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1. Introduction

In the trend of developments in science and technology, higher
requirements for the manipulation of electromagnetic (EM)
waves are put forward. Therefore, the manipulation of EM waves
has been established as an interesting research topic for a long
time. In recent years, metasurfaces, which are thin arrays of
periodic or quasi-periodic subwavelength elements (or meta-
atoms), have developed rapidly and comprehensively from
microwave to optical region for their outstanding ability to tailor
EM waves!' .. Besides, the low profile, light weight, and easy
fabrication features are favorable for practical applications. As
a result, many research achievements have been obtained in
the field of metasurfaces, such as invisible cloaks™*™®), orbital
angular momentum (OAM) beam generators'” '], hologram

imagers[lz"w], achromatic lenses!"*2", reconfigurable wave-
front shaping metasurfaces”>>°), and other multifunctional
metasurfaces>’ 4],

In order to improve the utilization of a single metasurface,
integrating multiple functionalities into a single metasurface is
of great interest. Various functionality integrating methods have
been proposed, which are based on the decoupling mechanisms
of EM intrinsic characteristics, such as frequency!®” ), polari-
zation®®' ) incidence angle!*™*), and propagating direc-
tion'**~*®!. Particularly, frequency multiplexing metasurfaces
allow us to increase the utilization of the frequency domain,
which can effectively improve the service quality of communi-
cation systems. However, there are many issues that hinder the
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A general method to realize arbitrary dual-band independent phase control is proposed and demonstrated in this paper.
A double-layered C-shape reflective meta-atom is designed to realize independent phase control with high efficiency. As a
proof of concept, we propose two functional metasurfaces in the microwave region; the first metasurface performs beam
steering in different directions, and the second metasurface generates achromatic beam steering at two distinct frequen-
cies. Both simulation and measurement results agree well with the theoretical pre-setting. The maximum measured effi-
ciency is 88.7% and 92.3% at 6.8 GHz and 8.0 GHz, respectively, for one metasurface, and 91.0% and 89.8% at 6.9 GHz and
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practical application of frequency multiplexing metasurfaces,
primarily including low efficiency and inadequate stability.
Therefore, high efficiency frequency multiplexing metasurfaces
are highly desirable for potential implementation in real-life
applications.

In this paper, we propose a general method to realize indepen-
dent phase control in two arbitrary frequency bands. The main
goal is to control the phase difference at the two arbitrary
frequencies with full phase coverage and impose a frequency-
independent phase control mechanism in order to decouple
the phase responses at the two-target frequency. Here, we design
a double-layered C-shape reflective meta-atom with geometric
phase principle, which can realize the proposed dual-band inde-
pendent phase control method with high efficiency. To experi-
mentally verify the characteristics of the proposed meta-atom
design, three periodic structures, each composed of a periodic
arrangement of similar cells, are fabricated and measured.
The measurement results of the three structures are in good
agreement with simulations, validating the fact that the designed
meta-atom is indeed able to independently control phase at two
frequencies with high efficiency.

Furthermore, as a beam manipulation functionality proof-of-
concept, two dual-band metasurfaces are designed, simulated,
and measured. The first metasurface (MTS1) can steer a beam
to different directions at 6.6 GHz and 8.4 GHz, and the second
one achromatically steers a beam to the same direction at
6.6 GHz and 8.4 GHz. Simulation and experimental results
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indicate that the two metasurfaces can effectively achieve the
theoretical predefined functionalities. Efficiencies higher than
87% are achieved in both simulations and measurements at
the desired frequencies. The proposed scheme for dual-band in-
dependent phase control provides a new scheme for practical
applications in modern wireless communication systems.

2. Principle and Meta-Atom Design

To achieve dual-band independent phase control, we propose a
method to decouple the phase of a meta-atom at two arbitrary
frequencies. Hence, we are able to establish a library of meta-
atoms showing a full phase range at the two selected frequencies.
Based on this meta-atoms’ library, two distinct selected func-
tionalities can be imposed at independent operating frequencies.
The proposed method is realized in two steps. The first step con-
sists of introducing a frequency-independent phase control
mechanism to manipulate the phase of the meta-atoms. The sec-
ond step then consists of making the phase difference of the
meta-atom at the two selected frequencies vary in the range
of —x to 7. Based on these two steps, the phase of a meta-atom
at two different frequencies can be independently controlled.

Geometric phase is a frequency-independent phase control
mechanism "), which has been widely used due to its implemen-
tation simplicity. Geometric phase can introduce a frequency-
independent phase shift Ag,, = 260 into the output wave, with
o =1 or —1 corresponding to the input right-handed circular
polarization (RCP) or left-handed circular polarization (LCP)
wave, and 6 being the angular orientation of the meta-atom.
Here, we apply geometric phase mechanisms to accomplish
design step 1. Therefore, if we can find a group of geometric
phase meta-atoms satisfying design step 2, dual-band indepen-
dent phase control can be realized. Here, we use an incident
RCP plane wave propagating toward the —z direction, and the
spin state of the output EM field is opposite to the input one.
Meanwhile, the reflected output wave propagates toward the
+z direction, opposite to the input wave direction. Therefore,
since the spin state and propagating direction of the output wave
are both opposite to those of the input wave, according to the
definition of the circular polarization wave, the polarization
of the output wave is still RCP. As such, the reflective meta-atom
imposes a geometric phase to the co-polarized reflected wave
since its spin state of EM is opposite to that of the input wave.

Next, it is important to control the phase of the reflection
coefficient. The EM response of the linear-polarized reflected
wave can be characterized by the reflection Jones matrix in
the linear polarization basis, which is expressed as

R= Txx rxy _ |rxx |e]q)m |rxy|g7(/’xy (1)

= = : ),
Tyx Ty Irycle® |y, |

where x and y represent x and y polarization, respectively.

7« and r,, are the co- and cross-polarized reflection coefficients,

respectively, under x-polarized wave illumination. Similarly, r,,
and r,, are the co- and cross-polarized reflected components,
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respectively, under y-polarized wave illumination. For a circular
polarization basis, the co-polarized RCP wave component of the
reflection Jones matrix can be expressed as

1 .
Yy = 5 [rxx Ty +](rxy + ryx)]’ (2)

where the ‘+ sign represents RCP. Equation (2) indicates that
the cross-polarization reflection coefficient of linear polarization
can be used to control the complex reflection coefficient . .
Ifr,, and r,, at two frequencies can be controlled independently,
it is then possible to make the phase difference of r,, at two
frequencies vary arbitrarily in the range of —z to z.

To realize design step 2 practically, a double-layered C-shape
reflective meta-atom is proposed, as shown in Fig. 1. The meta-
atom consists of two low loss F4ABM350 dielectric substrates
(¢, = 3.5and tan § = 0.001) with the same thickness h, two layers
of C-shape metal strips with radius r, and a metal ground plane.
The arc-angle of the top layer and middle layer C-shape strips
is a; and a,, respectively. 6, and 6, are the anticlockwise rota-
tion angles of the C-shape strips on the top and middle layers,
respectively, which can be considered as the angle between
the symmetry axis and x axis. The meta-atoms are arranged
in a uniform hexagonal lattice with a side length p. Through tai-
loring the geometrical parameters of the meta-atom, the EM
response of the reflected wave can be controlled as desired.
The geometrical parameters are optimized through simula-
tions in order to achieve high efficiency together with broad
bandwidth. The fixed parameters of the designed structure
are p=6mm, r=3mm, h=2mm, w=02mm, a; =210°
and a, = 200°. Rotation angles ¢, and 6, are the main param-
eters used to control the reflection phase of r ..

== metal
substrate

&

|
- |
symmetry axis \symmetry
 axis
Middle layer Top layer

Fig. 1. Schematic structures of the proposed meta-atom with the different
geometrical details.
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Three different unit cells of the considered meta-atom are
simulated in an infinite array using periodic boundary condi-
tions, where an RCP plane wave is used as the illuminating inci-
dent wave. A perfect electric conductor (PEC) is considered for
the metal parts in the simulations. The reflection magnitude
and phase of r | for different 6, values are shown in Figs. 2(a)
and 2(b), respectively. For the considered values of 8}, the reflec-
tion magnitude at 6.6 GHz is above 0.9, while the phase hardly
changes. From 8.4 GHz to 9.5 GHz also, the reflection magni-
tude exhibits high efficiency, but the phase changes over a large
range. Therefore, the two frequencies of independent phase
control can be selected as f; = 6.6 GHz and f, € [8.4,9.5] GHz.
To satisfy the Nyquist sampling theorem, the period of the meta-
atom must be smaller than half of the shorter wavelength 4,.
Here, we fix the nearest frequencies f, =6.6 GHz and f, =
8.4 GHz to show dual-band independent phase control.

The three unit cells are each arranged in a separate finite
structure of size 200 mm X 200 mm, which are shown in Fig. 3.
The three prototypes are fabricated on 35 pm thick copper-
cladded F4BM350 dielectric substrates using the classical
printed circuit board (PCB) technique and tested to experimen-
tally verify the EM properties obtained from the unit cell simu-
lations. The only different structure parameter of the three
structures is the top layer C-shape strip’s rotation angle 6,
which is 0°, 70°, and 180°, respectively. The structures are named
as ‘S0’, ‘S70’, and ‘S180’, respectively. The measured amplitude
and phase of the reflection coefficient r | | presented in Figs. 2(c)
and 2(d), respectively. The magnitudes at 6.6 GHz and 8.4 GHz
of the three structures are all above 0.9. The phase at 6.6 GHz is
quasi-similar in the three cases, while at 8.4 GHz the phases of SO
and S180 are nearly similar, but present a difference of 180° with

nitude

g

<0.4

M

itude

gni

<0.44

M

7 8 9
Frequency (GHz)
(d

7 8 9
Frequency (GHz)
(©)

Fig. 2. Co-polarized reflection coefficient r.. for different values of 6,
(a) Simulated magnitude, (b) simulated phase, (c) measured magnitude,
and (d) measured phase. 6.6 GHz and 8.4 GHz are, respectively, highlighted
by the vertical black dashed trace and red dashed trace.
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Fig. 3. Partial views of the fabricated prototypes. (a) SO, (b) S70, and (c) S180.

that of §70. Therefore, the measurement results of , , are con-
sistent with the corresponding simulation results, proving that
the designed meta-atom can manipulate the EM properties at
two frequencies in an independent and effective manner.

In order to further describe the operating mechanism of this
double-layered structure, the two separate C-shape strips are
simulated independently. In the first model, only the middle
layer is kept, while for the second model, only the top layer is
kept. The r,, magnitudes of the two models are shown in
Fig. 4(a). The two responses are completely distinct, which
indicates that the resonance at two frequencies can be inde-
pendently manipulated. The middle layer C-shape strip exhi-
bits a sharp resonance at 6.6 GHz, while the top layer C-shape
strip shows a broad flat resonance from 8 GHz to 12 GHz.

(@) 1.0

Magnitude
=]
b

8.4 GHz

The first model
The second model

14

Fig. 4. (a) Magnitude of the co-polarized reflection coefficient r.. of the top
and middle C-strips separately. The black and red traces correspond to the
middle and top layer strips, respectively. (b) Normalized current distribution of
the middle layer strip at 6.6 GHz. (c) Normalized current distribution of the top
layer strip at 8.4 GHz.
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Figs. 4(b) and 4(c) show the normalized current distribution of
the middle layer at 6.6 GHz and top layer at 8.4 GHz, respec-
tively, where the current strength of the middle layer is much
stronger than that of the top layer, which indicates that the res-
onance at 6.6 GHz is much stronger than the resonance at
8.4 GHz. Through this investigation, we can deduce that the
middle layer C-shape strip interacts strongly with an EM wave
at 6.6 GHz, and the EM properties of the meta-atom at 6.6 GHz
are dominated by this resonance. However, in the frequency
band ranging from 8 GHz to 9.5 GHz, the resonance is influ-
enced by both layers of strips simultaneously. Therefore, chang-
ing 6, with fixed 6, can indeed allow us to manipulate the phase
of r,, at 8.4 GHz, but will slightly affect the phase of r, | at
6.6 GHz, which is the key point to control the phase difference
at two frequencies.

The phase difference of r, , is mainly caused by the different
linearly cross-polarized effects at the two frequencies. For this
meta-atom, the relation r,, = r,, always holds. Since the angle
6, is the main parameter to control the response of r,,, the rela-
tion between r,, and 0, is investigated.

The magnitude and phase responses of r,, for different 6, are
shown in Figs. 5(a) and 5(b), respectively. At 6.6 GHz, the mag-
nitude of r,,, varies in the range of 0 to 0.4, and the phase varies
within a narrow range, which causes the magnitude and phase
of r, , to hardly change at 6.4 GHz for different 0,. At 8.4 GHz,
the magnitude of r,, varies in a wider range from 0 to 1, and
the phase presents an obvious difference for the 6, range. This
means the EM characteristic of r , will change considerably at
8.4 GHz for different 0,. Therefore, varying 6, within a certain
range can realize distinct control of r, | at two frequencies, mak-
ing the phase difference vary within the range of —z to .
Therefore, by fixing angle 8, = 0° and gradually increasing angle
6, from 0° to 180°, we can manipulate the phase at 8.4 GHz with
only a slight change at 6.6 GHz. The responses of r | versus 6,
are presented in Figs. 6(a) and 6(b), where it can be observed that
the phase at 8.4 GHz shifts over a 360° range, but the phase at
6.6 GHz changes only slightly. The phase difference at the two
frequencies can vary in the range spanning from —180° to 180°,
which satisfies the condition of design step 2. Moreover, the
magnitude levels are above 0.9 at both 6.6 GHz and 8.4 GHz.
The complex reflection coefficient of the co-polarized wave at
two frequencies can be written as r, . (6,,6,,f;), where i =1,2
represents two selected frequencies, and €, and 6, are

" 180
@ (b)
5 0.8 7590
206 <
: 3 0
0.4 £
s &
0.2 .
. A\ 6.6 Gliz)
0.0 b’ —84GlHz Y g
60 120 180
6,(deg)

Fig. 5. Relation between r,, and & at 6.6 GHz and 8.4 GHz. (a) Magnitude,
(b) phase.
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Fig. 6. Relations between r.. and & at 6.6 GHz and 8.4 GHz. (a) Magnitude,
(b) phase.

independent geometrical parameters of the meta-atom. Now
that we know the results of r,,(6,,0, f,) for 6, € [0°180°],
we can discretize the phase results of r,, at 8.4 GHz with
15° steps and record the corresponding 6, of meta-atoms into
a structure group in order to accomplish design step 2. Thus,
we apply the geometric phase principle to shift the phase with
the same value at the two frequencies.

We define a co-rotation angle ., which is the anticlockwise
rotation angle of the overall structure. According to the geomet-
ric phase principle, a 20, phase interruption can be introduced
into the original phase without affecting the magnitude response
of the meta-atom, which is frequency-independent. Gradually
increasing 0., from 0° to 180° enables us to easily accomplish
phase decoupling at the two frequencies; here, we increase 6,
of the structure parameter group found in step 1 from 0° to
180° with 7.5° steps. Finally, the phase of v, | at 6.6 GHz and
8.4 GHz is decoupled completely, and an orthogonal table with
full phase range and discrete 15° phase step at 6.6 GHz and
8.4 GHz is established.

Furthermore, the designed meta-atom can work robustly due
to two interesting features. First, the phase is manipulated only
by rotating the orientation angle of the C-shape strips.
Therefore, the shape and geometrical dimensions of all consti-
tuting meta-atoms are similar, making the coupling between
neighboring meta-atoms similar. Second, the arrangement of
the meta-atoms is a uniform hexagonal lattice that provides high
rotation symmetry for meta-atoms. For these two reasons, the
robustness of the meta-atom is improved.

3. Dual-Band Metasurface Design

The proposed method can control phase independently at
the two selected frequencies, which can be applied to realize
independent functionalities. As a proof of concept, we design
two metasurfaces with different functionalities, which operate
under normal RCP incident wave excitation. The schematics
of the operating principles of the metasurfaces are shown in
Figs. 7(a) and 7(d).

MTS1 is designed to steer the beam to 45° along the —x direc-
tion at 6.6 GHz and 15° along the —y direction at 8.4 GHz,
respectively. The second metasurface (MTS2) is designed to
steer the beam to 30° along the —x direction achromatically at
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Fig.7. Schematics of the operating principles of (a) MTS1and (d) MTS2. Phase
profiles of MTS1 at (b) 6.6 GHz and (c) 8.4 GHz. Phase profiles of MTS2 at
(e) 6.6 GHz and (f) 8.4 GHz.

6.6 GHz and 8.4 GHz. The metasurfaces have a size of 215 mm X
215mm and a 4.105 mm thickness, and are composed of 460
meta-atoms arranged in a hexagonal lattice. The metasurfaces
are constructed with the corresponding meta-atoms and the
required phase profiles. Here, the discrete gradient phase profile
of beam steering can be expressed as

2fi~ =
i3 Dsin 0, + ¢, 3)
c

p(rf)=-

where r represents positions on the metasurface, D is the unit
vector representing the direction of the phase gradient, ¢, is an
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arbitrary initial phase value, ), is the beam steering angle
toward the direction of the phase gradient, c is the speed of light
in vacuum, and f; is the desired frequency (i = 1,2). At the posi-

tion ?, different frequencies need different phase values, and
the required phase at this position can be written as [¢ (r, fi)s

7 (7, f>)]. From the phase table, the meta-atom that matches the
required phase value can be found and used to construct the
metasurfaces at the corresponding position. This process is
repeated at each position until the metasurface is constructed
completely. The design phase profiles of dual-band metasurfaces
are shown in Figs. 7(b), 7(c), 7(e), and 7(f).

The two metasurfaces are designed and fabricated. Numerical
simulations and experimental measurements are employed to
validate the design method of the metasurfaces. The measure-
ment setup and schematic are shown in Fig. 8. The normalized
magnitude of the RCP electric field in the far-field region of
MTSI and MTS2 is simulated and measured from 6.1 GHz
to 8.9 GHz.

For MTS1, the measured and simulated magnitudes of the
RCP electric field in the far-field region in the xoz and yoz planes
at 6.1-8.9 GHz are shown in Fig. 9, which reveal that most of the
reflected RCP wave energy is steered to the desired direction in
the two frequency bands of interest. Results show that MTS1
performs beam steering on the xoz and yoz planes at 6.1-
7.9 GHz and 7.3-8.9 GHz, respectively. Simulated (measured)
beam steering angles are —49° to —38° (—51° to —38°) at 6.1-
7.9 GHz and —17° to —14° (—19° to —16°) at 7.2-8.9 GHz,
respectively. Both simulated and measured performances agree
well with the design goals of —45° at 6.6 GHz and —15° at
8.4 GHz. Since all of the meta-atoms only work precisely and
efficiently in the pre-set frequency bands (first band around
6.6 GHz, second band around 8.4 GHz), for the frequency
beyond the pre-set frequency band, the corresponding perfor-
mance would decrease. The steering angle decreases as fre-
quency increases in both bands due to dispersion. Indeed, in

Eq. (3), the gradient of phase profile Vg = op(r, 1)/ dr can
be approximated as constant in each working band, and the
steering angle can be calculated as ), = arcsin(Vec/2xf), with
f being the working frequency.

Figure 10 presents the simulated and measured RCP electric-
field data of MTS2 in the xoz plane. Simulated (measured) beam
steering angles are —35° to —29° (—42° to —28°) at 6.1-8.9 GHz.
Both simulated and measured beam steering angles agree well
with the theoretical value. As the frequency increases, the beam
steering angle decreases at 6.1-7.1 GHz and 7.9-8.9 GHz but
increases at 7.1-7.9 GHz. The phase profiles of MTS2 at
6.6 GHz and 8.4 GHz are illustrated in Figs. 7(e) and 7(f), respec-
tively, showing that the phase gradients are in the same direc-
tion, but the phase gradient at 8.4 GHz is steeper. Therefore,
there is a transition band of phase gradient at 6.6-8.4 GHz,
whose phase gradient tendency becomes steeper as the fre-
quency increases, which makes the measured beam steering
angle increase within the 7.1 GHz to 7.9 GHz frequency range.
Anyway, the beam steering angle variation tendency versus
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Fig. 8. Partial view of the fabricated MTSs. (a) MTST and (b]) MTS2. (c] Photograph of measurement setup showing the MTS illuminated by a horn antenna.
(d) Schematic illustration of the far-field measurement setup in a microwave anechoic chamber.

frequency can still be calculated by Eq. (3), but the phase gra-
dient V¢ in the transition band cannot be approximated as con-
stant. Overall, the simulated and measured results of the
normalized far-field data agree well with each other. The slight
discrepancies that can be observed between simulations and
measurements are inevitably caused by the fabrication toleran-
ces of the samples and can also be due to the limitation of the
measurement setup such as the non-ideal plane wave incidence.

The simulated and measured efficiencies of the reflected RCP
waves of MTS1 and MTS2 are shown in Fig. 11, which are cal-
culated as

'k 2 Ef pepdydx
iCx ./Zy EIZLTdydx ’

(4)

Rpep =

o
N
s
&
N
)
g
Q
=
=4
2
=
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>
Q
=
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=
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where Rpcp is the efficiency of the metasurface, Ex zcp is the
electric field of the reflected RCP wave, and Ep_r is the total elec-
tric field of the reflected wave. The simulated and measured effi-
ciencies at 6.1-8.9 GHz are calculated for both metasurfaces.
Both simulated and measured efficiencies of MTS1 and MTS2
are highly consistent with each other. In the band from
6.1 GHz to 7.1 GHz centered at the 6.6 GHz design frequency,
the efficiencies of MTS1 and MTS2 are both higher than 80%
above 6.7 GHz, and the maximum simulated (measured) effi-
ciencies of MTS1 and MTS2 are 88.3% and 87.8% at 6.9 GHz
(88.7% and 91.0% at 6.8 GHz and 6.9 GHz), respectively. In
the band from 7.9 GHz to 8.9 GHz centered at the 8.4 GHz
design frequency, the efficiency of MTS1 and MTS2 is quite
stable, and the maximum simulated (measured) efficiencies of

-30 0 30 60
Detection angle (deg)

90

-30 0
Detection angle (deg)

30 60 90

Fig. 9. Normalized magnitude of RCP electric field in the far-field region plotted versus detection angle and frequency of MTS1. (a) Simulated and (¢) measured
results in the xoz plane. (b) Simulated and (d) measured results in the yoz plane.
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Fig. 11. Simulated and measured RCP reflection efficiencies of MTST and MTS2.

MTS1 and MTS2 are 90.2% and 91.9% at 8.2 GHz and 8.1 GHz
(92.3% and 89.8% at 8 GHz and 8.6 GHz), respectively. Besides,
in the band from 7.1 GHz to 7.9 GHz between the two design
frequency bands, the efficiency decreases slightly due to the
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non-uniform amplitude response of all of the meta-atoms used
to compose the metasurfaces. In conclusion, the efficiency of
MTS1 and MTS2 at 6.7-8.9 GHz is mostly above 80%. The
maximum efficiency is around 90%, slightly lower than that
of the meta-atom due to some regions on the metasurfaces that
cannot perform anomalous reflection correctly.

4. Conclusion

To sum up, we propose a general method to realize independent
phase control at two arbitrarily chosen frequencies, which is
accomplished in two steps. The first step consists of applying
a frequency-independent phase control mechanism, which is
realized through the geometric phase principle. The second step
consists of making the phase difference of r, | at two selected
frequencies vary in the full —z to z phase range, which is realized
through controlling the cross-polarization response of the
linear-polarized wave at the two frequencies. A double-layered
C-shape meta-atom is designed to realize the independent phase
control at 6.6 GHz and 8.4 GHz with a magnitude above 0.9. Asa
proof-of-concept, two dual-band metasurfaces with different
functionalities are designed, simulated, fabricated, and mea-
sured. Both simulation and measurement results show that
the beam steering angle of the two metasurfaces agrees well with
the design goals at 6.6 GHz and 8.4 GHz. Efficiencies higher than
87% are achieved in both simulations and measurements at the
desired frequencies. Such a high efficiency feature is favorable
for practical applications. As such, the dual-band independent
phase control design method together with the high efficiency
meta-atom provides a new option to practical dual-band system
applications, particularly in wireless communication systems.
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