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Isotropic Holographic Metasurfaces for Dual-Functional
Radiations without Mutual Interferences

Yun Bo Li, Ben Geng Cai, Qiang Cheng, and Tie Jun Cui*

The dual-functional and/or multifunctional devices have huge fascinations
and prospects to conveniently integrate complex systems with low costs.
However, most of such devices are based on anisotropic media or anisotropic
structures. Here, a new method is proposed to design planar dual-functional
devices using an isotropic holographic metasurface, in which two different
functions are written on the same holographic interference pattern with no
mutual coupling. When the metasurface is excited by two orthogonally ported
sources, the corresponding dual functions can be controlled by the object
waves, which are not affected by each other due to suppression of mutual
interference. The proposed metasurface is composed of subwavelength-
scale isotropic metallic patches on a grounded dielectric. In this specific
design, double-beam and double-polarization radiate devices are realized
independently by the orthogonal excitations. Based on the theoretical

Such two methods can mathematically
explain almost all phenomena in meta-
surfaces. Combining with classical EM
theories such as the Babinet principle,
Snell's law, and Huygens principle, the
milepost-type works on metasurfaces have
been proposed.”! Consequently, many
outstanding phenomena in controlling the
microwave and optical wavefronts have
been reported.[1019

Holographic metasurfaces, which can
generate arbitrary optical images and
wavefronts under different designs of
interference patterns, have played impor-
tant roles in the field of metasurface.
By using complementary V-type nano-

analysis, scanning radiate beams that are only controlled by frequency with
different performances under orthogonal polarizations are demonstrated. To
the best of our knowledge, this is the first time for actualizing dual-functional
devices using isotropic textures. Full-wave simulations and experimental
results in the microwave frequencies are presented to validate the proposed

theory and confirm the corresponding physical phenomena.

1. Introduction

Due to the extreme abilities to control electromagnetic (EM)
waves, metasurfaces have been overwhelmingly investigated in
recent years. Compared to the previous bulk metamaterials,['~%!
metasurfaces have many advantages such as low loss, low
cost, and high performance. There are two existing methods
in modeling metasurfaces. One is called as the generalized
sheet transition conditions,**! which can be used to modu-
late spatial waves; and the other is the transverse resonance
approach,[® which can be applied to control surface waves.
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antennas, Ni et al. proposed the thinnest
hologram to modulate both amplitudes
and phases in the optical band, which
can generate high-resolution and low-
noise images.’”) Meanwhile, Zhang’s
group used the plasmonic metasurfaces
to reconstruct the image of complex object
in visual band by eliminating the unde-
sired effects of multiple diffractions.?!!
Then the same group made metaholo-
grams to reach 80% conversion efficiency between two circular-
polarization states,/??! hence it is hopeful to apply metasurface
holograms in fabricating optical devices. In the infrared band,
metamaterial phase holograms have also been presented.[?3]

In the infrared and optical frequencies, the reproduction
of object images is the key problem in the holographici?Y or
calculation holographic®! technology. However, in the micro-
wave frequencies and radar systems, holographic radiations
are the most important topics. The theory of holographic
antenna is similar to that of holographic image, in which the
radiate wave is defined as the object wave. By using the quasi-
periodic metasurface, a method to shape surface waves excited
by monopole source to circularly polarized radiate waves has
been introduced.?®) Combining with the leaky-wave theory,
Patel and Grbic designed a 1D printed leaky-wave holographic
antenna and proposed a fast algorithm to extract the surface
impedance of metasurface texture to replace the eigen-mode
simulations./?”] Later, a special holographic metasurface was
presented to generate multiple radiate beams and make the
beams scanning with frequency in the 2D manner.®!

Recently, some important advances have been achieved to
produce dual-functional devices using metamaterials, including
an optical “Janus” device made of bulk metamaterial for
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o focusing lens and beam shifter,””) and a bifunctional planar
E Luneburg-fisheye lens made of metasurface to control surface
< waves.3% Most importantly, the dual-functional holographic
a images in the visible band have been reported.3'-331 However,
ol these dual-functional devices were based on anisotropic unit
wll cells, which are difficult to design and realize.*>-*! To the best 5
E of our knowledge, dual-functional holographic metasurfaces e —g=02
made of isotropic structures have not been reported to control 9 ——g=0.3
the beam radiations independently. g ——g=0.4
Here, we propose a general method to design and realize g ——g=0.5
dual-functional holographic radiate devices using isotropic metas- (= 10 —g=0.6
urfaces without mutual interference. Compared to the literatures —g=07
relevant to the single-functional holographic antennas,2¢-28l ——g=08
. . Lo . . 5 —g=0.9
we accomplish the dual-functional design in a single conjunct 2
aperture. Compared to the former dual-functional devices, the 0 —g=1.0
proposed holographic metasurface is only composed of isotropic 0 20 40 60 80 100 120 140 160 180
textures, which has less complexity for the unit-cell design and
can eliminate the mutual interference between such two func- Phase (degree)

tions. Based on the holographic theory, we simultaneously
record two arbitrary functions (object waves) on a single holo- Fqgure 1. The dﬁspers.ion curves of the. meta‘surf.ace- unit cells (inset? wit.h
graphic pattern generated by interference with two orthogonally different gaps, in which .the‘ bIagk ot?l|que line indicates the !|ght Iu:]e in
ported monopole sources (reference waves). We find that each fr.ee space. Here, the lattice’s period Is =3 mm; a commgraally an.ed
. . - . circuit board F4B is chosen as the dielectric substrate with the relative
function can be realized by exciting the corresponding reference permittivity & = 2.2; and the thickness t=1.57 mm.
wave, and the result of function reproduction is nearly irrelevant
to the other function. Based on the good per-
formance in suppressing the mutual calcula-
tion hologram, we design two dual-functional (a) Device 1 Beam-1
devices, one of which realizes double-beam :
radiations under the same polarization, while
the other of which realizes single-beam radia-
tions with orthogonal polarizations. Based
on our theoretical analysis, for the horizontal
polarization, the radiate beam can complete
1D (along the elevation direction) spatial scan-
ning. However, for the vertical polarization,
the radiate beam can accomplish 2D (along
both elevation and azimuth directions) spa-
tial scanning. The excellent performance of
dual-functional radiate devices promises huge
potentials of metasurface in developing new
imaging systems and radar systems.

X

AR

N

R0
e 00@};4?3‘.
X000

X

o
ARRER
SO

(b) Device II
ki=k2 \Q“\

2. Design of the Dual-Functional
Devices

2.1. Concept of the Dual-Functional Devices

A

According to the calculation holographic
theory,® we can get the desired object wave by
exciting the hologram which is interfered by the
object and reference waves. The hologram is
generally defined as W = |y, + Yoy}, in which
W.r and Yy, represent the reference wave and
object wave, respectively. Based on the surface
impedance technology, the hologram can be
shaped by subwavelength-scale quasi-periodic Figure 2. Schematics of two dual-functional holographic metasurface devices. a) Device

surface-impedance textures,**#*l and the distri- | Double-beam radiations with the same polarization state. b) Device II: Single-beam radiations
butions of surface impedance are given by with orthonormal polarizations.
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Figure 3. Full-wave simulation results of the two dual-functional holographic metasurface
devices. a—c) Device (l) for copolarized two-beam radiations under different excitations.
d—f) Device () for cross-polarized single-beam radiations under different excitations.

Z= j[X + MRe(rerWay)] 1)

where X and M indicate the average surface impedance and the
modulation depth, respectively, and “*” represents the complex
conjugation. If the surface-impedance hologram recorded as
Equation (1) is excited by the reference wave, the object wave
which is considered as the realization function can be repro-
duced. To realize dual-functional devices, we define a general
distribution of surface impedance as

, 1 N 1 «
Z=j [X + EMRe(Wrefll//obil) + EMRe(Wrele//objz)] (2)

Hence the whole impedance hologram is the addition of two
subholograms. In a specific design, we propose two dual-func-
tional devices producing: (I) double-beam radiations with the
same polarization and (II) single-beam radiations with ortho-
normal polarizations. In term of the function (I), we define

Vi1 = exp(— jkny(x = x0)" +¥*), Wier2 = exp(= jkny(x” +(y = o)),

o . 3
Vo = exp( o sin(45°)), ¥ = exp(jkysin(45°)) G)

where k is the wavenumber in free space and n is the average
surface refractive index of the holographic metasurface. The
reference waves (W.f; and W) are two surface cylindrical
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waves radiated from points (x,,0) and (0,y,)
on the metasurface; while the object waves
(Woin and W) indicate two radiation waves
directing to 45° angles with respect to the x
and y axes, respectively. In term of function
(IT), to realize the single-beam radiation with
orthonormal polarizations, we define

Vit = Wabjp = €xp( jkx sin(45°)) 4)

in which the reference waves are the same as
those in (I). In fact, we can design arbitrary
radiations of two beams by defining different
reference and object waves.

2.2. Material Synthesis and Analysis of the
Functionality

To describe the distribution of surface imped-
ance, we choose the subwavelength-scale
isotropic metallic patch as the basic unit
cell, which is printed on a grounded sub-
strate, as shown in Figure 1 (inset). We use
the eigen-mode simulation method in com-
mercial software, CST Microwave Studio, to
obtain the dispersion curves by changing the
gap between two adjacent metallic patches.
Because transverse-magnetic surface waves
-19.9 are supported by such unit cell, combining
with the wavenumber equation, we derive the
relationship between the phase difference ¢
across the unit cell (with period ) and the sur-
face impedance as

Z,=ZyJ1-¢c*ja’w’ (5)

in which ¢ and Z, are the light speed and wave impedance in
free space, while @ is the angular frequency. Then we apply
cubic polynomials fitting to establish the relation between sur-
face impedance Z; and the gap size g, as illustrated in Figure 1.

According to Equations (2)—(4), we can utilize the metasurface
unit cells to shape two impedance holograms for two dual-func-
tional devices, as shown in Figure 2. To obtain different repro-
duction waves, we use the sources placed at “Port 1” and “Port
2” to excite the whole hologram. For the device function (I), the
reproduced wave generated by excitation of “Port 1” is written as

Viept = Woett (WrettW obit) + Wiet1 (W eV o)
= | Vef1 |2 Vobjt T W disturb
= Aexp( jkxsin(45°)) (0)

+ exp(—jkn\/(x —x) Y + jkn\/xz +(y—y0)* + jkysin(45°))

We find that the reproduced wave has two terms, which are
the desired functional wave | W " Wobn = Aexp(— jkx sin(45°))
(A=|¥wn[) and a disturbing wave Wasun, respectively.
According to the surface phase distribution of the functional
wave, the radiation wave can be described as “Beam 1”7 in
Figure 2a. However, by observing the disturbing wave, the
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surface phase distribution is dispersive.
Since the near-field surface current and far-
field radiation pattern are pairs of spatial
Fourier transform, we expect that the radia-
tion power caused by the disturbing wave
is disordered, and is much lower than that
of the desired functional wave. Hence the
proposed holographic metasurface has no
mutual interference, especially when the
metasurface aperture is large. Based on rota-
tional symmetry, the circumstance of excita-
tion by “Port 2” is the same as that by “Port
1.” Hence the metasurface device (I) can
realize the dual-beam radiations under dif-
ferent excitation ports.

For the holographic metasurface device
(1), by analyzing Equations (4) and (6), the
reproduced waves from excitations of “Port
1”7 and “Port 2” have the same radiation
direction (see Figure 2b) without mutual
interference, which are given as

W ep1 = Aexp( jkx sin(45°)) (7a)
W ep2 = Bexp( jkx sin(45°)) (7b)
in which A=|y.q " and B=|y,q|. The

surface electric field excited by the monopole
source has two polarizations along z- and
p-directions (from Port 1 or Port 2 to a point
on metasurface). For the definition of sur-
face impedance Z; =E,/H,, we only design
the radiation waves under the x (horizontal)
and y (vertical) polarizations, depending on
only the p-direction.

With regard to Beam 1 generated by Port 1 in Figure 2b, the
surface electric field is considered as the main contribution to
the desired functional wave, which can be expressed as

Wiyt = P exp( jkx sin(45°) ( p= ﬁ((x — X)X + )7)) (®)

The object wave has only horizontal polarization (x com-
ponent) because the y component of surface electric field is
symmetrical to the x-axis that results in the cancellation of the
desired radiation by calculating the whole surface current inte-
gration. Similarly, although the x component of surface repro-
duced wave is asymmetrical to the y-axis, the two sides of y-axis
on the metasurface will support the radiation with the oppo-
site phase in the desired radiation direction, which causes the
cancellation of horizontal-polarization radiation wave in the far
fields. Thus, Beam 2 in Figure 2b has only vertical polarization.

Thus the two holographic metasurface devices have different
dual-functional characteristics for double-beam radiations with the
same polarization (I) and for single-beam radiations with ortho-
normal polarizations (II). The corresponding full-wave simulation
results are presented in Figure 3. Due to the rotational symmetry
of device (I), we consider that Beams 1 and 2 have the same polari-
zation (H-polar) state by rotating the coordinate system by 90°.
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Figure 4. Full-wave simulation results of the holographic metasurface device (1). The two ports
generate the dual-beam radiations with 1D frequency scanning from 16.5 to 18 GHz.

2.3. New Physical Phenomenon of the Two
Dual-Functional Devices

The performance of the holographic radiations can be inter-
preted by the backward leaky-wave principle of the “~1”-order
Floquet's mode. In general, we define the object wave as
Vo = eSOyl and the reference wave as s =e ™
(the same as W, in Equation (3). Here, we remark that
the sinusoidal phase distribution of hologram shaped by the
impedance units is approximately invariant by changing the
frequency because the higher- and lower-impedance areas of
the hologram are fixed. If we use the incoherent reference wave
Vs =P (k’and n’ are the wavenumber and effective sur-
face refractive index under the incoherent frequency) to excite
the impedance metasurface, according to Equation (1) and
ignoring the mutual interference in terms of above analysis, the
phase of the reproductive surface electric field is described as

@ =—k'n’p + knp + ksin(0)[x cos(¢) + ysin(¢)] )

When the surface wavefront generated by Port 1 of device
(I) propagates to point P (see Figure 2a) along the p-direc-
tion, the phase of surface wave along the x-direction is
expressed as D, =—(k'n" —kn)(x — x,) + kx sin(6) cos(¢).
Similarly, the phases along the y and —y-directions are expressed

Adv. Funct. Mater. 2016, 26, 29-35
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as D,, =—(k'n’ —kn)y + kysin(6) sin(¢)
and D_, = (k'n" — kn)y + kysin(6)sin().
For device (I), 6=45° and ¢=0° thus
®, =—(kK'n" —kn)(x — %) + kx~/2/2 and the
corresponding x component of effective sur-
face wavenumber is ky, = —k'n’ +kn + k2 /2.
Similarly, ®., is written as F (k'n’—kn)y,
and the corresponding y component of sur-
face wavenumbers are k., =—k'n"+kn
and k_, =k'n"—kn. As a consequence, for
the +y and —y components of the metas-
urface, the total surface wavenumbers are
Ky = k& + ki, and k) = (kS + K2,

Based on the above analysis, we expect
that there are two radiate beams gener-
ated by the y and —y components of the
metasurface, respectively. To the y com-
ponent, from the leaky-wave theory, the
angles of radiation waves (leaky waves)
can be give as 6, =arcsin(k,,/k) and
Qi+y) = T +arctan(k,,, /k..). Similarly, to
the —y component, the radiation angles
are described by 6., =arcsin(k,_,/k) and
@iy = 7 +arctan(k_,/k,). Hence we expect
that there are two radiation waves gener-
ated by the whole metasurface of device (I)
under the excitation of Port 1, and the two
radiation waves can be physically combined
into a single beam under small changes of
incoherent frequency in the far fields. It is
obvious that the azimuth angle of the combi-
nation beam is 7. When the incoherent fre-
quency is varied significantly, the two radiate
beams can be distinguished.

Because the surface reproduced wave is
symmetrical to the x-axis, the component of
the vertical polarization in the desired radiation direction does
not exist. Thus the object wave generated by Port 1 in device (I)
can complete the 1D frequency scanning under the horizontal
polarization, and the corresponding simulation results are
shown in Figure 4, in which the azimuth angle remains . Due
to the rotating symmetry, the same result will occur under the
Port 2 excitation, as demonstrated in Figure 4.

For the holographic metasurface device (II), the charac-
teristics of frequency scanning generated by Port 1 are quite
similar to those in device (I). However, under the excitation of
Port 2 which generates the reproduced wave asymmetrically to
the y-axis, the corresponding components of the effective sur-
face wave phases are given as ®,, =—(k'n’ —kn)x + kx~/2/2,
®_, =(k'n"—kn)x +kx~+/2/2, and @, =—(k'n"—kn)(y—y,). We
expect that there are two radiation waves generated by the x
and —x components of the metasurface, respectively. The angles
of two radiation waves are given as Oy, = arcsin(ky.,/k),
Pugsr) = T + arctan(ky [k, ) and Ony(—x) = arcsin(ky_,/k),
Qn-x) = 7 +arctan(k,, /k_ ), where k.o, k.., kgir), ks and k,
have the analogous definitions as those in device (I). Again, the
two radiation waves can be combined to one beam under small
changes of incoherent frequency. For the asymmetric hologram
of device (II), after analyzing the expressions of Oy ), @ux
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Figure 5. Full-wave simulated results of the holographic metasurface device (I1). The two ports
generate the single-beam under different polarizations with 1D and 2D frequency scanning
from 16.5 to 18 GHz, respectively.

61—y, and @y, controlled by frequency, we conclude that the
combination beam can accomplish the 2D frequency scanning
under the vertical polarization, both in elevation and azimuth
directions, as clearly demonstrated in the full-wave simulation
results in Figure 5.

3. Fabrication and Experiment

To further validate the proposed method experimentally, we
have fabricated the dual-functional holographic metasurface
device (I) to control the double-beam radiations. The 1D scan-
ning performance of Beams 1 and 2 can be easily verified by the
far-field radiation patterns measured in our anechoic chamber,
as shown in Figure 6a. The holographic metasurface device
sample has the size of 192 x 192 mm?, which is composed of
4096 impedance unit cells. In this sample, we choose F4B (the
dielectric constant is 2.2) as the dielectric substrate and choose
copper with tinning as the PEC. In measurements, we use the
SMA connector as the monopole antenna to excite the holo-
graphic metasurface. When the platform carrying the metasur-
face rotates, the horn of the normal gain placed on the other
side of the anechoic chamber can immediately record the
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180
Measurement results
Simulate results

(b)

Figure 6. a) The fabricated sample of the holographic metasurface device (I) and the experimental setup. b) The measurement results of normalized
far-field radiation patterns under the excitation of Port 1, showing excellent beam-scanning characteristics as the frequency changes from 16.5 to
18 GHz with the 0.5 GHz step. For the rotational symmetry of two excitation ports, the radiate beams generated by Port 2 have the same performance.

radiate intensity generated by the dual-functional device. Then,
the 1D radiate pattern can be obtained using the experimental
method. But it is hard to acquire the 2D (both of the azimuth
and elevator directions) radiate pattern base on our measure-
ment system. So we only measure the radiate performance of
the device (I) which can only generate the 1D (the azimuth direc-
tion) scanning radiation under either exciting port. Figure 6a
illustrates the experimental setup and Figure 6b gives the
measured and simulated results at different frequencies from
16.5 to 18 GHz with the step of 0.5 GHz. We clearly observe
that the experimental results have very good agreements with
the numerical simulations. However, we note some side-lobes
emerging in unimportant areas in the measurement results,
which may be caused by the intrinsic noises in the anechoic
chamber. If the metasurface has a larger size, we believe that
the side lobes will be smaller.

4, Conclusions

We theoretically presented a new method of designing novel
holographic metasurface devices which can accomplish arbi-
trarily dual-functional beam radiations. We integrated the
double functions into a single isotropic impedance holographic
metasurface which has no mutual interference. According to
the proposed method, we designed two dual-functional devices
that can realize double-beam radiations under the same polari-
zation and single-beam radiations under the orthonormal
polarizations, respectively. Based on our theoretical analysis, we
found that the radiate beams can accomplish 1D or 2D spatial
scanning controlled only by the frequency. Both full-wave simu-
lations and experiment results showed excellent performance
of the beam controls. The dual-functional frequency scanning
devices have tremendous application potentials, such as in the

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

new radar systems, foresight imaging systems, and calculating
imaging systems. The proposed theory can be directly extended
to deliver multifunctional holographic metasurface devices.
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