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Abstract ─ Electromagnetic waves control is becoming
more and more urgent for important applications in
communication and military fields. Studies have shown
that it is possible to achieve reflection and refraction
control of electromagnetic waves by introducing phase
gradient. Wavefront control of electromagnetic waves
can be achieved with metamaterials devices. However,
metamaterials devices have to be diversified and enhance
their capabilities to catch up the rapidly expanding
demand on dynamic control currently. In this paper, we
design a dynamic-modulated all-dielectric microwave
control device to reconstruct the phase profile by filling
different dielectric constants of media into it. As a result,
the deflection direction of the electromagnetic waves,
including whether the deflection occurs or not, can be
controlled by this device flexibly. The device with such
dynamic modulation function has potential application
in the design and development of other functional
devices or system, such as switches, beam shaping and
imaging systems.
Index Terms ─ All-dielectric metamaterials, beam
shaping, dynamic switching.

I. INTRODUCTION
With the development of science and technology,
research on electromagnetic waves control has become
more and more significant. There are broad research and
application prospects for the wavefront control of
electromagnetic waves in imaging, stealth technology,
communication technology, electromagnetically induced
transparency [1-7], and so on. In recent years, the
complete control of the phase, amplitude, and polarization
direction of the refracted or reflected electromagnetic
waves are studied extensively [8-10]. The amplitude and
phase of the electromagnetic waves can be flexibly
modulated by the different metamaterial structures
and the distribution of the metamaterial unit cells [1113]. Metamaterials are widely applied to functional
electromagnetic waves devices because of their singular
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characteristics and have made great progress in practical
applications in the field of microwaves. 3D all-dielectric
metamaterials devices have attracted lots of interests
since the development of 3D printing technology has
been maturing [14-17]. Wavefront control devices
fabricated by all-dielectric materials have attracted
widespread attention for its advantages of low absorption
and less expensive, compared with those based on the
metal material. A series of electromagnetic waves
control devices that used as beam steering devices or lens
have been designed [18-20]. Dynamic metamaterials
devices are more versatile and flexible compared with
normal metamaterials devices to fulfill the demands in
the imaging systems, communication systems [21-22].
Part or all areas are filled with dynamically changing
materials in metamaterials devices that can enable the
devices to be reconfigurable or adjustable, which will be
suitable for more demanding applications. Compared to
natural materials, all-dielectric metamaterials can achieve
arbitrary effective dielectric constants by designing
structure or mixing different dielectric constant natural
materials in a set of proposed ratios to fulfill the
requirements of the control the electromagnetic waves
[2,23].
Based on generalized Snell's law, dynamic
wavefront control can be achieved by reconstructing the
phase profile of metamaterials. In this paper, an alldielectric microwave control device has been designed
to realize dynamic wavefront control. Any phase
between 0 to 2π can be achieved by the proposed
metamaterial unit cells, which enables the dynamic
control of electromagnetic waves that has potential
applications in microwave beam shaping and imaging.

II. DESIGN AND SIMULATION OF UNIT
CELL STRUCTURE
Reflection and refraction occur when electromagnetic
waves are incident on the interface of the medium [8,
24]. It is known from generalized Snell's law that
modulation of electromagnetic waves can be achieved
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by introducing a gradient phase at the interface. The
generalized refractive law formula is as follows:
𝜆 𝑑𝛷
sin(𝜃𝑡 ) 𝑛𝑡 − sin(𝜃𝑖 ) 𝑛𝑖 = 0 ,
(1)
2𝜋 𝑑𝑥
Where θ𝑖 , θ𝑡 are the incident and refractive angle,
n𝑖 and n𝑡 are the refractive indexes of the two media,
respectively, dΦ is the phase gradient of the two
intersections formed by the two optical paths and the
interface, dx is the distance between the two intersections,
λ0 is the wavelength of light in vacuum.

of metamaterial structure has been set less than a
wavelength, and its dimensions are as follows: the
length, width and height are respectively l=25 mm, p=8
mm, h=8 mm, r1, r2, r3 represent the radius of three
circular holes respectively. In this paper, we use the
commercial software CST to study the relationship
between radius and phase of metamaterials. The phase is
determined by the volume ratios of the two different
media in the unit structure, so a complete 0 to 2π phase
change can be realized by changing the radius r of the
circular holes, and the transmission intensity remains
relatively stable. The radius of the three circular holes
are not set equal to obtain a relatively large phase change
as much as possible. Such an asymmetric structural
design can reduce the influence of the reflection phase to
achieve a large angle deflection of electromagnetic
waves [25]. Then eight unit cells are obtained as shown
in Table 1. The phase amplitude of eight unit cells is
uniform and the step size is π/4, as shown in Fig. 1 (b).
Last but not least, the TCCH is flexible and can be made
by 3D printing simply.
Table 1: Geometric parameters of the
cells at 21 GHz (𝜀1 = 𝜀𝑎𝑖𝑟 = 1)
1
2
3
4
5
Unit
Phase
-180 -135 -90 -45
0
(degree)
r1
1.9 1.86 2.18 2.22 2.66
(mm)
r2
1.5 1.5
2
3
3.3
(mm)
r3
2
3
3.5 3.5 3.5
(mm)

Fig. 1. (a) Schematic diagram of the unit cell (TCCH).
(b) Calculated phase shift and amplitude from eight
unit cells at 21 GHz. When 𝜀1 =1, the square and circle
represent the amplitude and phase of the eight basic unit
cells respectively. When 𝜀1 =2.25, the phase of Unit_2 is
switched from -135° to 135° marked as triangle (▲).
When 𝜀1 =1.44, the phase of Unit_6 is switched from 45°
to -45° marked as pentagram (★).
In order to obtain the phase that can achieve
wavefront control, a new subwavelength metamaterials
which consists of three combined circular holes (TCCH)
is proposed in this paper, as shown in Fig. 1 (a). Three
circular holes are designed on the top of the structure
to be filled with different media. The material of the
structure is nylon (its dielectric constant ε= 3.6 and loss
tangent δ = 0.026) and the medium in the circular holes
is air (𝜀1 = 1). According to the relationship between
velocity of light c, wavelength λ and frequency v, which
is shown as the formula (2):
C
λ= ,
(2)
V
To design subwavelength metamaterials, the period
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Metamaterials are effective EM media with
arbitrary dielectric constants, and the effective dielectric
constant determines the phase. For dynamitic control,
it is necessary to introduce phase transition based on
the existing structure to realize the reconfigurable and
adjustable functions of the device. The relationship of
the effective dielectric constant ε, the dielectric constant
of different materials 𝜀𝑎 , 𝜀𝑏 , and their volume filling rate
V is shown as the following formula [2]:
ε = 𝜀𝑎 ∗ V + εb ∗ (1 − V),
(3)
As mentioned above, two different methods can be
adopted to reconstruct the phase as we desired. One is to
mix materials with different dielectric constants at a
specific ratio to obtain a specific dielectric constant, the
other is to print structures at different filling rates
through 3D printing technology. For instance, when the
medium (𝜀1 =2.25) is filled into the circular holes of unit
with initial phase -135°, a new phase 135° can be
obtained as shown in Fig. 1 (b). Similarly, while the
medium (𝜀1 =1.44) is filled into the circular holes of the
unit with initial phase 45°, a new phase -45° can be
obtained. The transmission amplitude remains relatively
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stable during this process. Therefore, the purpose of
reconfiguring phase can be achieved by filling media of
different dielectric constants into circular holes.

Fig. 2. Eight unit cells with different geometric
parameters provide increased phase gradient (a), or
provide decreased phase gradient (b). Electric field
distribution in the XOZ plane according to a phase
gradient of +45° (c) and -45° (d) at 21 GHz.
So as to prove the above generalized law of
refraction, a set of arrays based on a combined circular
structure is designed. For example, we construct two
arrays of cell devices with a phase gradient of 45° (or
-45°) in a one-dimensional array, the incident wave
is deflected into two different directions, respectively.
Here, the eight basic structures we chose were made of
nylon and air. Under the incident of electromagnetic
waves in the x-polarization direction, the electric field
distribution of the device in the XOZ plane is as shown
in Fig. 2. The simulation results demonstrate that the
control of deflection of electromagnetic waves can be
achieved by such devices based on TCCH structures
properly.

III. SWITCHABLE CONTROL OF
ELECTROMAGNETIC WAVES
In order to achieve dynamic control, such
metamaterials devices are improved by inducing phase
transition on the unit structures. What has been proved
that when the media are filled into the cell structure, the
phase can be reconstructed without changing the size of
the cell structure [26]. Here, two basic units (Unit_2 and
Unit_6) in Table 1 with phase -135° and 45° are selected
to reconstruct their phases. As mentioned above, new
phases (135° and -45°) can be obtained by filling media
with different dielectric constants into the circular holes

of Unit_2 (phase -135°) and Unit_6 (phase 45°),
respectively. Based on the above conclusions, four coded
particles "1", "2", "3", "4" are used to stand for the phases
of the transmitted waves of -135°, 135°, -45°, and 45°.
In particular, the phase 135° and -45° are reconstructed
from the phase -135° and 45°, respectively. To mimic
periodic boundary conditions, each of the code phases is
on behalf of a super subunit consisting of 3*3 identical
basic unit phases, which minimizes EM coupling
between devices with different geometric parameters
[13, 27]. Four sequences are designed with two basic
coded particles. They are S1 (1144), S2 (2134), S3
(1243), S4 (without phase gradient) which are composed
of 36*36 particles. In the simulation, the boundary in the
X, Y and Z directions is set to the open space boundary
condition. Then the X-direction polarized wave is
incident along the Z perpendicular to the designed device
surface. We observe that when the device is arranged
according to the basic sequence S1, the 3D far-field
scatter plot shows that the normal incident wave is split
into two symmetrically distributed beams along the
Z-axis, as shown in Fig. 3. It can be seen that two main
lobes are symmetrically distributed on both sides of
the Z-axis. For the purpose of better visualizing this
phenomenon, the two-dimensional scattering pattern
in the polar coordinate system and the electric field
distribution are given as well. It should be noted that the
incident direction of the 3D far-field scatter plot (Fig. 3
(c)) is opposite to that of the electric field distribution
diagram (Fig. 3 (d)).
Modulating the phase by filling the media into the
super subunits of the first and third columns of S1, we
can get the sequence S2 (2134), the phases from left
to right are 135°, -135°, -45°, and 45°, respectively. The
3D far-field scatter plot shows that the beam which has
just been split into two symmetric distributions along the
Z-axis is now suppressed on one side. This phenomenon
is also observed in the two-dimensional scattering mode
in the polar coordinate system. The electric field
distribution is able to clearly observe the deflection of
electromagnetic waves. Similarly, modulating the phase
by filling the media into the super subunits of the second
and fourth columns of S1, we can get the sequence S3
(1243), the phases from left to right are -135°, 135°, 45°,
and -45°, respectively. We can observe the opposite
phenomenon in S2. But when all the super subunits are
filled with the media which have the same dielectric
constant as substrate, the sequence S4 can be obtained.
Then the phase gradient and the deflection of the
electromagnetic waves disappear and the device is
equivalent to a transparent window. These four functional
devices selected for demonstration are based on the
evolution of the two basic unit phases. Therefore,
different gradient phase sequences can be constructed
based on a set of basic sequences by filling different
media into the super subunit structure, so as to control
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the deflection direction of electromagnetic waves
dynamically.
The method used in this paper for the design of
devices is as same as those in the papers which is already

(b)

(c)

(d)
Z (mm)

(a)

proved effective by experiments [20,25,27-29], so the
devices we designed in this paper can also be functional
through specific fabrication methods, for example 3D
printing.

S2

Z (mm)

S3

Z (mm)

S1

Z (mm)

Max

S4

Min
X (mm)

Fig. 3. Geometries of the four sequences and corresponding 2D circular coordinate scattering modes, 3D scattering
patterns, and electric field phase distribution of the XOZ plane that are numerically simulated by CST. From top to
bottom, S1, S2, S3, and S4 respectively. (a) Schematic representation of four sequences. (b) The 2D circular coordinate
scattering modes of four sequences indicating different transmission angles clearly (in logarithmic coordinates). (c)
The 3D far-field scattering patterns of four sequences (in linear coordinates). (d) Electric field distribution in the XOZ
plane of four sequences.

IV. CONCLUSION

ACKNOWLEDGMENT
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