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Metasurfaces, which are planar surfaces or interfaces constructed by placing subwavelength scatter-
ers into a two-dimensional array pattern, have attracted much attention in recent years. However, it has
been shown that transmission-type metasurfaces without vias are hard to simultaneously achieve high
transmission and 360° phase control when the number of cascaded layers is less than three. An ultrathin
Huygens’ metasurface composed of only double-layer transmitarray elements without vias is proposed to
achieve both high transmission (−2.5-dB criteria) and 360° phase control. Benefiting from the antisym-
metric design of the double-layer transmitarray element, the proposed Huygens’ metasurface excites both
electric and magnetic dipole resonances with mutual interference, allowing the realization of high trans-
mission and 360° phase control at the same time, which cannot be fulfilled by symmetric unit structures.
Based on the ultrathin Huygens’ metasurface, a high-gain transmitarray antenna is designed, fabricated,
and measured, which can achieve high aperture efficiency up to 61.04% with a very small thickness of
only 0.033 wavelengths at a microwave frequency of 13 GHz.
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I. INTRODUCTION

Metamaterials are composed of artificial subwavelength
unit structures with periodic or aperiodic arrangement,
having the ability to flexibly manipulate electromagnetic
(em) waves [1–3]. Based on metamaterials, many fantas-
tic works have been presented, such as negative refrac-
tion [4], invisibility cloaking [5,6], transformation-optics
lenses [7], and so on [8]. Metasurfaces can be treated
as planar metamaterials by placing the subwavelength
scatterers into a two-dimensional (2D) pattern on a sur-
face, which also has powerful abilities in the manipulation
of em waves [9–24]. Metasurfaces are usually classified
into two types in reflection and transmission modes. For
the reflection-type metasurface, it is easy to simultane-
ously achieve high reflection and 360° phase control by
using a single-layer reflectarray [12]. For the transmission-
type metasurface, however, it is difficult to simultaneously
achieve high transmission and 360° phase control by using
a single- or double-layer transmitarray [12,21,23].

The transmitarray, composed of multilayer frequency
selective surfaces (M FSSs), can be regarded as a kind
of transmission-type metasurface. Many efforts have been
made to achieve high transmission and full 360° phase
control at the same time with multilayer transmitarrays
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[16,18,21], but the number of layers cannot be effectively
reduced. In Ref. [21], it was proved that the transmission
phase of M FSSs has a limit, that is, the full 360° phase
control of a transmitarray with −3-dB transmission crite-
rion requires at least three layers of FSSs. In order to fur-
ther improve the phase range of the transmitarray, vertical
vias have been employed in double-layer FSS structures
to augment the transmission magnitude [23]. However,
this effort can only achieve a maximum 305° transmission
phase shift. Each layer of the M FSSs is usually assumed
to have identical patterns of electric dipole resonances,
so the multilayer structures are required to obtain a large
transmission phase range.

Huygens’ surfaces are composed of both spatially vary-
ing electric and magnetic dipole resonances, which can
be used to manipulate the em waves arbitrarily passing
through the surfaces [24]. Metasurfaces designed with the
theory of Huygens’ surfaces, which are also called Huy-
gens’ metasurfaces, have been widely studied recently
[25–35]. A cavity excited Huygens’ metasurface antenna
has been presented in Ref. [34], which displays significant
advantages of near-unity aperture illumination efficiency,
low side-lobe level (SLL), and high realized gain. In addi-
tion, the Huygens’ metasurface can also be used to design
leaky wave antennas [30] and beam focusing [35]. Gen-
erally, there are two ways to construct the elements of
Huygens’ metasurfaces: wire-loop volume unit structures
[24,26,31] and multilayer cascaded surface unit structures
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[27,29]. Most of the Huygens’ metasurfaces are designed
based on multilayer cascaded conducting surfaces whose
thicknesses are dependent on the number of layers. The
fewer the layer number is, the thinner the thickness is.

To the best of our knowledge, no work has been pre-
sented to simultaneously realize high transmission and
full 360° phase control by using the transmission-type
metasurfaces without vias with less than three layers.
It was reported that full 360° phase control of cross-
polarized waves by using only a single-layer metasurface
was achieved, but all transmission efficiencies were lower
than 50% [9,12,36]. Here, a Huygens’ metasurface com-
posed of double-layer transmitarray elements without vias
is proposed to simultaneously achieve high transmission
and a full 360° phase control in which the two layers of
the unit cell contain a separate split ring (SR) and a rect-
angular metallic stub and the two SRs on different layers
are antisymmetrical. The thickness of the proposed Huy-
gens’ metasurface is 0.762 mm, which is only 0.033λ at
the working frequency of 13 GHz. Because of the anti-
symmetry of SRs, the reverse currents on the arms of
SRs are generated to introduce the magnetic dipole reso-
nance, and the rectangular metallic stubs are placed inside
SRs on each layer to introduce the electric dipole res-
onance. Hence, the ultrathin Huygens’ metasurface with
both electric and magnetic dipole resonances is constructed
and high transmission with full 360° phase control can
be simultaneously achieved, breaking the limitation of
three layers by using traditional symmetric unit structures.
Based on the proposed two-layer Huygens’ metasurface,
a high-gain ultrathin transmitarray antenna is designed,
fabricated, and measured. The experimental results show
that the aperture efficiency of the antenna can reach up to
61.04% at 13 GHz by using a corrugated horn as a feeding
source. In addition, it is worth mentioning that the pro-
posed double-layer unit structure has no vertical vias, and
hence it can be easily extended to terahertz frequencies.

II. UNIT STRUCTURE AND THEORETICAL
ANALYSIS

Figure 1 shows a typical sketch of a Huygens’ surface
under the illumination of normal incidence [27]. Assuming
that the incident waves propagate normally from Region
I to Region II by passing through the Huygens’ surface,
the wavefronts of the transmitted waves in Region II are
totally tailored by manipulating the Huygens’ metasurface.
Based on microwave theory and equivalence principle,
the normalized electric surface admittance (YESη0) and
magnetic surface impedance (ZMS/η0) of the surface can
be obtained from the transmission coefficients (T) and
reflection coefficients (R) [27]

YESη0 = 2 · 1 − T − R
1 + T + R

, (1)

ES MS

FIG. 1. A typical sketch of a Huygens’ metasurface under the
illumination of normal incidence.

ZMS/η0 = 2 · 1 − T + R
1 + T − R

, (2)

where η0 is the wave impedance of free space. For a reflec-
tionless Huygens’ surface, the normalized electric sur-
face admittance (YESη0) and magnetic surface impedance
(ZMS/η0) must be equal [24].

Based on the above theory, a square double-layer metal-
lic unit structure is proposed to construct the Huygens’
metasurface with both electric and magnetic dipole reso-
nances at the same time. The proposed unit structure con-
tains two antisymmetric metallic SRs and metallic stubs
spaced by a dielectric substrate of Roger’s RO4350, as
demonstrated in Fig. 2(a), which is called an antisymmetric

(a)

(b)

FIG. 2. The proposed double-layer antisymmetric unit structure
and the traditional symmetric unit structure. (a) The antisymmet-
ric unit structure. (b) The symmetric unit structure.
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unit cell. The relative permittivity and loss tangent of
Roger’s RO4350 are εr = 3.48 and tan δ = 0.0037, respec-
tively, and the thickness of the substrate is d = 0.762 mm.
The other parameters shown in Fig. 2(a) are a = 8 mm,
ws = 0.4 mm, wn = 1 mm, l = 7.2 mm, and h and e are var-
ied. For comparison, another double-layer symmetric unit
structure is also studied, as shown in Fig. 2(b), which is
almost the same as the antisymmetric unit structure except
for the symmetric slotting of SRs.

Figure 3 demonstrates the transmission phases and
amplitudes of both antisymmetric and symmetric unit
structures that vary with e and h under the x polarized
incident waves and distinctly different phase and amplitude
responses for both unit structures are obtained. Figures 3(a)
and 3(c) show the transmission phase and amplitude of the
proposed antisymmetric unit cells, respectively, demon-
strating that the full 360° phase control and high trans-
mission can be simultaneously achieved. The region that
can satisfy both full 360° phase control and high trans-
mission is marked by a black dashed curve, as shown in
both Figs. 3(a) and 3(c). However, for the symmetric unit
cell, the maximum transmission phase range for a −3-dB
transmission coefficient is only about 212° and it is marked
by using a black dashed curve, as shown in Figs. 3(b) and
3(d), which is consistent with the conclusion presented in
Ref. [21]: the limitation of the transmission phase range
for a double-layer configuration is 228.5° (−3-dB crite-
ria). Hence, the symmetric unit structures cannot be used
for designing high-performance devices that require a 360°
phase shift, even though they have a high transmission as

shown in Fig. 3(d). We note that all the above full-wave
simulations are performed by using the commercial soft-
ware, CST Microwave Studio®, with a frequency domain
solver.

In order to clearly show the essential difference between
these two unit structures, the electric field and current dis-
tributions of the unit structures at 13 GHz are investigated,
as illustrated in Fig. 4 with e = 0.8 mm and h = 5.5 mm.
Figures 4(a) and 4(b) demonstrate the electric field ampli-
tude distributions of the antisymmetric and symmetric unit
structures, respectively, which imply that the strong elec-
tric response can be introduced by the LC resonances
existing not only between the outer SRs and inner stubs,
but also the SRs themselves. It should be noted that the
effective inductances (L) come from the metallic conduc-
tors themselves, and the effective capacitances (C) come
from the splits of SRs and the gaps between the outer
SRs and inner stubs, respectively. Figures 4(c) and 4(e)
demonstrate the current distributions of an antisymmetric
unit cell on both the top and bottom layers, respectively,
which show that the currents flow in the opposite direction
along the horizontal arms (the x direction) of SRs on both
sides. Hence, the electric dipoles introduced by the SRs on
both sides have opposite phases in the x direction, which
will be canceled by each other. Thus, the total electric
dipole resonance is mainly contributed by the LC reso-
nances between the outer SRs and inner stubs. In addition,
because the current loops are formed along the horizontal
arms of SRs on the top and bottom layers, the magnetic
dipole resonances are introduced in the y direction. Hence,

(a) (b)

(c) (d)

P6

P6

P3

P3

P5

P5

P2

P2

P1

P1

P4

P4

FIG. 3. The transmission phase
and amplitude distributions of the
proposed antisymmetric unit struc-
ture and traditional symmetric unit
structure at 13 GHz varying with e
and h. (a) The transmission phase
distribution of the antisymmetric
unit structure. (b) The transmission
phase distribution of the symmetric
unit structure. (c) The amplitude
distribution of the antisymmetric
unit structure. (d) The amplitude
distribution of the symmetric unit
structure.
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(a) (b)

(c) (d)

(e) (f)

FIG. 4. The simulated electric field and current distributions of
the proposed antisymmetric unit structure and traditional sym-
metric unit structure with e = 0.8 mm and h = 5.5 mm at 13 GHz.
(a) The electric field distribution of the antisymmetric unit struc-
ture. (b) The electric field distribution of the symmetric unit
structure. (c) The current distribution on the top layer of the anti-
symmetric unit structure. (d) The current distribution on the top
layer of the symmetric unit structure. (e) The current distribution
on the bottom layer of the antisymmetric unit structure (f) The
current distribution on the bottom layer of the symmetric unit
structure.

the proposed double-layer antisymmetric unit structure can
introduce both strong electric and magnetic dipole res-
onances, and high transmission and full 360° phase can
be simultaneously achieved using the theory of Huygens’
surface.

As to the symmetric unit structure, the currents flow in
the same direction along the horizontal arms (the x direc-
tion) of SRs on both sides, as shown in Figs. 4(d) and 4(f).
Hence, the electric dipoles introduced by the SRs have the

(a)

(b)

FIG. 5. The transmission amplitudes and phases of the pro-
posed antisymmetric unit structures at points P1, P2, P3, P4, P5,
and P6. (a) The transmission amplitudes of the unit cell at points
P1, P2, P3, P4, P5, and P6. (b) The transmission phases of the
unit cell at points P3, P4, P5, and P6.

same phases in the x direction, which will be enhanced
by each other. Thus, the total electric dipole resonance is
contributed by the LC resonances not only between the
outer SRs and inner stubs, but also the SRs themselves.
However, because the currents flow in the same direction
along the horizontal arms of SRs on the top and bottom
layers without a current loop formed, there is nearly no
magnetic dipole resonance in the y direction, which is
very different from the situation of the antisymmetric unit
structures. Hence, the symmetric unit structure only has

TABLE I. The simulated surface impedances and/or admittances and transmission and/or reflection parameters of points P1, P2, P5,
and P6 at 13 GHz.

Cell no. Re (YESη) Re (ZES/η) Im (YESη) Im (ZES/η)
Transmission

Amplitude (dB)
Reflection

Amplitude (dB)
Transmission

Phase (°)

P1 0.0133 0.0080 0.3092 −17.6688 −27.70 −0.100 245.7
P2 0.0062 0.2375 −7.3302 −0.3302 −8.0198 −1.650 98.56
P5 0.3497 0.2887 1.2716 0.000 −2.000 −7.60 315.0
P6 0.0027 0.1070 −0.2358 −0.2261 −0.400 −25.72 13.50
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TABLE II. The summarization of the unit structure that can
cover 360° phase control with high transmission.

Transmission
Phase (o)

Transmission
Amplitude

(dB)

Reflection
Amplitude

(dB) e (mm) h (mm)

0 −0.77 −11.7 0.22 6.4
32.2 −0.3 −22.4 0.13 6.3
62.7 −1.25 −8.13 0.3 6.3
89.8 −1.48 −7.3 0.5 5.9
120.2 −1.53 −6.8 1 5.5
149.9 −0.15 −15.3 1.5 5
179.5 −0.4 −10.8 2 4.5
210 −0.55 −10.37 0.2 4.1
239.6 −1.33 −7.53 0.28 3.3
268.3 −0.6 −19.6 0.35 3.3
302.4 −1.36 −11.09 0.38 2.35
328 −2.5 −6.51 0.39 0.7
359.5 −1.54 −8.07 0.18 6.38

electric dipole resonances, which satisfies the theory that
the maximum transmission phase range is 228.5° for a
double-layer transmitarray [21].

To further understand the characteristics of the antisym-
metric unit structure, points P1, P2, P3, P4, P5, and P6
are sampled, as marked in Figs. 3(a) and 3(c), to investi-
gate their transmission amplitudes and phases, which are
illustrated in Fig. 5. As shown in Fig. 5(a), the transmis-
sion amplitudes are very low at points P1 and P2 due to
the strong resonant peaks near the working frequency of

FIG. 6. The sketch of the transmitarray antenna.

13 GHz, while the transmission amplitudes at points P3,
P4, P5, and P6 are high. Since there is no resonance at
points P3 and P4 around 13 GHz, the transmission phase
curves are smooth, as shown in Fig. 5(b). Different from
those of points P3 and P4, although the transmission effi-
ciencies are high, points P5 and P6 have strong resonances
near 13 GHz, and hence the transmission phase curves
become steep at 13 GHz, and transmission phases with a
large variation range can be achieved.

In addition, both the normalized electric surface
admittance (YESη) and magnetic surface impedance

(a) (b)

(c) (d)

FIG. 7. The transmission phase
and amplitude distributions of the
double-layer transmitarray antenna
at 13 GHz. (a) The required trans-
mission phase distribution for the
transmitarray design theoretically
calculated by Eq. (3). (b) The realiz-
able transmission phase distribution
of the transmitarray composed of
a symmetric unit structure. (c) The
realizable transmission phase dis-
tribution of the transmitarray com-
posed of an antisymmetric unit
structure. (d) The realizable ampli-
tude distribution of the transmitar-
ray composed of antisymmetric unit
structure.
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(a) (b)

(c) (d)

Symmetric-E plane
Antisymmetric-E plane
Waveguide-E plane

Symmetric-H plane
Antisymmetric-H plane
Waveguide-H plane

FIG. 8. The simulation
setup and the simulated res-
ults of the double-layer tran-
smitarray antennas fed by a
standard waveguide. (a) The
simulation setup. (b) The
far-field radiation patterns
of the E plane at 13 GHz.
(c) The far-field radiation
patterns of the H plane at
13 GHz. (d) The reflection
coefficients of S11 for the
transmitarray antenna and
Huygens’ metasurface, and
the total efficiency of the
transmitarray antenna.

(ZMS/η) can also be calculated by Eqs. (1) and (2). Accord-
ing to the simulated transmission and reflection coefficients
of different unit structures, the calculated YESη and ZMS/η
of points P1, P2, P5, and P6 at 13 GHz are listed in
Table 1. The real parts of both normalized electric sur-
face admittances and magnetic surface impedances at all
points are almost equal and are very small, tending to
zero, which implies the low loss of the unit structures. The
imaginary parts are very different at points P1 and P2, cor-
responding to the large reflection and are very close at the
points P5 and P6, corresponding to the high transmission,
which are consistent with the conclusion that the Huygens’
metasurface will be reflectionless when YESη = ZMS/η.

According to above discussion, the proposed double-
layer antisymmetric unit structure can simultaneously
achieve high transmissions and full 360° phase controls.
Therefore, an ultrathin Huygens’ metasurface can be con-
structed by using the proposed unit structure for arbitrary
manipulations of wavefronts passing through the meta-
surface. A summarization of the unit structures that can
cover a 360° phase shift with high transmission is listed
in Table 2, which can be used for the design of ultrathin
Huygens’ metasurfaces with different functionalities.

III. DESIGN OF ULTRATHIN TRANSMITARRAY
ANTENNA

Based on the proposed Huygens’ metasurface, an ultra-
thin transmitarray antenna is designed, fabricated, and

measured in this section. The sketch of the proposed trans-
mitarray antenna is illustrated in Fig. 6. A feeding source
is placed right above the transmitarray, and the distance
between the source and transmitarray is F. In order to
tailor the spherical incident waves into plane waves, the
transmission phase of each element of transmitarray can
be calculated by [18]

ϕi = k0(Rith − F) + ϕ0, (3)

where ϕi is the calculated phase of the ith element, ϕ0
is the initial phase of the center element, Rith is the dis-
tance between the source and the ith element, and k0 is the
wave number in free space. Once the transmission phase of
each element is achieved from Eq. (3), the corresponding
unit cell can be chosen from Table 2 to construct the final
transmitarray.

A double-layer transmitarray composed of 41 × 41
array elements is designed whose dimensions are
328 × 328 mm2, and a feeding source is placed away
from the transmitarray with a distance of F = 262.4 mm.
In order to manipulate the spherical incident waves into
plane waves, the transmission phase distribution of the
transmitarray can be theoretically calculated according to
Eq. (3), as illustrated in Fig. 7(a), which requires a full
360° phase shift. Traditionally, by using the symmetric
unit structures shown in Fig. 2(b), the realizable transmis-
sion phase distribution of the transmitarray can only be
designed to vary from 56° to 268° as shown in Fig. 7(b),
which is due to the transmission phase control limitation of
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(a) (b)

(c) (d)

FIG. 9. The experimen-
tal setup and the measured
results. (a) The experimen-
tal setup, fed by a cor-
rugated horn. (b) Far-field
radiation patterns of the E
plane at 13 GHz. (c) The
far-field radiation patterns
at different frequencies. (d)
Gains and aperture effi-
ciencies varying with fre-
quency of the proposed
double-layer transmitarray
antenna fed by a corru-
gated horn.

212° as demonstrated in Fig. 3(b). However, when the pro-
posed antisymmetric unit structures are used to construct
the transmitarray, the requirement of a full 360° transmis-
sion phase shift can be achieved as illustrated in Fig. 7(c),
and the transmission amplitudes of elements are all larger
than −2.5 dB as shown in Fig. 7(d).

The transmitarrays composed of both symmetric and
antisymmetric unit structures are designed and simulated,
respectively, based on the CST Microwave Studio®, as
shown in Fig. 8. For convenience, a Ku-band standard
waveguide is placed behind the transmitarrays as a feed-
ing source, as demonstrated in Fig. 8(a). The simulated
far-field radiation patterns of E and H planes at 13 GHz
are shown in Figs. 8(b) and 8(c), respectively. The gain
of the transmitarray antenna composed of antisymmetric
unit structures is 22.5 dB, which is 4.5 dB higher than the
transmitarray antenna composed of symmetric unit struc-
tures and 16 dB higher than the feeding source of the
Ku-band standard waveguide. Figure 8(d) shows the sim-
ulated S11 and total efficiency of the designed antenna,
which show that the S11 is less than −11.8 dB and the total
efficiency is larger than 93% from 12.7 GHz to 13.3 GHz
in which the total efficiency is defined as the ratio of
radiation to input power of the antenna. In addition, we
also further calculate the reflection coefficient (S11) of the
designed Huygens’ metasurface by full-wave simulation
using CST®, as shown in Fig. 8(d) with the purple solid
line, which shows that the S11 is less than −10.01 dB at
13 GHz. It is worth mentioning that the perfect electrical

conductor (PEC) and perfect magnetic conductor (PMC)
boundary conditions and wave ports are used in simula-
tion to calculate the S11 of Huygens’ metasurface. Hence,
the conclusion can be made that quasispherical em waves
generated by the feeding source can be efficiently con-
verted to high-directivity plane waves by passing through
the designed transmitarrays. However, the transmitarray
antenna composed of an antisymmetric unit structures can
achieve a better performance because of the precise 360°
phase control.

The corrugated horn has a symmetric far-field radia-
tion pattern and low cross-polarized level, which has been
widely used in the measurement of transmitarray antennas
as a feeding source [18,23,37]. In order to make a compar-
ison with the published works in performance, the trans-
mitarray antenna is remeasured by replacing the Ku-band
standard waveguide with a corrugated horn as demon-
strated in Fig. 9(a), and the measured far-field radiation
pattern is also shown in Fig. 9(b) with the blue solid line.
The measured gain is 31.9 dB, which is 10.1 dB higher
than the transmitarray fed by the Ku-band standard waveg-
uide and 11.5 dB higher than that of the corrugated horn.
The side lobes are lower than −16 dB and the 3-dB gain
bandwidth is 0.39 GHz (3%). The high cross-polarization
level also can be observed from the measurement results,
which is lower than −30.6 dB in the main beam direc-
tion. Since the generated wave of the Ku-band corrugated
horn has similar E plane and H plane patterns [18], the
H plane pattern of the transmistarray antenna, which is

024012-7



L.W. WU et al. PHYS. REV. APPLIED 12, 024012 (2019)

TABLE III. The comparison of performances between the proposed transmitarray antenna and that of other publications.

Ref. Working Freq. (GHz) Number of layers Thickness (λ) Phase Range (°) Gain (dB) εap

[39] 13.58 4 0.75 360 23.9 55%
[37] 13.5 4 0.765 360 30.22 50%
[38] 11.3 3 0.5 270 28.9 30%
[23] 20 2 0.104 305 33.0 40%
This work 13 2 0.033 360 31.9 61.04%

not provided, is nearly the same as those of the E plane
patterns.

Compared to the Ku-band standard waveguide, the cor-
rugated horn can focus the beam into a smaller region to
aviod the diffraction of em waves, and the radiation pat-
tern of emitting waves is almost circularly symmetrical,
which can better satisfy the circular symmetry design of
the transmission phases of the transmitarray. This is why
the gain of the transmitarray antenna using the corrugated
horn as a feeding source is about 10 dB higher than that
using the Ku-band standard waveguide. Fig. 9(c) illustrates
the far-field radiation patterns of the E plane at different
frequencies, which show that the gain drops −3 dB as the
frequency deviates about 0.2 GHz from the working fre-
quency of 13 GHz. The reason for the quick drop of gain
is the narrow bandwidth of the unit structures caused by
the strong elecric and magnetic resonances, which also can
be seen in the amplitude and phase responses shown in
Fig. 5. Figure 9(d) shows the measured gains varying with
the frequency of the proposed transmitarray antenna fed
by the corrugated horn. The maximum gain of 31.9 dB
is achieved at 13 GHz, but gradually decreases as the
frequency deviates from 13 GHz.

According to the theory of antennas, the aperture effi-
ciency (εap) can be calculated by [38]

εap = G
Dmax

, (4)

where G is the measured gain, Dmax = 4πAp /λ2 is the max-
imum directivity in which Ap is the physical aperture of
the antenna, and λ is the wavelength at the working fre-
quency. The gain of the proposed transmitarray antenna
fed by the corrugated horn has been measured as 31.9 dB
at 13 GHz, and the physical aperture of the transmitar-
ray is 328 × 328 mm2. Therefore, according to Eq. (4),
the aperture efficiency of the transmitarray antenna can be
achieved as illustrated in Fig. 9(d), which is up to 61.04%
at 13 GHz.

Table 3 shows a comparison of the performances
between the proposed transmitarray antenna and that of
other publications. Because the proposed Huygens’ meta-
surface has only two layers, the thickness of the transmi-
tarray in this work is very thin, which is only 0.762 mm
(0.033λ at 13 GHz). In addition, because the proposed
Huygens’ metasurface can simultaneously satisfy the high

transmission and full 360° phase control, and the aperture
efficiency of the transmitarray antenna in this work is much
better than that is other published works.

IV. CONCLUSION

A simple method is presented to realize a high-
transmission ultrathin Huygens’ metasurface with a 360°
phase control by only using double-layer transmitarray ele-
ments without vias. Different from the traditional symmet-
ric unit structures, the two-layer antisymmetric structure
can simultaneously introduce both electric and magnetic
dipole resonances. Then high transmission and full 360°
phase control can be achieved, which breaks the limita-
tion of three layers using traditional technologies. Based on
the proposed double-layer Huygens’ structure, an ultrathin
transmitarray antenna is designed, fabricated, and mea-
sured. The thickness of the transmitarray is only 0.033λ,
while the measured gain can reach up to 61.04%, which has
the advantages of ultrathin thickness and high gain over the
published transmitarrays.
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