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Quasi-continuous metasurface for 
ultra-broadband and polarization-
controlled electromagnetic beam 
deflection
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Two-dimensional metasurface has attracted growing interest in recent years, owing to its ability 
in manipulating the phase, amplitude and polarization state of electromagnetic wave within a 
single interface. However, most existing metasurfaces rely on the collective responses of a set 
of discrete meta-atoms to perform various functionalities. In this paper, we presented a quasi-
continuous metasurface for high-efficiency and broadband beam steering in the microwave regime. 
It is demonstrated both in simulation and experiment that the incident beam deviates from the 
normal direction after transmitting through the ultrathin metasurface. The efficiency of the proposed 
metasurface approximates to the theoretical limit of the single-layer metasurface in a broad 
frequency range, owing to the elimination of the circuit resonance in traditional discrete structures. 
The proposed scheme promises potential applications in broadband electromagnetic modulation and 
communication systems, etc.

Manipulation of electromagnetic wave based on gradient phase distribution has found numerous appli-
cations, such as beam splitting, focusing and imaging. Conventional methods achieve the control of the 
phase by means of subtly designing the geometries and refractive index profile so that different phase 
accumulates along the transmission path1,2. This approach was extensively exploited to engineer a variety 
of optical elements such as optical lens, wave plates, spiral phase plate as well as holograms3–6. However, 
as the refractive index available in naturally occurring materials is typically small, a large thickness com-
pared to the wavelength is required for conventional components2, which brings significant limitations 
to the integration of microwave and optical systems.

Metasurfaces, as two-dimensional (2D) artificially structured materials, have attracted significant 
interest due to the ultrathin profiles and their unique electromagnetic properties. Numerous exotic 
phenomena such as flat lensing, ultra-broadband absorption, and spin-Hall effect of light have been 
demonstrated very recently7–21. In particular, benefiting from the local abrupt phase retardations, full 
control of phase profile of light over the subwavelength scale was achieved1,22–24. In traditional plasmonic 
metasurface, the phase retardation is highly dependent on the light wavelength, because the resonant 
interaction has been utilized6,22,25. To obtain dispersionless phase modulation, the phase shift originating 
from polarization conversion in anisotropic elements are widely exploited, either for the linear or circular 
polarization1,8. Although this kind of phase shift provides much more flexibility to the electromagnetic 
wave manipulation, there are still some problems should be addressed before their practical applications. 
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For example, most current metasurfaces relied on the combination of different (disconnected) discrete 
elements to create the phase gradient, while each individual element (meta-atom) introduced only a 
locally constant phase. Such discrete design may be disadvantageous in applications where high diffrac-
tion efficiency is required26,27. Furthermore, the scattering efficiency for discrete metasurface is only large 
enough for a particular spectral region, owing to the electromagnetic resonance28.

Here, a quasi-continuous element is proposed to improve the cross-polarization conversion efficiency 
and the bandwidth of metasurface under circular polarized illumination. A power efficiency close to 
25%, which is predicted as a theoretical limit for the single-layer metasurface21, is realized in frequen-
cies ranging from 10 to 20 GHz. Instead of periodically adjusting the orientation of the metallic dipole 
antennas, a phase gradient covering [0, 360°] is realized in a single quasi-continuous element. With 
this quasi-continuous structure, we numerically design a broadband microwave deflector for circu-
lar polarized incidence. The experimental results, in excellent agreement with theoretical analysis and 
simulations, show that the incident beam is deflected when it propagates through the interface of the 
quasi-continuous metasurface, whereas the refraction angle is determined by the handedness and fre-
quency of the incidence beam.

Results
Theoretical model and structure design. It is well known that the electric field vector is rotating in 
a circularly polarized light (CPL). As a consequence, a polarization rotation process is physically identical 
to a phase retardation in this particular case. As shown in Fig. 1a, when a CPL illuminates on an array 
made of space-variant anisotropic slits, the polarization as well as the phase shift of the transmitted light 
will be different. Considering that the subwavelength slit has an orientation angle of ζ with respect to the 
x-axis, the output fields can be written as a combination of phase retardation and polarization rotation:
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While the item exp(iσζ) stems from the phase retardation induced by the polarization rotation of CPL, 
the matrix in the right hand denotes the polarization selection process of the anisotropic slit. By some 
mathematical manipulation, the complex fields could be re-written as a combination of two circularly 
polarized light:
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Figure 1. Schematic of the abnormal phase gradient induced by a curved slit in a metallic screen.  
(a) Physical mechanism of the geometric phase in space-variant subwavelength apertures. The angle between 
the main axis of the anisotropic aperture and the instantaneous polarization state of the CPL determines the 
phase shift. (b) The phase of electromagnetic waves is changed via a curved subwavelength slit, which could 
be approximated as composed of space-variant anisotropic apertures. Here Ei and Et denote the incident and 
transmitted electric fields.
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Obviously, the output fields are composed by two counter-rotating CPL, where the cross-polarized 
light has an additional phase shift of 2σζ. Here σ =  ± 1 denotes the left-handed circular polarization 
(LCP) and right-handed circular polarization (RCP), respectively.

According to the metasurface-assisted law of refraction and reflection (MLRR)1,2,24,29, a gradient phase 
in the metasurface could make the input light be deflected to the pre-defined direction. In order to realize 
a full control of the wavefront, many works have been devoted to design subwavelength antennas array 
with space-variant orientations. However, these designs suffer from the relatively small bandwidth owing 
to the resonant nature. Recently, we proposed a semi-continuous catenary structure and demonstrated 
that it could be used as a perfect phase modulator in the optical frequencies28. As illustrated in Fig. 1b, 
a properly designed curved slit could be used to control the phase front of the cross-polarized transmis-
sion. Nevertheless, in the previous results, there is still observable oscillations owing to the plasmonic 
resonance. It was predicted that these resonances could be eliminated by shifting the operating frequency 
to lower frequency regime, where the metal could be approximated as perfect electric conductor (PEC). 
The catenary structure is obtained by connecting two catenary curves with a vertical shift of Δ 28.
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It should be noted that the catenary structure has a non-uniform width, which is an inevitable result 
of the topologic properties. Since the inclination angle of the catenary aperture has a form of:
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there is a linear phase distribution of Φ (x) =  2σπx/Λ  at the output boundary of the catenary aperture. 
Thus the phase shift of a single catenary aperture could cover [0, 2π ], implying that the catenary struc-
ture could be utilized as a unique building block of phase-type metasurface. As shown by the MLRR, the 
deflection angle could be evaluated as θ =  σarcsin(λ/Λ ), where λ is the wavelength of the incident light. 
When λ is larger than Λ , the deflection angle becomes imaginary, consequently the incident light would 
be converted to evanescent surface wave30.

In the microwave, terahertz and far infrared regimes, metals such as copper, gold, and aluminum 
could be treated as near PEC in many non-resonant metamaterials. As a result, catenaries in these fre-
quency bands could be treated as true broadband structures. As shown in Fig. 2a,b, the unit cell of the 
catenary could be approximated as continuous gratings with space-variant orientations. In the numerical 
evaluations, the grating has variant geometric parameters p, l and w. For continuous grating, we have 
p =  l and w =  Δ , which is the width and the shift of the catenary structure. The material for metal is cho-
sen as Copper with conductivity of 5.7 ×  107 S/m. The dielectric substrate is chosen as Rogers 3003 with 
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Figure 2. Design of the quasi-continuous metasurface made from catenary structures. (a) Front-view of 
the catenary structure. (b) Schematic of the metallic rod which was considered as the subunit of the quasi-
continuous metasurface. (c) Numerically simulated conversion efficiency for different geometric parameters. 
The star symbols represent the results evaluated from the full-model given in Fig. (3).
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dielectric constant of ε =  3 and thickness of d =  0.5 mm. The thickness of the copper is h =  0.017 mm. 
Figure 2c depicts the amplitude of the conversion efficiency for CPL transmitted to its cross-polarization 
(LCP-to-RCP, or RCP-to-LCP). Interestingly, we noted that the conversion efficiency is nearly a constant 
for the continuous gating (p =  l)31, which is almost independent of the width w. In contrary, when l <  p, 
the conversion efficiency only reaches its maximum in the frequency band near the resonance. The max-
imal amplitude of the cross-polarized wave is close to 0.5, coinciding with a power efficiency of 25%32,33.

Simulation and experiment results. To verify our proposed scheme, we investigate the deflec-
tion phenomenon of the quasi-continuous metasurface for both RCP and LCP under the normal inci-
dence. In the following, we demonstrate that a linear array of catenary could serve as a broadband 
polarization-dependent beam deflector. The schematic diagram of deflector is shown as Fig.  3a. The 
quasi-continuous metasurface has a periodicity of Λ  =  31.4 mm in the x-direction and 2Δ  =  6 mm in 
the y-direction, respectively.

We simulated the performance of the catenary array with commercial software CST MWS. The 
z-component of the transmitted electric field (Ez) for normal incidence at three frequencies of 12, 15 
and 18 GHz are plotted in Fig. 3b–d. Since linearly polarized incidence was adopted, the fields comprise 
both LCP and RCP components, with opposite deflecting directions as indicated in each panel. It could 
be seen that the deflection angles for 12, 15 and 18 GHz are about 50°, 40° and 30°, agreeing well with 
the theoretical values 52.79°, 39.58° and 32.07°, as given by θ =  σarcsin(λ/Λ ). Since the amplitude of the 
incident electric field is set as 1 V/m, the theoretical maxima of Ez should be 0.35λ /Λ , corresponding to 
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Figure 3. Numerical simulation of the quasi-continuous metasurface deflector. (a) Schematic of the 
full-model of the catenary-based deflector. (b–d) The z-component of the transmitted electric field (Ez) 
distributed in the xz-plane for linear polarization incidence (1 V/m) at 12, 15 and 18 GHz. The directions of 
the LCP and RCP components are indicated.
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0.28, 0.22, 0.18 V/m at frequencies of 12, 15 and 18 GHz. As indicated by the star symbols in Fig. 2(c), the 
conversion efficiency of the sample can be evaluated by comparing Ez with the theoretical evaluations, 
presenting a good match with the results shown in Fig. 2(c).

The designed catenary array was fabricated on a 17 μ m-thick copper film patterned on a 0.5 mm thick 
Rogers 3003 substrate by standard printed circuit board (PCB) technology (Fig. 4a). The electromagnetic 
wave scattered by the catenary array was measured using an R&S ZVA40 vector network analyzer in 
the microwave anechoic chamber. A schematic diagram of the measurement is shown in Fig.  4b. The 
transmitting horn antenna (horn 1) is circularly polarized to achieve circular polarization illumination. 
The receiving horn antenna (horn 2) is linearly polarized, thus both the co-polarized and cross-polarized 
transmission could be received. Figure 4c,e depicts the simulated results of the normalized intensity in 
the far-field, giving us a clear understand about the changing of the deflection angle with frequency and 
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Figure 4. Experimental verification of the catenary-based deflector. (a) Optical photograph of the 
fabricated metasurface deflector. Scale bar: 30 mm. (b) Schematic diagram of the experiment setup.  
(c–f) Numerical and experimental results of the overall transmitted electromagnetic wave in the far-fields 
with RCP (c and d) and LCP (e,f) incidence at 12, 15, and 18 GHz.
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handedness. The co-polarized component lies at the 0° direction, whereas the cross-polarized component 
is deflected into an anomalous refraction angle.

The experimental deflection effect with RCP and LCP incidence is shown in Fig.  4d,f, respectively. 
For RCP incidence, the tested deflection angles are 52.83°, 40.62° and 32.69° for f =  12, 15 and 18 GHz, 
respectively, agreeing well with the theoretical deflection angles as shown in Fig. 4c. Figure 4f shows that 
the angular spectra for LCP incidence, where the deflection angles are − 51.36°, − 38.99° and − 31.28° 
for f =  12, 15 and 18 GHz, respectively. The measured beam width is broader than the simulation results 
because the gain of the horn adopted in the measurement system is small thus the radiated beam has a 
relatively large beam width. Nevertheless, the ratios between the maxima of the cross-polarization and 
co-polarization are close to or even larger than that given by the full-model simulations.

Discussions
In summary, we have proposed a quasi-continuous metasurface to realize the phase modulation of elec-
tromagnetic wave. The novel design is characterized by high cross-polarization conversion efficiency 
within a broadband range covering almost all of the electromagnetic spectrum. This is similar to the 
ultrabroadband frequency responses (absorption34,35 and polarization conversion31) given in previous 
results.

The sample was tested on a vector network analyzer, with deflection angle agreeing well with the the-
oretical prediction. Such a design can be also extended to the terahertz-frequency, infrared and visible 
light regime. The beam control technology based on phase discontinuities in continuous metasurfaces 
may find more potential applications, such as imaging, optical manipulation and so on.

Methods
Measurements. The experimental measurement was carried out on a vector network analyzer (R&S 
ZVA40) in a microwave anechoic chamber. Two standard horn antennas were used as transmitter (cir-
cularly polarized) and receiver (linearly polarized), and connected to the two ports of the vector net-
work analyzer. The receiver was mounted on a turntable to scan the transmitted electric field from the 
metasurface.
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