1 mode
in this paper. The phase delay lines connecting the receivédAM beams are obtained simultaneously. The measured
array and transmit-array are employed to cover the requirethaximum gain reaches 26 dBi in 0 mode OAM beam and

phase variation. The design approach for producing the tw@0 dBi in +1 mode OAM beam,

respectively. The

types of beams is analyzed. The stability of the generatedivergence angle of +1 mode OAM beam is only %/-5
+1 mode OAM beam is discussed. Both the full-wave This proposed transmitarray can be a promising candidate
simulation and the prototype measurement validate thén future high capacity communications.

TABLE |

COMPARISON WITH OTHERREPORTEDOAM ANTENNAS

Ref. Antenna type Planar structure Feeding network OAM mode Gain (dBi)
[17] Uniform circular array Yes Complex +1 Not given
[18] Bow-tie dipole array Yes Complex +1 Not given
[20] Reconfigurable Patch Array Yes Complex +1 5.9
[22] Ring-slot with parabolic reflector No No need +2/+3 21.9
[31 Folded reflectarray Yes No need +1 215
[32] Flat-lens Yes No need +1 215
This work Transmitarray Yes No need 0/+1 26 20
[13] Zhao Z, Yan Y, Li L, et al. A dual-channel 60 GHanumunications
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