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Polarization Conversion and OAM Generation with a Single
Transmitting Metasurface
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Abstract—We propose a transmitting metasurface (TMS) with ultra-high polarization conversion
properties and carrying orbital angular momentum (OAM) vortex waves based on Ku-band’s unique
periodic unit cell structure. The TMS periodic unit cell structure consists of four cascaded metal layers
with parallel-stripe double-arrow and three dielectric layers. We theoretically explain the ultra-high
polarization conversion properties of the periodic unit cell by introducing the Jones matrix. Meanwhile,
the transmission loss of the periodic unit cell is less than 2.92 dB, and a phase shift of 27 is obtained in 17—
19 GHz. We design OAM modes of +1, +2, and £3 for 27 full-phase controlled TMSs by combining the
multilayer cascade structure with the Pancharatnam-Berry (P-B) phase principle. The processed TMS
produced a vortex wave with an OAM mode of +2 and achieved a polarization conversion rate (PCR)
of 83.3% under left-hand circular polarization (LHCP) to right-hand circular polarization (RHCP)
in agreement with the simulated and measured data. The results show that vortex waves also have
the advantages of high efficiency, broadband, and high mode purity. The generated vortex waves are
available for fast beam alignment, which is significant for unmanned aerial vehicles (UAVs) and satellite
communications in the Ku band.

1. INTRODUCTION

Vortex electromagnetic waves carrying orbital angular momentum (OAM) can expand channel
capacity and improve spectral efficiency in wireless communications due to inter-modal orthogonality
and theoretical infinity. Since long-range transmission and multiplexing of OAM waves remain
controversial [1, 2], they are also widely applied in other fields, such as target detection [3], enhancing the
performance of radar systems [4], and manipulating antenna systems [5]. It is worth noting that basically
all applications of OAM waves depend on the alignment of the beam axis and initial phase. OAM assists
in the alignment of spatial light modulators (SLMs) in the optical domain [6] due to the azimuthal phase
factor exp(ily) carried by OAM with phase singularity and vortex properties. Nevertheless, there are few
research reports on using OAM for alignment in the Ku-band since the first introduction of OAM in the
RF band by Tamburini et al. [7]. Ku-band is widely applied to unmanned aerial vehicles (UAVs) [8, 9]
and satellite communications [10, 11] due to the advantages of broad bandwidth, small flap width, and
high positioning accuracy. The methods of generating Ku-band OAM waves include spiral phase plate
(SPP) [12], uniform circular array (UCA) [13], metasurface (MS) [14], and transmitarrays (TAs) [15].
TMS has emerged as an up-and-coming contender for OAM antennas due to its low cost, simple
feeding, and easy alignment. Previous researchers have proposed many periodic unit cells structures for
TAs and transmitting metasurface (TMS), such as C-shaped resonant rings (CSRRs) [16,17], nested
semi-circles [18,19], extended microstrip patches [20], Jerusalem crosses [21], and arrow structures [22].
The TMS consists of a double-layer arrow [22] with 54% and 39% transmission efficiencies in | = 1

Received 23 January 2028, Accepted 20 February 2023, Scheduled 6 March 2023
* Corresponding author: Li Shi (m18709188176@163.com).
The authors are with the School of Communication and Information Engineering, Xi’an University of Posts & Telecommunications,
Xi’an, China.



130 Yu, Shi, and Xin

and [ = 2 modes, respectively. The double-layered arrows with a single dielectric layer bring strong
dispersion, which deteriorates the operating bandwidth [22]. Three CSRRs and square metal rings
cascaded [16] with the TMS can obtain 2-bit coded OAM waves at 14.2-15.2 GHz. A cascade structure
of rectangular metal rods with TMS is introduced on the unit cells structure of [16, 17], and the vortex
wave is realized with 2-bit phase and 1-bit amplitude coding at 14.35-14.95 GHz (FBW = 4.09%). The
dimension expansion method of single-layer TMS [20] produces OAM waves with | = 1, 2, 4 at 18 GHz.
TMSs are challenging to achieve high polarization conversion rate (PCR) and broad bandwidth based on
cellular structures, and often multilayer structures need to be introduced. Meanwhile, the transmission
efficiency of single-layer TMS has been shown theoretically to be no more than 25% [23,24]. Therefore,
it is necessary to propose a TMS composed of multilayer periodic unit cells, which can efficiently and
stably generate Ku-band broadband OAM waves to assist the alignment of UAVs and satellite beams.

This letter proposes a periodic unit cell structure with parallel-stripe double-arrow, combined with
Pancharatnam-Berry (P-B) phase in Ku-band to design OAM mode +1, 2, £+3 polarization conversion
TMSs. The proposed TMS has a nearly perfect PCR for interconversion of left-handed circular
polarization (LHCP) and right-handed circular polarization (RHCP). Experimental measurements
verified the performance of vortex wave generation on the TMS, with the analysis and calculation
of OAM purity and efficiency. The structure of the letter is as follows. Section 2 is the periodic unit
cell’s theoretical analysis and performance demonstration. Section 3 shows the analysis of the proposed
TMS simulation and measurement data. Section 4 is the conclusion.

2. THEORETICAL ANALYSIS & UNIT CELL DESIGN

2.1. Scattering Field Construction

The reflected and transmitted waves are generated on the scatterer when the incident wave irradiates
the scatterer for the periodic unit cell scatterer in Fig. 1. Since this paper focuses on TMS, reflected
waves are not analyzed. We denote the field distribution of the incident wave generation as Ej,. and
the field distribution of the transmitted wave as Equt.

Einc and Eqyt can be decomposed into two mutually orthogonal components E;,, (E;y) and Eyy (Ery)
along the X- (Y-)direction, while the Jones matrix J is introduced to relate the transmitted wave to
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Figure 1. Scattering field description diagram.
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where J; and Jy, are co-polarization terms, and J;, and J,, are cross-polarization terms. For example,
Jzy denotes the transmission coefficient of a line polarization (LP) wave incident along the Y'-direction
and an LP wave out along the X-direction. If the center of the unit cell rotates the scatterer, the new
transmission matrix Jyot can be obtained after the rotation:

the incident wave:

B cos (¢r)  sin(¢y) - cos (¢r)  sin(¢y)
Jrot = ( —sin(pr) cos (o) ) J < —sin (¢r) cos(¢r) ) (2)
Eout - Jrot . Einc (3)

where ¢, is the counterclockwise rotation angle of the periodic unit cell by its center. Considering the
case of circularly polarized (CP) wave incidence, we convert the Cartesian basis to a circularly polarized
basis by transforming the matrix A [25]. From this, the transmission field of the scatterer is deduced

as follows: . ,
EOU B E’LHC
With

(0 )

where E94 (E%4) denotes the LHCP (RHCP) component in the transmitted wave, and E¥S (EWC)
denotes the LHCP (RHCP) component in the incident wave. Assuming that J,, = Jy, = 0, we can

further derive the transmission matrix J g‘l’fc as follows:

rot _ 1 < Juw + Jyy . (Joz — Jyy) e~ 2ier )
circ 2 (wa _ Jyy) 62“'0T Jow -+ Jyy

We introduce exp(ily) utilizing the spin-to-orbital coupling effect [26]. The spin angular momentum
(SAM) can be converted into OAM according to the P-B phase principle and momentum conservation
law [27] as the incident beam passes through an anisotropic TMS. Based on the above analysis, the
phase factor exp(+i2¢, ), which exactly corresponds to the azimuthal phase factor exp(ily) of the vortex
beam, is successfully introduced in Eq. (6), and the rotation angle of the periodic unit cell is designed
with ¢, = lp/2 (I is the expected OAM mode, and ¢ is the azimuth angle), thus introducing the vortex
phase. This establishes the connection between the azimuth angle ¢ and the rotation angle ¢, of the
periodic unit cell, so that the phase control can be realized by the rotation angle of the periodic unit
cell, which is in accordance with the Pancharatnam-Berry phase principle.
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Figure 2. TMS periodic unit cell. (a) 3D structure diagram. (b) Element dimension.
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Figure 2 demonstrates the layered structure of the TMS periodic unit cell and the parallel-stripe
double-arrow pattern. The periodic unit cell consists of four metal layers and three dielectric layers in
Fig. 2(a), which are RO4450B laminates. The dielectric layer is AD255C (g, = 2.55, tand = 0.0014),
and its dimensions are 8.00 x 8.00 x 0.75mm?. Additionally, the top and bottom of the periodic unit
cell structure create Floquent ports, and the surrounding X-Z plane and Y-Z plane add two periodic
master-slave boundary conditions for unit cell simulation of transmission magnitude and phase. Fig. 2(b)
presents the metal layer topology of the parallel-stripe double-arrow used to obtain sufficient phase
difference. Based on this, a parametric analysis of the metal layer takes place. Table 1 is the optimized
specific parameters.

Table 1. Design parameters of the unit cell.

Parameters | Value (mm) | Parameters | Value (mm)
w 1.00 Ly 3.50
w 0.50 Lo 2.80
L 7.00 H 0.75
P 8.00

2.2. Periodic Unit Cell Performance Analysis

The periodic unit cell simulation results are obtained using HFSS based on the finite element method
(FEM). Theoretically, the scatterer has to satisfy |Jzz| = |Jyy| = 1 and Jpy = Jy, = 0, and also if
Jrze and Jy, have a precise phase difference of 1 and 7, then 100% PCR can be obtained [28]. The
performance diagram is expressed by the polarization conversion parameters of the periodic unit cell
when a rotation angle of 90° is considered as in Fig. 3. The results in Fig. 3(a) show that J,, has
band-pass characteristics, and Jy, has high-pass characteristics (—Jgza| = |Jyy| = 0.94 at 18.25 GHz).
Also, Jyy = Jya is essentially equal to 0 (max|J,,| = max|Jy;| = 0.09) due to the symmetry of the
unit cell concerning the X Z-plane and Y Z-plane mirrors. As shown in Fig. 3(b) at 18.25 GHz, exactly
L Jype-LJyy = m, while a phase difference close to 7 is also obtained in 17-19 GHz. It is a valuable result
that an absolute 7 phase difference can be obtained in the very high amplitude case. Fig. 4 shows the
periodic cell of a CP wave incident on a parallel-stripe double-arrow structure to obtain the transmission
coefficient magnitude and phase of the cross-polarized transmitted wave. Due to the symmetry of the
periodic cell about the X Z and Y Z planes, the cell rotation angle ¢, is set between 0° and 90° (angular
step of 15°). Fig. 4(a) indicates that the magnitude of the transmission coefficient is close to 0 dB with a
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Figure 3. Schematic diagram of the periodic unit cell that achieves CP wave polarization conversion
when the rotation angle is 90°. (a) Magnitude. (b) Phase.
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Figure 4. Transmission coefficient at different ¢, in 16-20 GHz. (a) Transmission magnitude. (b)
Transmission phase.

Figure 5. Surface current distribution of different LHCP incident waves radiating layers at 18 GHz
with a rotation angle of 90°. (a) First layer. (b) Second layer. (c¢) Third layer. (d) Fourth layer.

maximum loss of 2.92 dB for different rotation angles ¢, in the band of 17-19 GHz. Any ¢, taken in the
transmission phase of Fig. 4(b) yields a phase shift of 27, with guaranteed transmission magnitude. The
rotation angles are different, but they all can provide a linear variation. The linear phase shift obtained
benefits from the modulation characteristics of the P-B phase, which is independent of frequency and
only dependent on the rotation angle. The phase shift ranges from —132.4° to 185.1° at a rotation angle
of 75°. The reduction of the phase shift is due to the continuous oscillation of the transmission field
between the metal layers of the multilayer structure at a specific angle. The LHCP wave is incident on
different radiating layers at 18 GHz when the rotation angle is kept at 90° to illustrate and verify the
polarization conversion performance. The surface current distributions of different radiating layers are
demonstrated in Fig. 5. Figs. 5(a) to (d) show the surface currents of LHCP waves passing through
the first to the fourth layer, respectively. The RHCP radiation characteristics are gradually revealed as
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the number of radiating layers increases, and the dominant current vector direction is counterclockwise.
This proves that the multilayer periodic unit cell achieves the polarization conversion of CP waves.

3. TMS DESIGN & PERFORMANCE ANALYSIS

3.1. TMS Design

The circularly polarized horn antenna located at the left center axis of the TMS serves as the feed
antenna, in Fig. 6. The spherical wave generated by the feed source is incident on the TMS along the
+z direction to obtain the vortex wave. Metasurface with square aperture consists of 20 x 20 elements,
assuming that the position of the periodic element on the TMS is (z;,%;), and the position of the feed
antenna is (z¢,yy, z¢). It can be deduced as follows:

Y
s = -anctan () ko |\ flas =Pt (= 0P 4 5 - )

7

where | and ko are the expected OAM mode and free space propagation constant. The first term
in Eq. (7) is the OAM wave, so the transmitted wave carries the desired mode. The second term is
phase compensation, which makes up for the phase difference caused by the wave range difference. The
phase required for the periodic cell is obtained by subtracting the OAM vortex term from the phase
compensation term according to Eq. (7). Fig. 7 shows the MATLAB numerical solution simulation
results at 18 GHz. The numerical solution can be seen to calculate the results with excellent OAM
characteristics and high directionality of the transmitted wave phase distribution when [ is taken as 2.
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Figure 6. Schematic of TMS and feed horn.
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Figure 7. Numerical solution of 20 x 20 TMS phase distribution with [ = 2 at 18 GHz.

3.2. TMS Performance Analysis

The 20 x 20 square aperture TMS (size of 160 x 160 x 2.3mm?) is constructed and simulated based
on the periodic unit cell design and numerical analysis. The simulation results of the transmission



Progress In Electromagnetics Research M, Vol. 115, 2023 135

= £
= i i
o Asep £ 4
= i SRR
g 4 e
g i i
= St (e i Sttt

Phase Phase Phase

(deg) e B A (deg)
o LEST - EBLY B 180
) 1
= )

-180 ) E -180 180
™ E Field E Flevid E Flgld E Field E Field E Field
= (dBV/m) (dBV/m) (dBV/m) (dBV/m) (dBV/m) (dBV/m)
E LEE 328 274 LEX] | KB g2s2
h—
o O ©
=T} @
=
= 0 0 0 0 0 0
(@) (b) (d) (e)

Figure 8. Simulation results of transmission magnitude and phase distribution observed under the
proposed different planar topologies at 18 GHz. (a) and (d) mode +1, (b) and (e) mode £2, (c) and (f)
mode £3.

phase and magnitude at 18 GHz for the OAM modes +1, +2, and 43, with the 2D topography of the
respective mode TMSs, are presented in Fig. 8. The transmission magnitude shows the transmission
FE-field in different modes. The magnitude shows classical OAM characteristics; the center is a doughnut-
like pattern with null. Meanwhile, the null point is deepened and increased with OAM modes. The
transmission phase diagram shows that all-phase coverage of 27 can be achieved at modes +1, 42, and
4+3. The phase distribution demonstrates a spiral characteristic of 2m, 47, and 67 counterclockwise
rotation along the center when [ is +1, 2, and 43, respectively. In individual phase diagrams, phase
distortion disorder is at the edge of the reference plane due to the truncation effect caused by breaking
the ideal periodicity of periodic unit cells in the X and Y directions under the actual array design.
The proposed TMS unit cell structure can generate vortex waves from the magnitude and phase of
transmission with +1, £2, and +3 modes.

Figure 9 constructs and demonstrates the test conditions of the TMS sample. The proposed [ = 2
20 x 20 square TMS in Fig. 9(a) shows a planar area of 200 x 200 mm?, whose effective radiating area
is 160 x 160 mm?, manufactured and assembled using a general PCB technique. The modeling and
numerical simulation processes already consider the effects of nylon columns and pressed laminates. A
near-field anechoic chamber measures TMS at 120 mm from the feed horn in Fig. 9(b). Specifically, the
LHCP quasi-Gaussian beam in the Ku-band excites the MS to avoid the truncation effect mentioned
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Figure 9. (a) 20 x 20 TMS with [ = 2. (b) Near-field measurement.
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Figure 10. The transmission magnitude and phase of the square aperture TMS with | = 2 at different
frequencies were measured. (a) 17 GHz. (b) 18 GHz. (c¢) 19 GHz.
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above. Also, the reference plane where the standard waveguide probe is located is 200 mm away from
the MS, created on the other side. The reference scanning plane is set to 420 x 420 mm?, and the
scanning step is set to 2mm. Fig. 10 presents the results of the measured transmission 1nten51ty and
phase distribution. It is observed from the measured results that the center is the null-magnitude region
of the E-field intensity of the RHCP wave. The phase peak front variations at 17 GHz, 18 GHz, and
19 GHz all satisfy 2w. Typical +2 mode OAM waves are corroborated.

Furthermore, we discuss the purity of the proposed OAM model for TMS. The toroidal E-field
around the null-magnitude point is taken separately in the transmission magnitude field in Fig. 10 for
Fourier transform analysis [29]:

1

A= [T et (®)

Plp) = ZAzeW (9)
l

where () is a function of the sampling field, and A; is the magnitude of the corresponding mode.
The ratio of each modal component to the total energy can express the purity of OAM. Fig. 11 shows
the purity energy weights of OAM mode 2 in the proposed band, 78.8% of the simulated purity at
17GHz (72.7% measured), 79.4% of the simulated purity at 18 GHz (73.5% measured), and 78.5% of
the simulated purity at 19 GHz (70.8% measured). The primary mode energy is much larger than the
other modes, and the inter-mode interference can be neglected.
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Figure 11. Purity of OAM mode at different frequencies.
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Figure 12. Transmission efficiency and PCR, of TMS with [ = 2.

The TMS’ PCR and transmission efficiency were measured and analyzed. PCR is the ratio of
cross-polarized vortex wave energy to the total transmitted wave, and transmission efficiency is the
ratio of transmitted wave energy to the incident wave. Fig. 12 shows the simulated and measured
results of PCR and transmission efficiency. At 17-19 GHz, the simulated data of PCR are 83.2-90.1%
(measured 80.1-86.3%), and the simulated data of transmission efficiency are 63.7-70.8% (measured
59.7-69.3%). The proposed passband’s average PCR and transmission efficiency values are 83.3% and
64.4%, respectively. These are attributed to the excellent transmission efficiency and precise m-phase
difference of the periodic unit cell, and on the other hand, to the vast radiation aperture of the TMS.
Unfortunately, the PCR has difficulty achieving theoretical results when metal losses, dielectric losses,
and reflections at the air-dielectric interface are considered.

To illustrate the advantages of this scheme, the designed TMS is compared with the proposed OAM
planar antenna in Table 2. Since the MS has the advantages of compact structure, simple feeding,
and low cost compared with other OAM non-planar antennas, the comparison is not made here. The
proposed TMS’s advantage combines high conversion efficiency (83.3%) and high transmission efficiency
(64.4%) with broadband, high purity, and miniaturization. Although the transmission efficiency
of [30,31] is higher than the present design, [31,32] use a transmission phase design with a strong
chromatic response leading to a narrow operating band, and the conversion efficiency of [31] is unknown.
Meanwhile, [30] has a large bandwidth and high transmission efficiency, but the measured OAM purity
is limited. Using an all-dielectric meta-lens platform with a barbell-type periodic cell profile height
of 2.2)\¢ causes the problem of large antennas. Ref. [33] obtains multiple OAM transmissive waves
in +1, +£2, +3, +4 modes by using controlled PIN on/off. However, the periodic unit cell uses a
13-layer PIN reconfigurable design with a phase-modulated structure with a profile height of 2.6\g.
Refs. [22,34] use the Pancharatnam-Berry phase principal design, and both obtain high conversion
efficiency. Unfortunately, it is also impossible to obtain a high transmission efficiency. Ref. [25]
shows high PCR and transmission efficiency in X-band, but has the dilemma of too large aperture
area. The numerical simulation results are in high consistencies, with the measured results showing
that the demonstrated TMS can generate high-purity vortex waves stably and efficiently considering
broadband and high efficiency. This vortex wave can prevent beam shift and misalignment and utilize
the advantages of OAM waves well, which are applied to achieve OAM multiplexing and fast alignment
in the Ku-band.



138 Yu, Shi, and Xin

Table 2. Performance comparison of the designed TMS with the present OAM planar antenna.

Periodic
it Cell
Antenna UTH .Ce . OAM
Frequency Aperture OAM | Transmission PCR Efficiency .
Ref. Type Bands (GHz) Size (A) d Loss (dB) Phase %) (%) Purity
ands Z ize modes S
(Polarization) o8 . "1 Shift ’ 0 (%)
Transmittance (deg)
e
(%) i
26.5-40.0
[30] |Meta-lens (LP) 12.2x12.2x 22| 1 > 68% 360 59.5-86.2 | > 50.0
(40.6%)
[31] | ME-FSS (LP) 10.6 85x85x02 | 1 > 90% 360 > 60.0
32] | TAs (LP) 10.0 80x80x02 | 1 <0.5dB 360 1.9 | >815
+1 > 60
PIN & +2 & > 60
[33] | Reconfigurable 10.0 6.9 x7.3x26 < 0.3dB > 360
0 & +3 & 50
' & +4 & 40
10.0-11.1 N 100
[34] | FSS (CP) 125 x 125 x 0.1] 2 S 80% | ~360 | e 00% oo | 934
(10.4%) (10.7 GHz)
1 75.0 54.0
[22] | TMS (CP) 10.0 6.0 x 6.0 x 0.1 90% 360
2 71.0 39.0
.5-10. ircle with
25] | TMS (CP) 757105 Circle wi 2 > 80% 360 | 80.0 60.0
(33.3%) diameter 12
17-19 1
Prop.| TMS (CP) (11.1%) 9.6x9.6x0.1 | & +2| 0.2-29dB |~ 360 83.3 64.4 > 70.8
. 0
& +3

Ao: Free space wavelength at the center frequency.

4. CONCLUSION

This paper presents a TMS based on a multilayer parallel-stripe double-arrow periodic cell composition
to realize broadband polarization-converted vortex waves in different OAM modes in Ku-band. We
theoretically analyze the transmission properties of the proposed anisotropic scatterer by introducing
the Jones matrix. Meanwhile, the periodic unit cell has a phase shift greater than 27 and a transmission
loss less than 2.92dB in the range of 17-19 GHz. Further, the TAs with [ = +1, 42, and +3 designed
using the P-B phase principle achieve full phase control. The manufactured [ = 2 TMS can convert the
LHCP incident wave into RHCP vortex wave in the working frequency band (17-19 GHz), with PCR and
transmission efficiency of 83.3% and 64.4%, respectively. The design can efficiently generate polarization-
inverted OAM waves while considering broadband and high purity. Broadband high-efficiency vortex
waves in TAs are of great constructional importance to check beam shift for assisting UAVs and satellite
alignment.
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