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Abstract: Beam combiners are widely used in various optical applications including optical commu-
nication and smart detection, which spatially overlap multiple input beams and integrate a output
beam with higher intensity, multiple wavelengths, coherent phase, etc. Since conventional beam
combiners consist of various optical components with different working principles depending on
the properties of incident light, they are usually bulky and have certain restrictions on the incident
light. In recent years, metasurfaces have received much attention and become a rapidly developing
research field. Their novel mechanisms and flexible structural design provide a promising way to
realize miniaturized and integrated components in optical systems. In this paper, we start from
studying the ability of metasurfaces to manipulate the incident wavefront, and then propose a
metasurface beam combiner in theory that generates an extraordinary refracted beam based on
the principle of phase gradient metasurface. This metasurface combines two monochromatic light
incidents at different angles with identical polarization but arbitrary amplitudes and initial phases.
The combining efficiency, which is defined as the ratio of the power in the combining direction
to the total incident power, is 42.4% at the working wavelength of 980 nm. The simulated results
indicate that this proposed method is able to simplify the design of optical combiners, making them
miniaturized and integrated for smart optical systems.

Keywords: metasurface; angular response; beam combining

1. Introduction

Classic beam combining technologies, including polarization beam combining, wave-
length beam combining and coherent beam combining, enable an amplification of the
power of output light while ensuring good beam quality [1–5]. The first two beam combin-
ing technologies are classified as incoherent beam combining technologies, and their basic
components are a polarizing beam splitter (BS) and dichroic BS, respectively. Both incoher-
ent beam combiners can achieve 100% combining efficiency in theory, because they simply
combine light of different incoherent properties, and the combining efficiency is only lim-
ited by the transmittance. However, the combined light still consists of independent waves.
Coherent beam combining has attracted the most attention, since the outcome of combining
coherent beams is more complicated due to interference. Researchers are making efforts
to increase either the number of input ports [6,7], or the output power [8]. For example,
the combination of more than 100 input beams has been achieved in fiber lasers [9]; more
than 1000 watts of output power has been achieved by combining a small number of
input beams [8,10]. The conventional coherent beam combiner proportionally combines
the reflected light and the transmitted light illuminated from different sides of the lens
at 45◦, respectively. This mechanism makes the combination of coherent light inevitably
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lossy. Therefore, this beam combining scheme needs strict restrictions, e.g., the wavelength,
polarization, amplitude, and initial phase, to achieve high combining efficiency. Moreover,
the incident light must have fixed directions and angles, making conventional coherent
beam combiners difficult to integrate into a compact optical system.

Metasurfaces are two-dimensional planar arrays composed of carefully designed
optical resonators (meta-atoms) arranged at sub-wavelength resolution [11,12]. When
the electromagnetic (EM) wave is transmitted through a metasurface, a distinct optical
response occurs inside or around the meta-atoms [13] and brings abrupt changes to the
optical properties (phase, amplitude, polarization) of the incident waves, which provides
opportunities to engineer the output wavefront at will [14]. The capability of manipulating
wavefronts on sub-wavelength scales gives them the possibility to perform various func-
tions like conventional optical elements. Up to now, researchers have made metasurfaces
not only as versatile components for imaging [15–18], sensing [19,20], holography [21,22],
nonlinear processes [23,24], etc., but also as a tremendous platform for exploring marvelous
functions which cannot be achieved by conventional optical devices [25–28].

Beam steering is one of the basic functions of the metasurfaces. Metasurface deflectors
based on the generalized Snell’s law are able to deflect incoming EM waves to the desired
direction by engineering an abrupt phase shift along the interface [29]. Researchers have
proposed various metasurface deflectors for different applications. For example, using
the wavelength-sensitive effect (i.e., chromatic dispersion) of the material, the dispersive
phase of the metasurface deflector is designed to the required phase profile at different
wavelengths [30]. By introducing the Pancharatnam–Berry phase (PB phase), which is a
wavelength-independent phase, metasurfaces can achieve beam deflection over a broad-
band wavelength range [31,32]. Sub-wavelength structures with robust optical response
at different incident angles (angle-insensitive) can be used for wide-angle range opera-
tion [33,34]. Apart from these, active materials, whose optical response can be dynamically
regulated by external stimuli, can realize tunable beam deflection through a single metasur-
face [35–37]. Furthermore, beam splitting can be achieved when the metasurface deflects
the input light into more than one output light at different angles [38,39].

It should be noted that normal beam deflection or splitting cannot achieve the function
of a beam combiner [36–38,40,41]. Beam combining needs to create different responses
for different incident conditions simultaneously. For example, Cheng et al. proposed a
metagrating, which properly combines all the harmonics formed in the macroperiod of a
set of unitcells, to combine two beams with the same polarization and wavelength in the
reflection mode [42]. But its efficiency is only 35%. On the other hand, Wang et al. proposed
a beam combiner based on the traveling-wave modulation in the metasurface, which reflects
the scattered harmonics of the incident wave to the desired direction through frequency
conversion with nearly 100% combining efficiency [43]. However, it cannot be used as a
beam splitter at the same time, due to the nonreciprocity of this space-time metasurface.

In this paper, in order to combine and split beams by the same beam combiner, we
adopt an angle-sensitive metasurface design to realize the beam combining and splitting in
the transmission mode. As shown in Figure 1, the metasurface beam combiner composed
of angle-sensitive meta-atoms can introduce distinct phase profiles designed for specific
angles into each incident beam, so that the incident beams from different directions gain
different deflection angles to have the same transmission direction. In this design, the input
beams are on the same side of the metasurface, and the wavelength and polarization state
are unchanged after beam combining. Meanwhile, the incident and diffraction angles of
the light can be designed to be arbitrary values.
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Figure 1. Schematic depiction of our metasurface combiner. Two incident beams will be bent to the
same diffraction angle after propagating through the metasurface. The incident angles are −3.7◦ and
15◦, respectively. The diffraction angle is 22.2◦.

2. Design and Results
2.1. Gradient Metasurface for Beam Combining

In order to design the beam combiner with an unchanged polarization state, we
decided to focus on the gradient metasurface. The gradient metasurface is used to bend
the incident light to a desired direction. The relationship between the incident angle and
the diffraction angle can be obtained by the generalized Snell’s law [29] written as follows:

ntsinθt − nisinθi =
λ0

2π

dϕ

dx
, (1)

where ni and nt are the refractive indices of the surrounding medium on the incident and
transmitted side, respectively. θi and θt denote the incident and diffraction angles. λ0
is the vacuum wavelength of the EM wave. dϕ/dx represents the phase gradient of the
metasurface. If the number of unitcells in a single period is defined as N, then dϕ equals to
2π/N. dx is the unitcell’s length. By adjusting N and dx, a desired diffraction angle can be
realized.

In order to deflect beams with different incident angles (θi1, θi2, θi3 . . . θin) to the
same diffraction angle θt, the following equations should be fulfilled:

ntsinθt − nisinθi1 = λ0
2π

dϕi1
dx

ntsinθt − nisinθi2 = λ0
2π

dϕi2
dx

...
ntsinθt − nisinθin = λ0

2π
dϕin
dx

(2)

An illustration of beam combining using a gradient metasurface is shown in Figure 2.
When working in single-port mode, the metasurface acts as a deflector and the output
intensity Iout is proportional to the deflection efficiency ηi. When working in the multi-port
mode, all input beams are deflected in the same direction and the output intensity is equal
to the sum of the output intensity generated by each input port.
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Figure 2. Schematic of the metasurface beam combiner. (a) Working in single-port mode; (b) Working
in multi-port mode.

From Equation (2), we know that the maximum number of incident light beams
depends on how many kinds of phase gradients (i.e., dϕi) the metasurface can provide when
excited from different incident angles. As a proof of concept, we designed a metasurface
combiner that enables two beams with different incident angles to have the same diffraction
direction. Therefore, an angle-sensitive unitcell is required in this design.

2.2. Angle-Sensitive Unitcell Design

Generally, most of the nano-structures do not show independent and distinct re-
sponses to various incident angles [44,45]. They will only go through a certain degree of
distortion in the response characteristics, resulting in a decline in the overall efficiency of
the device [46–48]. However, the distortion is not enough to realize independent wavefront
control at different angles. In this paper, the energy coupling between adjacent nano-
structures is skillfully utilized [49]. By precisely designing the size and arrangement of
each nano-structure, the coupling effect between adjacent structures will change when
light enters from different angles, resulting in significant phase changes and independent
control of the incident light from different angles.

As mentioned before, most commonly used nano-structures have low sensitivity to
the incident angle due to the relatively fixed energy distribution inside the structures when
excited by an EM wave [26,33,34,44,45]. Considering that it is difficult for a single structure
to have different resonant modes under different excitation angles, we adopted the unitcell
design shown in Figure 3a. The substrate is glass, and two cross-shaped nano-pillars
stand on the substrate. We employed crystalline silicon (c-Si) as the material, because its
absorption at the working wavelength of 980 nm is negligible. The unitcell’s size (U) is
set to be 520 nm in the entire design in order to manipulate the wavefront of the incident
light (980 nm) in the sub-wavelength scale. When the metasurface transmits a y-polarized
EM wave, the propagating mode is formed in each structure, and easily induces coupling
between adjacent structures which varies with the incident angle. To prove the concept,
we analyzed the resonance modes within the unitcells composed of nano-double-cross
(Figure 3a), nano-cross (Figure 3b) and nano-brick (Figure 3c) structures. The length (L),
width (W), height (H) are 189 nm, 86 nm, 500 nm, the unitcell’s size is 520 nm. Combining
the calculated transmission phase (Figure 3d) and transmittance (Figure 3e), as well as
the simulation results of the energy distribution of the electric field (Figure 4) on the
cross section (the blue plane in Figure 3a–c) of each unitcell, it is shown that the energy
distribution is different for the two incident angles of the same structure, which indicates
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that our designed structures are able to induce angular anisotropic response [50] and
provide the widest range of phase variation among the three cases.

Figure 3. (a–c) Three kinds of unitcells, the dimension (L, W, H, U) of the structures here are
L = 189 nm, W = 86 nm, H = 500 nm, U = 520 nm; (d,e) The transmission phase and transmittance of
the three different nano-structures.

Figure 4. Energy distribution of the electric field on the cross section of the three unitcells. The
colorbars represent the intensity of the electric field at different positions, and the intensity is
normalized to the maximum intensity in each graph. (a) 15◦ incident light; (b) 0◦ incident light. The
dimensions (L, H, U) of the structures here are L = 189 nm, H = 500 nm, U = 520 nm.

By adjusting the dimensions of the x-direction (L), y-direction (W) and z-direction (H),
we built a phase library for the double cross structure. Considering the practical fabrication
feasibility, the structure’s height (H) was set to 500 nm and the dimensions of L and W
varied from 70–260 nm. Then the transmittance and transmission phase were calculated via
finite-difference time-domain (FDTD) solver. Based on the results in Figure 3d,e, we found
that the incident light at certain angles in the range of 0∼15◦ can generate the required
phases for the beam combining design. To improve the beam combining efficiency, we
scanned the transmission phase in a smaller step size in the range of 0∼15◦. The results
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shown in Figure 5 indicate that the structures exhibit completely different phase responses
at incident angles of −3.7◦ and 15◦, which allows us to embed different phase gradients on
a single metasurface to realize high-efficiency beam combining. As a comparison, we also
calculated the transmission phase as the function of L and W for the single cross (Figure 3b)
and brick (Figure 3c) structures; the results are given in Figure S1. Unlike the results in
Figure 3 with small L value, we can see from Figure S1 that both of these structures have
different phase responses at two incident angles when the value of the L is close to the size
of the unitcell. In this situation, strong energy coupling occurs between adjacent unitcells.
This will make the single cross and brick structures in every two unitcells similar to the
double cross structures in one unitcell, which will bring phase changes when illuminated
from different angles.

Figure 5. Transmission phase map of the double cross structures: (a) −3.7◦ incident light; (b) 15◦

incident light; (c) The phase difference between (a) and (b). The unitcell’s size is 520 nm, the structure
height (H) is 500 nm, the length (L) and the width (W) vary from 70–260 nm.

2.3. Metasurface Beam Combiner

According to Equation (2), the two incident angles should satisfy the following equa-
tion to have the same diffraction direction:

sinθi2 − sinθi1 =
λ0

2πnidx
(dϕi1 − dϕi2). (3)

In our design, the unitcell’s size dx equals 520 nm, the operating wavelength λ0
is 980 nm, the incident medium is glass (ni = 1.46) and the transmitted medium is
air (nt ≈ 1). We choose four structures in a 2π—phase deflective period; therefore, its
phase gradient is either 2π/4 or 0. As shown in Figure 6, the four unitcells arranged along
the y-axis represent a single period (a supercell) with a length of 2080 nm. We periodically
repeat this configuration along the horizontal and vertical directions to provide two differ-
ent phase profiles. When light is incident at an angle of θi1, the metasurface will impart

an extra momentum ∆
→
k 1 to the incident wavevector, leading to an abnormal refraction

which can be described by Equation (1). The diffraction angle and wavevector are noted

as θt and
→
k t, respectively. When it enters from θi2, the phase gradient on the metasurface

turns to zero. Thus, a normal refraction occurs, and a transmitted light beam with the same
diffraction angle θt is generated. Specifically, when we choose incident angles of −3.7◦ and
15◦ (Figure 5), the unique diffraction angle θt will be 22.2◦.
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Figure 6. Working principle of the metasurface combiner under different incident angles. Four
unitcells compose a supercell (a single period of the gradient metasurface) to deflect the incident
beam. The length of the supercell is 2080 nm. (a) Light goes through an abnormal refraction; (b) Light
goes through normal refraction; (c) The four unitcells we used in the metasurface combiner design.

The parameters of the four unitcells we used in this design are given in Figure 6c.
During the design process, we noticed that the transmission phase of the unitcell after
being arranged in the metasurface combiner becomes slightly different from that in the
phase library. The main reason is that, in some cases, energy coupling not only occurs
between adjacent structures, but also between adjacent unitcells. Therefore, the boundary
conditions of these unitcells in the metasurface combiner simulation process are different
from those in the transmission phase scanning process. Based on this, we allow more phase
errors in the selection process to get more alternative unitcells, and then we choose the
unitcells which have weaker coupling between adjacent unitcells, or the unitcells which
have the required phases despite the coupling. Because of this reason, to avoid stronger
energy coupling between the unitcells in the single cross or brick structures, we use the
double cross structures to design the beam combiner.

To verify our design, we performed simulations in the FDTD solver. In the simulation
setup, the light beam is incident from the glass substrate, and is transmitted into the air at
a desired deflection angle after propagating through the metasurface.
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The phase profiles of plane waves propagating through the metasurface combiner
at incident angles of −3.7◦ and 15◦ are shown in Figure 7a,b, respectively. The results
demonstrate that the two incident light beams with different incident angles are deflected
to the same direction after propagating through the metasurface.

Figure 7. Simulation results of the metasurface combiner. (a) Phase profile of −3.7◦ incident light
enters from the substrate side of the metasurface. (b) Phase profile of 15◦ incident light enters from
the substrate side of the metasurface.

We further investigated the far-field intensity of the two incident beams. As shown in
Figure 8a,b, the two incident light beams enter from the substrate side after propagating
through the metasurface; most of the power will reach the desired diffraction order and
be successfully combined. Specifically, in Figure 8a, the incident light beam of −3.7◦ is
diffracted to an angle of 22.2◦, and the diffraction efficiency (defined as the ratio of power in
the desired diffraction order to the total transmitted power) and the transmission efficiency
are 68.15% and 64.76%, respectively. Hence the deflection efficiency [25,51] is 44.13%.
In Figure 8b, the incident light beam of 15◦ is also refracted to an angle of 22.2◦. The
diffraction efficiency, transmission efficiency and deflection efficiency are 73.99%, 54.97%
and 40.67%, respectively. Thus, the combining efficiency of our metasurface combiner is
42.4%. Here, we assume that the input power of the incident light at two angles is equal.
In addition, we declared that our metasurface combiner could also work as a beam splitter
when illuminated from the other side. In Figure 8c, a 22.2◦ incident light beam enters from
the structure side, it will split into two transmitted beams with the angles of −15◦ and 3.7◦.
Here, the transmission efficiency is 91% and the split ratio is approximately 1:1.14.

We also simulated the performance of our metasurface with different incident polar-
ization states in Figure S2. The cross structures have the same length in both the x-direction
and the y-direction, hence the metasurface also works in other incident polarization states.
Meanwhile, the efficiencies for beam combining and splitting decrease nearly 10% when
the polarization angle changes from 0◦ (y-polarized) to 90◦ (x-polarized), which is because
the coupling mode between each structure changes when excited by x-polarized light.

Figure 8. Cont.
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Figure 8. The far-field intensity for the three incident conditions with (a) −3.7◦ incident
angle. (b) 15◦ incident angle. (c) 22.2◦ incident angle. The far-field intensity is normal-
ized to the total intensity of the input light. (a) and (b) represent the beam combining,
(c) represents the beam splitting.

3. Discussion

Compared with conventional coherent beam combining technology, our metasurface
beam combiner has no restriction on the phase and amplitude of the incident beams, and
the unchanged polarization and wavelength make sure the output light could continue
to be combined any number of times. Besides, in our design, the combining efficiency
is close to the upper limit (50% of the total input power) of the BS. The performance of
this metasurface beam combiner can be further improved by optimizing the coupling
modes between unitcells and shrinking the size of unitcells, thereby reducing the grating
period [51,52].

Moreover, we found that in the range of 0∼15◦, this metasurface could satisfy more
than two kinds of phase gradients when illuminated at certain angles, which suggested
that it has the potential to combine three or more incident beams with different angles into
the same direction. A phase library with more meta-atoms, larger angle range, and finer
scanning results will be necessary to find more ports with higher efficiency. It is worth
pointing out that, in coherent beam combining, the efficiency of power from one input port
coupled to the output port depends on the changes in the coherent condition of the input
beam number N [43]. In contrast, our metasurface combiner maintains the same efficiency
regardless of the input beam number N, since each port works independently. This will
be a potential advantage compared to conventional coherent beam combining, if a large
number of beams are to be combined.

However, we found that the current device is still influenced by the optical memory
effect [44,50]. The optical responses at a certain angle will appear at another angle, which
makes independent control worse and inefficient. In the future, we expect to alleviate
the mutual interference between incident light from different angles through better unit-
cell design, in order that a metasurface combiner that allows more input beams can be
readily achieved.

4. Conclusions

Deflecting is one of the basic functions of metasurfaces and has been achieved by
various methods. For example, metagrating can give back the best deflection efficiency [53],
and metasurfaces built by angle-insensitive sub-wavelength meta-atoms can be used
for wide-angle range operation [33,34]. However, normal beam deflectors or splitters
cannot achieve the function of beam combining [36–38,40,41]. Hence, in this work, we
designed a metasurface beam combiner based on double cross structures, which provide
an angle-sensitive optical response. As a proof of concept, we successfully demonstrated a
metasurface combiner working in transmission mode. The simulation results indicated
that two beams with identical wavelength and polarization but different incident angles
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could be combined into the same scattering direction. The combining efficiency of our
metasurface combiner is 42.4%, which is very close to commercial BS devices. It can also
act as a beam splitter when illuminated from the other side. The splitting ratio is 1:1.14, and
the splitting efficiency is 88.1%. We believe that the proposed design provides a flexible
way to realize beam combining and splitting.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/photonics8110489/s1, Figure S1: Transmission phase map of the single cross structures (a–c)
and brick structures (d–f), Figure S2: Deflection efficiency for different incident conditions.
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