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generations,[16–20] and holograms.[21–23] 
For example, digital and programmable 
MSs were demonstrated in the micro-
wave region.[24–26] The wavefront and 
polarization can be dynamically con-
trolled, showing great potential for future 
intelligent systems. The spin decoupled 
multi-channel devices were proposed 
for polarization multiplexed systems by 
combining the geometric and dynamic 
phases.[27–29] The concept of multi-channel 
orbital angular momentum (OAM) multi-
plexing and demultiplexing was demon-
strated using single-layer MS in optical 
regions, leading to high-speed and large-
capacity optical communications.[30] 
Broadband transmission-type spin decou-
pled dielectric MS combing the dynamic 
phase and geometric phase was proposed 
in the terahertz regime.[31] By using mul-
tiplexed meta-atoms, the MS can also con-
vert arbitrary linearly polarized waves to 
two different linearly polarized waves with 

nearly equal strength and asymmetric angles, which opens new 
avenues for efficient polarization-multiplexed THz systems. In 
the meantime, non-interleaved polarization-insensitive MSs for 
efficient wavefront shaping are also widely investigated. For 
instance, broadband polarization-insensitive 3D conformal MS 
cloaks were demonstrated to conceal targets under polarization-
scanning detections.[32,33] By exploiting cross linear polariza-
tion dynamic and geometric phases, the polarization and the 
intensity of the scattered EM-wave can be reconstructed as the 
scattering wavefront deflected from the flat ground at any polar-
ization state. Highly efficient dielectric resonant-based MSs are 
demonstrated in the optical region, with identical hologram 
images,[34] vortex beams,[35] and focusing[36] observed under 
different linear polarization. In the microwave region, polari-
zation-insensitive transmissive MSs are also demonstrated to 
flexibly manipulate the wavefront, which is usually achieved 
by cascading resonant cells in several laminates.[37,38] However, 
The MSs cannot perform polarization conversion because the 
meta-atoms are isotropic. For state-of-the-art MSs that achieve 
both polarization conversion and wavefront shaping, the polari-
zation conversion feature usually depends on the polarization 
of the input. For example, an all-dielectric MS for simultane-
ously realizing polarization rotation and wavefront shaping was 
demonstrated in visible light.[39] Because the cross-polarization 
conversion is achieved based on the principle of the half-wave 
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1. Introduction

Metasurface (MS), composed of electrical-small meta-atoms 
arranged on a 2D planar surface or interface, offers a platform 
to manipulate the electromagnetic (EM) wave at will.[1–3] The 
most distinguishing feature of a MS is its flexible ability to con-
trol the amplitude, phase, and polarization of the wavefront, 
leading to the applications such as flat meta-lens,[4–9] reflec-
tarrays,[10–12] frequency selective surfaces,[13–15] vortex beam 

© 2022 The Authors. Advanced Optical Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited.
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Figure 1.  Additively manufactured polarization-insensitive MS for arbitrary polarization conversion and shaped wavefront carrying OAM. The blue, 
green, and red arrows represent different linearly polarized inputs and the corresponding outputs. The polarization conversion angle between the input 
and output states and the wavefront are fixed regardless of the polarization of linearly polarized input.

Figure 2.  a) Configuration of the meta-atom. The bottom patch’s feeding is rotated at an angle of θ compared with that of the top patch. (h1 = 0.035 mm, 
h2 = 0.47 mm, h3 = 0.435 mm, h4 = 0.435 mm, h5 = 0.47 mm, h6 = 0.2 mm, px = 3.5 mm, py = 3.5 mm, d1 = 0.2 mm, d2 = 0.4 mm, d3 = 0.6 mm, w1 = 0.3 mm; 
l1 and l2 represent the total lengths of the top and bottom phase delay lines, which are varied in the 3-bit meta-atoms.) b) Poincaré sphere. The meta-
atom is circular birefringence, which induces a conversion of polarization states on the Poincaré sphere (along the yellow lines), with black axis S3 as 
the rotation axis and the rotation angle determined by the retardance between the meta-atom’s two eigen-polarization states (RHCP/LHCP).[49] The 
azimuth angle 2ψ is constant between the input and output regardless of the location of the LP input on the equator.
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plate (HWP), the cross-polarization conversion is achieved only 
when the input polarization is 45° compared with the fast axis 
of the HWP. Multi-channel polarization conversion and wave-
front shaping all-dielectric MS was demonstrated in the Tera-
hertz region.[40] The output polarizations are RHCP and 45° 
linear polarization under x-polarized and y-polarized incident 
waves, respectively. To the author’s knowledge, transmissive 
MSs with polarization conversion and wavefront control that 
are polarization insensitive are rarely reported.

In terms of fabrication, micro/nano-fabrication and printed 
circuit board (PCB) are commonly used techniques for fabri-
cating MSs in optical and microwave regions. Different from 
these fabrication methods, additive manufacturing, also known 
as 3D printing, provides new possibilities for fabricating com-
plex metamaterial structures with predefined optical, acoustic, 
and mechanical properties, many of which cannot be realized 
through conventional fabrication methods.[41] For example, con-
formal carpet cloaks are demonstrated using additive manufac-
turing[42] with a thermally programmable feature.[43] Different 
kinds of gradient-index metamaterial lenses from acoustic to 
terahertz regions were demonstrated using fused deposition 
modeling or micro-stereolithography.[44–47] Undoubtedly, the 
rise of additive manufacturing helps unlock the great potential 
of metamaterials, paving the way to the future high-efficient, 
multi-functional, and cost-effective intelligent systems.

This article proposes an additively manufactured ultrathin 
broadband polarization-insensitive transmissive MS, which 
achieves the same polarization conversion and wavefront 
shaping for any linearly polarized incident waves, as depicted 
in Figure 1. The meta-atom comprises a receiving antenna, a 
transmitting antenna, and a group of phase delay lines con-
necting them. Both the receiving and transmitting antennas 
are designed by dual-polarized patches, which can efficiently 
receive or transmit EM waves. The receiving and transmit-
ting antennas are connected by using phase delay lines. [−π, π] 
phase shifting can be achieved by conveniently adjusting the 
length of the phase delay line. Differential feeding is applied 
to both the transmitting and the receiving patch antenna. The 

higher-order modes of the patch antenna can be avoided due to 
the inherent nature of the differential feeding. Hence, the MS 
can achieve high polarization conversion efficiency. The differ-
ential feeding port of the receiving antenna is fixed, while the 
differential feeding port of the transmitting antenna is rotated. 
The polarization conversion for the incident wave depends 
on the rotation angle of the feeding port of the transmitting 
antenna, and this polarization conversion is insensitive to the 
polarization of the LP input. Taking advantage of the advanced 
additive manufacturing technique, the MS prototypes are con-
veniently fabricated. Two polarization-insensitive MSs are 
simulated and measured for proof of concept. One achieves 
90° polarization conversion with the shaped wavefront carrying 
OAM beams. The other achieves 45° polarization conversion 
with anomalous refraction.

2. Meta-Atom Design and Theoretical Analysis

The meta-atom consists of a dual-polarized differential-driven 
square patch at the top as the receiving antenna, a dual-
polarized differential-driven square patch at the bottom as 
the transmitting antenna, and a group of phase delay lines 
connecting them, as depicted in Figure 2a. Ultraviolet (UV) 
curable acrylates ink is used as the dielectric layer with a die-
lectric constant of 2.8 and loss tangent of 0.013. The thickness 
of all conductive layers is 35  µm (h1) to provide robust con-
nections, which are printed using silver nanoparticle ink. The 
dielectric layer’s primary function is to help support the mul-
tiple conductor layers. The seven conductor layers and the vias 
cannot be stacked in order without supporting material. In the 
meantime, the presence of the dielectric layer can help reduce 
the size of the unit cell since the size of the patch antenna 
depends on the dielectric wavelength. The unit cell period is 
only 0.35 free-space wavelength at 30 GHz. Two differential 
feed pairs arranged in the orthogonal directions are used to 
feed the patch antenna, as shown in Figure 2a. Note that com-
pared with a single-ended dual-polarized patch antenna, the 

Adv. Optical Mater. 2022, 10, 2200928

Table 1.  Comparison of state-of-the-art transmit-type metasurfaces for simultaneous polarization conversion and wavefront shaping.

Ref. Frequency Configuration Polarization conversion Wavefront shaping Fabrication

[39] Visible (690 nm) Dielectric block Cross-polarization conversion/HWP (polar-
ization sensitive)

Arbitrary (polarization 
insensitive)

Micro-fabrication

[40] THz (1.1 THz) Interleaved dielectric 
block

x-polarization to RHCP; y-polarization to 45° 
LP (polarization sensitive)

Arbitrary (polarization 
insensitive)

Micro-fabrication

[50] THz (1.4 THz) Multilayer FSS Cross-polarization conversion (polarization 
sensitive)

Arbitrary (polarization 
sensitive)

Micro-fabrication

[51] Millimeter wave 
(30 GHz)

Multilayer FSS Cross-polarization conversion (polarization 
sensitive)

Arbitrary (polarization 
sensitive)

PCB

[52] Millimeter wave 
(77 GHz)

Multilayer FSS LP to CP/quarter-wave plate (polarization 
sensitive)

Arbitrary (polarization 
insensitive)

PCB

[53] Millimeter wave 
(30 GHz)

Dielectric block LP to CP/quarter-wave plate (polarization 
sensitive)

Arbitrary (polarization 
insensitive)

Additive manufacturing

This work MS I Millimeter wave 
(30 GHz)

Antenna-phase delay 
line-antenna

45° polarization conversion (polarization 
insensitive)

Arbitrary (polarization 
insensitive)

Additive manufacturing

MS II Millimeter wave 
(30 GHz)

Antenna-phase delay 
line-antenna

Cross-polarization conversion (polarization 
insensitive)

Arbitrary (polarization 
insensitive)

Additive manufacturing
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differentially-driven microstrip antenna introduces the can-
cellation mechanism, which suppresses higher-order modes 
to reduce the cross-polarization radiation.[48] Therefore, the 
polarization conversion efficiency can be improved. Meta-
atoms based on single-ended dual-polarized patch antenna 
are also simulated for comparison, see Figure S1, Supporting 
Information. The position of the differential feeding on the 
receiving side is fixed while the one on the transmitting side 
is rotated at an angle of θ, as shown in Figure 2a. In this way, 

the output polarization will be rotated at an angle of θ for any 
linearly polarized incident wave.

The meta-atom’s operating principles can be understood 
by using the Jones matrix. For an arbitrary linearly polar-
ized incident wave, the input vectors of the electric field are 
expressed as

cos
sin

α
α= 





= 





E E
E

i
x

y
	 (1)

Adv. Optical Mater. 2022, 10, 2200928

Figure 3.  a) Configuration of the eight-level 45° polarization conversion meta-atoms. b) Transmission magnitude of the eight-level meta-atoms. 
c) Transmission phase of the eight-level meta-atoms. d) Transmission magnitude of the 001 element under different linearly polarized incident waves. 
For the 45° polarization conversion MS, the co-pol/cross-pol of the output is defined as the polarization that has 45°/−45° rotation compared with 
that of the input.
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Assuming no loss, after being received by the dual-polarized 
receiving antenna and passing the phase delay line, the electric 
field can be written as

0
0

1 =








 ×

ϕ

ϕ

−

−E e
e

Ei
j

j
i 	 (2)

where ϕ represents the phase delay from the phase delay line. 
On the transmitting side, the feeding port is in-plane rotated at 
an angle of θ, the corresponding Jones matrix can be written as

cos sin
sin cos1

θ θ
θ θ= −







J 	 (3)

Then, the Jones vector of the output beam can be expressed 
as

cos sin
sin cos

0
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−
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e

e
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From Equations (4) and (1), the output E-field shows ϕ phase 
delay, and the polarization is rotated at an angle of θ compared 
to the input E-field. Similarly, considering the LHCP and RHCP 
input, the output E-field can be expressed as:

cos sin
sin cos

0
0

1

1 for LHCP

θ θ
θ θ= −


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It is seen that the meta-atom introduces an opposite phase 
delay of θ for the LHCP and RHCP input, but the circular 
polarization state remains unchanged after transmitting 
through the meta-atoms. Therefore, the LHCP and RHCP are 
two eigen-polarization states of the meta-atoms.[49] The output 
polarization of any input polarization can be understood in 
the Poincaré sphere, Figure 2b depicts the Poincare sphere of 
the 45° polarization conversion MS. Considering two arbitrary 
LP inputs, for example, 0° LP and 60° LP inputs, the output 
polarization will show the trajectory along the equator with the 
same azimuth angle 2ψ (ψ is 45°, equal to the rotation angle of 
the transmitting antenna of the meta-atom). Thus, the output 
polarization always maintains 45° polarization rotation com-
pared with that of the input regardless of the location of the LP 
input on the equator. In addition, the ellipse angles of the input 
and output are the same, equal to zero. Meanwhile, the [−π, π] 
phase shifting from phase delay lines is also insensitive to the 
input polarization. Therefore, the same polarization conversion 
and wavefront shaping can be maintained for arbitrary linearly 
polarized incident waves. This feature enables the MS to be 
different from the state-of-the-art MS, where the polarization 
conversion or wavefront shaping feature depends on a specific 
linear polarization state.[39,40,50–57] A comparison of the state-of-
the-art works is listed in Table 1.

Two sets of meta-atoms are demonstrated here for 45° and 
90° polarization conversion and wavefront shaping. The con-
figuration of the eight-level meta-atom (3-bit phase quanti-
zation) for achieving 45° polarization conversion is shown 
in Figure 3a. The lengths of the phase delay line of the 3-bit 
meta-atoms are different to provide phase shifting covering 
[−π, π]. When selecting the 3-bit meta-atoms, both transmis-
sion phase and transmission magnitudes need to be consid-
ered. First, we must ensure the phase difference between 
every adjacent meta-atom is around 45°. Therefore, the phase 
delay lines’ lengths are swept in the simulation software Ansys 
HFSS for each meta-atom. The corresponding phase curves 
are compared, and the length of the phase delay line of each 
meta-atom is carefully selected, ensuring that the phase differ-
ence between the adjacent meta-atoms is around 45°. Second, 

Adv. Optical Mater. 2022, 10, 2200928

Figure 4.  Simulated E-field distributions of the 45° polarization conversion meta-atom under different linearly polarized incident waves.
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high transmission magnitude is the other important aspect. 
Varying the length of the phase delay lines slightly affects the 
transmission magnitude. The transmission magnitude can 
be improved by further optimizing the patch’s length (lp) and 
the feeding port position (fp) to match the phase delay lines. 
Therefore, the three parameters, that is, lp, fp, and the length 
of the phase delay lines, are further optimized in the HFSS 
optimization toolbox using the Quasi-Newton algorithm for 
each meta-atom, with the goal of the transmission magnitude 

as high as possible and the phase difference between every 
adjacent meta-atom is around 45°.

The transmission magnitude and phase of 3-bit meta-
atoms are given in Figures  3b,c, respectively. It is seen 
from Figure  3b that the transmission magnitude of the co-
polarization is higher than 0.8, while the cross-polarization 
is less than 0.1. It is observed from Figure 3c that the phase 
delay lines provide a nearly linear phase response. Hence, the 
meta-atom can achieve wide operating bandwidth. Note that 

Adv. Optical Mater. 2022, 10, 2200928

Figure 5.  a) Configuration of the eight-level 90° polarization conversion meta-atoms. b) Transmission magnitude of the eight-level meta-atoms. 
c) Transmission phase of the eight-level meta-atoms. d) Transmission magnitude of the 001 element under different linearly polarized incident waves. 
For the 90° polarization conversion MS, the co-pol/cross-pol of the output is defined as the polarization that has 90°/0° rotation compared with that 
of the input.
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the dielectric material is relatively lossy, and some energy will 
dissipate in the material. Assuming no loss from the mate-
rial, the transmission magnitude of co-polarization can be 
improved by 0.1 on average, see Figure S2, Supporting Infor-
mation. The co- and cross-polarization transmission magni-
tudes under different linearly polarized incident waves are 
shown in Figure 3d. The output polarization is rotated at 45° 
for any linearly polarized incident wave, and the transmission 
magnitude curves are nearly the same for different incident 
waves. To better illustrate the function, the simulated vector 
E-field distributions for the meta-atom under 0°, 30°, 60°, and 

90° linearly polarized incident waves are given in Figure 4. 
The output polarization is observed to be rotated by 45° com-
pared with the input polarization.

The configuration of the 3-bit meta-atom for achieving 90° 
polarization conversion is shown in Figure 5a. Note that the 
length of the delay line of 100, 101, 110, and 111 elements 
are the same as 000, 001, 010, and 100 elements, respectively. 
Nevertheless, the position of the feeding ports on the trans-
mitting side between them is mirror symmetry to achieve 
180° phase shifting. The transmission magnitudes and phase 
are given in Figures 5b,c, respectively. It is seen in Figure 5b 

Figure 6.  Simulated E-field distributions of the 90° polarization conversion meta-atom under different linearly polarized incident waves.

Figure 7.  Prototype of the MS: the left images show the top view and bottom view of the additively manufactured MS. The right image shows the 
internal view of the MS model.
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that the co-polarization’s transmission magnitude is higher 
than 0.8 while the cross-polarization is less than 0.18 from 
26 to 32  GHz (relative bandwidth of 21%). The co-pol and 
cross-pol transmission magnitudes under different polar-
ized incident waves are shown in Figure  5d. The polariza-
tion is rotated 90°, and the transmission magnitudes are 

nearly the same for other linearly polarized incident waves. 
The simulated vector E-field distributions for the meta-atom 
under 0°, 30°, 60°, and 90° linearly polarized incident waves 
are given in Figure 6. The polarization of all the input waves 
is observed to be rotated 90° after transmitting through the 
meta-atom.

Figure 8.  Assembling view during measurement and the far-field radiation patterns at 28 GHz, 30 GHz, and 32 GHz. a) 0° linearly polarized input 
(45° linearly polarized output). b) 45° linearly polarized input (90° linearly polarized output). c) 60° linearly polarized input (−75° linearly polarized 
output). d) 90° linearly polarized input (−45° linearly polarized output).
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Figure 9.  Simulated and measured near-field intensity and phase profile of the 90° polarization conversion MS. a) 0° linearly polarized input. b) 45° 
linearly polarized input. c) 60° linearly polarized input. d) 90° linearly polarized input.
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3. Results

Two different MSs are implemented based on the meta-atoms 
in Section  2 to demonstrate the arbitrary polarization conver-
sion and wavefront shaping feature. The first polarization-
insensitive MS achieves 45° polarization conversion with 
anomalous refraction. The compensating phase of each pixel 
on the MS’s aperture is calculated using

( , ) sin ( cos sin ) ( )0
2 2 2

0ϕ θ φ φ= − × + + + + − ×x y k x y x y F F kb b b � (6)

where k0 is the free-space wavenumber. θb and φb represent 
the angles in the elevation and azimuth planes, respectively. 
F is the focal length. WR-28 waveguide is used as the source 
and the corresponding focal length is set as 30  mm. 144 ele-
ments in total are used to form the MS with an aperture size 
of 47 mm × 47 mm. The design deflected the collimated beam 
at an angle of 15° in the design. The top, bottom, and internal 
views of the printed prototype are shown in Figure 7. The MS’s 
radiation performance is measured in a far-field mm-wave 
chamber. The far-field radiation patterns of the co-polarization 
and cross-polarization under 0°, 45°, 60°, and 90° linear input 
are measured in the chamber by rotating the source feed 
(WR-28 waveguide) and the corresponding receiving horn 
antenna, as shown in Figures 8a, 8b, 8c, and 8d, respectively. 
As can be seen, the beam is collimated and deflected at the 
same angle regardless of the polarization of the input. Mean-
while, the output co-polarization is rotated at an angle of 45° 
compared to the co-polarization of the waveguide source. The 
second MS is designed to achieve 90° polarization conversion 
with a collimated beam carrying OAM (topological charge l = 1). 
The compensating phase of the MS can be calculated using

( , ) ( ) arctan2 2 2
0ϕ = + + − × + × 



x y x y F F k l

y

x
	 (7)

The simulated and measured near-field magnitude and 
phase under 0°, 45°, 60°, and 90° linear polarizations are shown 
in Figure 9. The donut-like intensity and spiral-phase profile 
can be clearly observed in the simulated and measured results. 
The wavefronts are stable under different linearly polarized 
inputs, demonstrating the polarization-insensitive feature. In 

addition, the polarization of the output is rotated 90° compared 
with that of the input. The simulated E-field/vector E-field for 
the two MSs is provided in Figure S3, Supporting Information, 
for better observing the polarization conversion and the wave-
front shaping.

4. Conclusion

Ultrathin polarization-insensitive broadband MSs have been 
demonstrated for arbitrary linear polarization conversion 
and wavefront shaping. The phase delay-line connecting the 
receiving and the transmitting antenna provides 2π phase 
shifting for wavefront shaping. The rotation of the transmitting 
antenna provides the required polarization conversion for arbi-
trary linearly polarized input. Two polarization-insensitive MSs 
with different polarization conversion angles and wavefronts 
are conveniently fabricated and experimentally verified in the 
millimeter-wave region using advanced additive manufac-
turing. The simulated and measured results agree well. Under 
different linearly polarized incident waves, the performance of 
the MSs is very stable.

5. Experimental Section
The multi-materials-integrated additive manufacturing technique was 
used for sample fabrication. As shown in Figure 10a, the conductor 
and dielectric layers were implemented using silver nanoparticles and 
acrylate inks, respectively. A 395 nm UV lamp and a 0.75–1.4 µm near-
infrared radiation (NIR) lamp were used to sinter the conductive inks 
and silver ink, respectively. Both vias and conductors were printed 
using the silver nanoparticle ink. The conductivity of the silver ink 
is 2 × 107 S m−1. In the printing process, no dielectric ink was jetted 
in the position of the vias and conductor layers. Instead, these vias 
and conductor layer positions were left for silver nanoparticle ink to 
fill. Compared with PCB fabrication, there were several advantages of 
using additive manufacturing for fabricating MS. First, the distance 
of adjacent conductor layers had to follow the laminate’s standard 
thickness in PCB fabrication. However, the distance between adjacent 
conductor layers could be flexibly selected in additive manufacturing, 
providing designers with more design flexibility than the traditional 
multilayer PCB solutions. Second, a thin bonding layer must be used 
to bond different laminates in PCB solution, whereas no bonding 
process was required in additive manufacturing. The MS was built 

Figure 10.  a) The multi-materials-integrated additive manufacturing technique for the sample fabrication. b) Schematic of the near-field measurement 
setup.
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in an additive way with robust connection and no post-processing 
procedure. Third, the additive manufacturing cost did not increase 
with the increase of the conductor layers, whereas the cost would 
be one of the issues in PCB if plenty of layers were used. The near-
field measurement setup is shown in Figure 10b. The scanning probe 
was located 50  mm away from the MS and the scanning area was 
70 mm × 70  mm. A vector network analyzer (VNA) could directly 
record the power and phase.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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