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A subwavelength-scale Huygens particle utilizing both electric and magnetic responses is proposed here. As the
electric and magnetic responses of the proposed particle are independent of each other, arbitrary complex trans-
mission coefficients covering all magnitudes from 0 to 0.9 and all phases (360°) can be achieved by varying its
structural parameters. By properly engineering the distribution of transmission magnitudes and phases, a
Huygens metasurface grating with excitation of 41 order harmonic is designed and fabricated. The measurement
results are in agreement with the simulations, further demonstrating the validity of the designed Huygens particle

and metasurface. © 2018 Optical Society of America
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1. INTRODUCTION

As a two-dimensional equivalence of metamaterials, metasurfa-
ces have strong abilities to perform wavefront control, such as
beam bending [1-3], beam converging [4-6], and uniform
scattering [7,8]. Different from conventional devices for wave
transformations, e.g., lenses, prisms, and gratings, the thickness
of metasurfaces can be negligible as compared to the wave-
length in the surrounding medium, which positively contrib-
utes to the achievement of miniaturization and integration in
practical application. Moreover, metasurfaces have lower loss
and fewer fabrication challenges than metamaterials. Because
of the aforementioned merits, metasurfaces have gained a lot
of attention in recent years [9-17].

To fully and efficiently control electromagnetic (EM) wave
propagation in practical applications, independent controls
of magnitudes and phases are required. Yu er 4/ [18] first
demonstrated that fascinating anomalous beams can be ob-
tained by properly arranging V'-shaped antennas with flexible
abrupt phases. Although such metasurfaces could provide
the function to achieve anomalous refraction and reflection,
unnecessary ordinary beams are produced simultaneously, thus
inevitably leading to low efficiencies in controlling EM waves.
Working as a spatial filter, a frequency selective surface [19]
(ESS) structure also could control both magnitude and phase
conventionally. Recently, controlling the transmission phases
by utilizing FSS structures has been extensively reported
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[20-23]. In order to obtain the full transmission phase, a multi-
layer cascaded FSS structure should be adopted. However, the
thickness of this kind of cascaded structure is commonly too
large compared with the wavelength in vacuum. To achieve
high efficiency and low profile, a novel metasurface named
the Huygens metasurface has been proposed, constructed using
the Huygens particles [1]. In general, the Huygens metasurfaces
proposed in papers [1] and [24] are complicated to implement,
since they consist of many interspaced and stacked layers. For
simplifying the fabrication, some new Huygens metasurfaces
were designed and fabricated by photolithography on two
bonded boards [25-27]. Nonetheless, the ranges of possible
transmission coefficients of these Huygens particles are usually
limited, which would further restrict the efficiency of the
metasurface.

In this paper, we propose a high-efficiency and subwave-
length-scale Huygens particle with a full coverage of transmis-
sion magnitudes and phases. As the electric and magnetic
responses of the particle are independent of each other, the
transmission magnitudes and phases can be controlled inde-
pendently. Based on full-wave simulation results, arbitrarily
complex transmission coefficients covering all transmission
magnitudes from 0 to 0.9 and all possible phases (360°) are
obtained. By properly choosing these Huygens particles with
specific transmission coefficients, a Huygens metasurface gra-
ting with stimulation of only +1 order harmonic is designed
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and fabricated. The measurement results of this prototype
well coincide with numerical simulations, demonstrating the
validity of the proposed particles and metasurface.

2. THEORY AND ANALYSIS

The schematic of a Huygens metasurface under the normal in-
cidence is given in Fig. 1. For a predetermined field distribution
in Region I, an arbitrary field at Region II can be produced by
introducing fictitious electric and magnetic surface currents
(/J, and M,) on the boundary. According to the boundary con-
dition, the EM fields in such two regions satisfy the following
equations:

2, x (Hy- Hy) =,
2, x (Ey- Ey) = M,, (1)

where ]_:Ll = I_:Li —I—E,, ]_:11 = ]_:[i —i—[j[,, and Ez = Et, ljlz =
H, are the total fields in Regions I and 1I, respectively.

In the surface equivalence principle, only the tangential
fields are required to specify the surface currents on the boun-
dary. By taking the ratio of the surface currents to the averaged
tangential fields on the boundary, the electric surface admit-

tance (?CS) and magnetic surface impedance (?ms) can be
obtained [28]:

].v = Yes 'Et,av\S

M5 = st ‘ Ht,av\S’ (2)

in which the expressions Emﬂ s and H rav|s are the averaged
tangential electric and magnetic fields on the surface, respec-
tively. Here, the electric surface admittance and magnetic
surface impedance are assumed to be isotropic (¥ and
Z s)> as the polarization of the incident wave is defined.
After the YV and Z,; are determined by the EM field
distributions, the Huygens metasurface is discretized into unit
cells for realistic implementation. The Y. and Z_; of a
given unit cell can be directly extracted from the complex
reflection (R) and transmission (7°) coefficients [29]:

_z 1-(R+1T7)

“T 1+ R+T)

_ 1+ (R-T)
st—2ﬂ~m, (3)

where 7 is the wave impedance of free space, R = |Sy;|¢’451,
and 7 =S, |45, Since the Huygens metasurfaces are
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Fig. 1. Schematic of a Huygens metasurface under normal inci-
dence of electromagnetic waves.

considered as lossless and passive, the normalized electric sur-
face admittance and magnetic surface impedance (Y% and
Z ms/n) must be purely imaginary. To fulfill this requirement,
it can be shown that |R & 7| = 1 from Eq. (3), which leads to

1S1111821 | cos(£8yy - £85) = 0. (4)

The achievable transmission and reflection coefficients with
a passive and lossless metasurface can be revealed by the above
equation. Admittedly, if transmission magnitude (|S5; ) is unity
or zero, then transmission phase (£S,;) can take an arbitrary
value. If |S,; | is from zero to unity, then arbitrary £5,, can still
be obtained, but must satisfy 28, - £S5, = n/2 + mz,
m = 0, 1. By combining Eq. (3) with Eq. (4), the normalized
electric surface admittance and magnetic surface impedance are
achieved as follows:

Yon = -2j an <M)
2
+
Z s/ = -2j tan <745212 ¢>, (5)

where @ = arctan(y/1 - |S51|?/|S21]), and the upper and
lower signs of F in Y and £ in Z /5 correspond to

m =0, 1 respectively.

According to Eq. (5) with m = 0, the normalized electric
surface admittance and magnetic surface impedance required
to produce certain transmission magnitude and phase is shown
in Fig. 2. It is observed that an arbitrary transmission coefficient
can be achieved, and its transmission magnitude and phase can
be controlled independently with proper electric surface admit-
tance and magnetic surface impedance. It is further indicated
that the independent control of electric surface admittance and
magnetic surface impedance is necessary for the arbitrary
control of transmission magnitudes and phases.

As shown in Fig. 3, a subwavelength-scale Huygens particle
is proposed, which consists of a horizontal symmetric anchor-
shaped structure (SAS) and a vertical symmetrically connected
split-ring resonator (SC-SRR), integrated on a F4B substrate
(e, = 2.65, tan 6 = 0.009). Note here that although our par-
ticle may be similar to some frequency selective structures in
shape [30], the physical mechanisms of them are different.
The frequency selective structures usually respond only to
the electric field of an incident wave, while the Huygens
particle is sensitive to both electric and magnetic fields of in-
cident waves. As an electric dipole, the horizontal SAS in the
middle layer mainly contributes the electric response. On the
other hand, the magnetic response is primarily contributed by
the vertical SC-SRR composed of connected metallic patterns
in the top and bottom layers, which is serving as a magnetic
dipole. As depicted in Fig. 3(a), the horizontal SAS is insensi-
tive to the magnetic field for transverse electric (TE) polariza-
tion, since there are no metallic ring structures in the direction
perpendicular to the magnetic field. Similarly, due to the exist-
ence of via, the patterns in the top and bottom layers are equi-
potential and the vertical SC-SRR would further have a weak
response to the electric field for TE polarization. Apparently, by
adjusting the size of horizontal SAS and vertical SC-SRR,
independent controls of electric and magnetic responses can
be realized.
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Fig. 2. Required normalized (a) electric surface admittance and
(b) magnetic surface impedance with respect to the magnitude and
phase of transmission.

To validate that, full-wave simulations of this particle are
executed in the commercial software CST. In Fig. 4, the simu-
lated values of Y and Z /i at 6.7 GHz are given when
scanning the geometrical parameters /, and /. The other param-
eters of the Huygens particle are set as p, = 6.7 mm,
p},=10mm, t=2mm, [;=4mm, w=0.4mm,
¢=0.2mm,/, = 1.4 mm, and s = 0.5 mm. From Fig. 4(a),
it can be observed that Y7 of the Huygens particle, character-
izing the electrical response, is sensitive to the parameters /, of
horizontal SAS. Nevertheless, it is nearly unchanged at different
values of parameters / of vertical SC-SRR. On the other hand,
in Fig. 4(b), with the alteration of the parameters / of vertical
SC-SRR, the Z ,;/n of the Huygens particle, characterizing the
magnetic response, is changed obviously. However, it is almost
invariable when the parameters /, of horizontal SAS are swept.
Therefore, the electric and magnetic responses of the proposed
particle are independent of each other, and the coupling
between them can be ignored.

In the procedures of designing the Huygens particle, the law
that the electric response mainly relates to /, and /, and the
magnetic response mainly relates to / is discovered. Hence, a
database mapping transmission magnitude and phase to the

values of /,, /,, and / is established with the help of CST.
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Fig. 3. Geometries of the proposed Huygens particle. (a) Side view.
(b) Geometries of the top or bottom layer. (c) Geometries of the
middle layer.

By extracting data from the database, we provide the transmis-
sion magnitude and phase of the Huygens particle at 6.7 GHz
as functions of /,,, l},, and /, which are depicted in Fig. 5. Note
here, the values of / are discrete and not evenly spaced for clear
observation. As shown in Fig. 5, full control of transmission
magnitude (0 ~ 1) and phase (-180° ~ 180°) can be definitely
achieved through changing the structural parameters of the
proposed Huygens particle.

To clearly manifest the independent control of transmission
magnitude and phase of our Huygens particle, the available
range of transmission coefficients is displayed in Fig. 6(a) by
extracting data (transmission magnitudes and phases) from
Fig. 5. The orange area shows the available range, while the
gray-blue area shows the unavailable range. Independent tuning
of transmission magnitude and phase means that the arbitrary
transmission phase from -180° to 180° can be achieved when
the transmission magnitude is fixed to a certain value between 0
and 1, and vice versa. In other words, the realization of arbitrary
complex transmission coefficients with modulus values from 0
to 1 would indicate that the transmission magnitude and phase
are independent of each other. From Fig. 6(a), it can be ob-
served that arbitrary complex transmission coefficients with
modulus values from 0 to 0.9 can be obtained by using the
Huygens particle we designed. Although our particle cannot
fully cover the transmission magnitude from 0 to 1, its tuning
range of transmission magnitude is already much higher than
previous work [31]. The high transmission efficiency at
6.7 GHz is the result of the excitations of electric dipole res-
onance and magnetic dipole resonance at the same time.
Figure 6(b) shows the corresponding surface currents in the
Huygens particle for TE polarization, of which transmission
magnitude and phase are 0.9 and 45° respectively. Evidently,
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Fig. 4. Simulated (a) electric surface admittance and (b) magnetic
surface impedance with respect to the variable parameters /, and /.

the surface currents flowing from upper to lower parts of the
SAS could mimic the radiation pattern of the electric dipole,
and the circulating currents, which flow along the SC-SRR
structure, would generate the magnetic dipole response.
When designing functional metasurfaces, we can obtain differ-
ent values of transmission coefficients by searching from the
database for different parameters of the Huygens particles.

magnitude phase
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Fig. 5. Transmission (a) magnitude and (b) phase of Huygens par-

ticle at 6.7 GHz with respect to different structural parameters /.., /y,

and /.
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Fig. 6. (a) Available range of transmission magnitude and phase.
(b) Surface current distribution of Huygens particle at 6.7 GHz with
magnitude of 0.9 and phase of 45°.

3. DESIGN AND EXPERIMENT

One Huygens metasurface grating that produces only +1 order
diffraction is designed here by utilizing the proposed Huygens
particles. To obtain the distributions of transmission magnitude
and phase in the metasurface, the general expression of the
transmission coefficient for the grating is adopted as follows:

Hx) = Ax)e?) =" A, e, (6)

where d is the grating period, 7 is the diffraction order, and 4,, is
the magnitude of nth order diffraction. According to equa-
tion (6), the required transmission magnitudes and phases of
the Huygens metasurface grating are denoted by solid lines
in Fig. 7(a).

For this metasurface grating, we set eight particles in each
period, and therefore the period is 53.6 mm. The symbols “m”
in Fig. 7(a) show the designed values of transmission magni-
tude and phase corresponding to different particles. After
searching from the database, the structural parameters of eight
Huygens particles are determined and marked by “*” in Fig. 5.
We further marked the simulated transmission magnitude and
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Fig. 7. (a) Transmission magnitude and phase profiles of the meta-
surface grating. (b) One period of the simulation model of the
Huygens metasurface grating.
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phase of these eight Huygens particles by “*” in Fig. 7(a), from
which the simulated values of transmission magnitude and
phase are basically consistent with the designed values, except
the 10% decline of simulated transmission magnitudes. One
period of the simulation model of the Huygens metasurface
grating is depicted in Fig. 7(b). Based on the relation between
refraction angle and the periodicity p = A/sin(¢) [32], this
metasurface grating structure can achieve a 57° beam-refraction
at 6.7 GHz with respect to normal incidence.

To verify the design of the metasurface grating, a full-wave
simulation is performed in the CST Microwave Studio. Unit-
cell boundaries and Floquet ports are applied in the simulation
to imitate infinite metasurface structure. Figure 8(a) shows the
simulated S-parameters of Floquet harmonics. It is observed
that most of the incident power couples to the transmitted
+1 harmonic, while the other harmonics are in the state of
minimal excitation. The simulated Floquet harmonics prove
that the desired +1 order diffraction is excited by this
Huygens metasurface at around 6.7 GHz. The distribution
of the electric field in Fig. 8(b) intuitively demonstrates that
the plane wave normally incident from the bottom is steered
to ¢ = 57° by the proposed metasurface grating. There are
some slight fluctuations in the electric field distribution, which
can be attributed to the excitation of other transmitted and re-
flected harmonics. The far-field characteristics of this metasur-
face grating are also investigated, and the normalized simulation
results are depicted in Fig. 8(c). The far-field pattern shows that
the main lobe points at the azimuth angle of -57° at 6.6 GHz,
6.7 GHz, 6.8 GHz, and 6.9 GHz, which implies that the pro-
posed structure can perform in a relatively wide frequency
band. The intensity of the main lobe is nearly 10 dB larger than
the other side lobes at 6.6 GHz, 6.7 GHz, 6.8 GHz, and
6.9 GHz, verifying the high efficiency of the metasurface
grating producing only +1 order diffraction.

The designed Huygens metasurface is fabricated by utilizing
standard printed circuit board photographic and wet-etch
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Fig. 8. Simulated results of the Huygens metasurface grating.
(a) Simulated Floquet harmonics. (b) Simulated y-polarized electric
fields at 6.7 GHz. (c) Normalized far-field patterns of the proposed

metasurface grating.

techniques with a size of 300 mm x 300 mm, as shown in
Fig. 9(a). To get a clearer view of the beam-refracting perfor-
mance in a wide frequency band, a near-field measuring system
is established, which is illustrated in Fig. 9(b). A lens antenna is
selected as the source antenna in the experiment, as it can pro-
duce a Gaussian beam. In the location of the beam waist, where
the prototype is placed, the EM wave is approximated as a
quasi-plane wave. The lens antenna is connected to the trans-
mitting port of an Agilent N5244A vector network analyzer. An
open-ended, HD-70 waveguide probe is connected to the re-
ceive port, whose position can be controlled by a stepper motor.
The near field over a 280 mm x 280 mm area is sampled every
7 mm x 7 mm. Then the far-field result is determined by ap-
propriately Fourier transforming the measured near-field data.
The measured far-field pattern of this Huygens metasurface is
shown in Fig. 9(c). From the measurement results, we can learn
that the operating frequencies of the proposed Huygens meta-
surface are higher than those in simulations, and there is a slight
deviation for the main lobe compared with the simulation
result. Besides that, more incident power is coupled to the
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Fig. 9. Measured results of the Huygens metasurface grating.
(a) Fabricated metasurface. Red rectangle shows one period of the
metasurface. (b) Near-field measuring system. (c) Measured far-field
pattern of the metasurface.

transmitted 0 order harmonic. These inconsistences are mainly
caused by the non-strict plane-wave source generated by the
lens antenna and fabrication tolerance of the prototype.
Moreover, multiple reflections between the prototype and lens
antenna would destroy the uniformity of the quasi-plane wave.
Nevertheless, the intensity of main lobe is still 12.5 dB larger
than the side lobes at 6.9 GHz, and therefore this experimental
result positively demonstrates the validity of the Huygens
metasurface we proposed.

4. CONCLUSION

In this paper, a Huygens particle composed of both electric and
magnetic dipoles is realized. By adjusting its structural param-
eters, high efficiency and independent control of transmission
magnitudes and phases can be achieved. Based on the Huygens
particles, a Huygens metasurface grating with excitation of +1
order harmonic is designed and fabricated. An excellent match
between the test and simulation results manifests that this
metasurface can realize a good controlling performance in a rel-
atively wide frequency band, which further proves the correct-
ness of the proposed Huygens particle. In addition to beam
deflection, this Huygens metasurface can also be applied in

Vol. 35, No. 6 / June 2018 / Journal of the Optical Society of America B 1253

some fields such as computer-generated holography and
low-side lobe antennas.
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