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Huygens’ principle states that point sources are the basis of
optical wave field generation, and an array of point sources
with complex amplitudes that are separated by subwave-
length distances can generate a desired optical field distri-
bution. In field synthesis based on the Huygens’ principle,
the construction of ideal point sources has been overlooked
when compared to other elements in optical field synthesis
engineering, such as complex modulation. However, the
construction of ideal point sources should be considered
an important goal because the use of non-ideal point
sources generates considerable optical noise in the back-
ground of the synthesized field distribution. In this
Letter, we investigate Huygens’ plasmonic wave field syn-
thesis and its regularization by analyzing the noise features
that arise during wave field synthesis based on non-ideal
point sources and proposing a novel structure for regular-
ized point source construction. It is shown that the
quality of plasmonic wave field synthesis based on the
Huygens’ principle is greatly improved with the proposed
design of a structure that generates a unit point source.
Practical field synthesis examples involving plasmonic
focusing and Airy beams are presented in support of the
proposed design. © 2017 Optical Society of America
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Optical wave field synthesis is a fundamental issue in optics,
with various methods having been proposed to achieve it. It
is accepted that, in theory, a discrete array of optical point
sources can generate arbitrary wavefronts, something which
is known as the Huygens’ principle [1]. It posits that an optical
wave can be considered to be a point source array that generates
secondary waves. For the generation of arbitrary wavefronts,
the point sources are complex-modulated, and the distance
between adjacent point sources should be smaller than the

constraint given by the Nyquist sampling theory, which is typ-
ically given by a half-wavelength.

Previous research on optical field synthesis has focused pri-
marily on amplitude, phase, or complex modulation; research
on the point sources themselves is relatively rare. In terms of
wavefront modulation, spatial light modulators (SLMs) are a rep-
resentative example of field synthesis engineering. Though the
ultimate goal is to produce a unit pixel that is a half-wavelength
in size, in practice, SLM pixels operate on a scale of multiple
wavelengths. A strong approximation is taken in most wave field
synthesis mechanisms due to the physical limitation of the unit
pixel size reduction. Recently, metasurfaces with subwavelength
pixel sizes are actively studied for optical field synthesis, including
metasurface-based three-dimensional (3D) field synthesis [2–5]
and plasmonic two-dimensional (2D) field synthesis [6–11].
Most of these previous studies have been devoted to wavefront
modulation, but research on point sources is rare, even though
the elementary radiation pattern of point sources can have a non-
negligible effect on field synthesis quality. Here, we would like
to argue that there is strong approximation on the radiating pro-
file of each point source in most field synthesis schemes, and
these inevitably generate optical background noise, even though
the modulation of each point source is supposed to be perfectly
complex-valued.

In this Letter, we investigate Huygens’ plasmonic wave field
synthesis and the noise features associated with point source
radiation patterns. A novel plasmonic structure for the gener-
ation of near-ideal point source array is proposed. The perfect
synthesis of an optical wave field can be realized based on the
Huygens’ principle. In a 3D situation, for fixed frequency f ,
the optical wave field generated from an array of point sources
with complex amplitudes is represented as

~ψ synt�~r;ω� �
X
p;q

ap;q ~Gp;q�~r; ~rp;q�: (1)

As in the holographic pickup process, each complex am-
plitude ap;q picks a local field profile at the position as ap;q �
ψ target�x � pΛ; y � qΛ�, where Λ is the sampling interval and
the target field ψ target�x; y� is supposed to be bandlimited.
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If each radiating profile can be set to a mathematically equal
point source function ~Gn;m � ~Greg, then the generated field
~ψ synt can be represented by the 2D convolution of the sampled
pulse train of the original field and the unit dipole field, given as

~ψ synt �
"X

n;m
ψ target�~r�δ�~r − ~rn;m�

#
�x;y

~Greg�~r; 0�: (2)

In order to reconstruct the perfect target field such that
~ψ synt � η~ψ target, we need to state the mathematical condition
of the unit point source for perfect reconstruction in the
angular spectrum (Fourier) domain. As seen in Figs. 1(a)
and 1(b), the angular spectrum of the ideal point source radi-
ation pattern with polarization α, ~G ideal;α, is explicitly given as

F x;yf ~G ideal;αg
��
z�0

� ~̃G ideal;α � ηUk0�~k⊥�α̂; (3)

where Uk0�~k⊥� is an indicator function of the transverse wave-
vector having the value 1 for j~kj ≤ k0 and the value 0 for oth-
erwise, and α̂ stands for a fixed polarization unit vector parallel
to the xy-plane.

In general, we cannot obtain the ideal point source array
set ~Gp;q � ~G ideal;α. However, we need to secure the homo-
geneity of radiation over the point sources. Here, this homog-
enization is referred to regularization of point source array, i.e.,
~Gn;m � ~Greg.

As illustrated in Figs. 1(c) and 1(d), in general, a noise field
is caused by the distortion of radiating patterns. In the analysis,
it is assumed that the sampling of complex amplitude is perfect,
but the noise field is induced only by the non-ideal point
sources. The focus of the analysis is the effect of the non-ideal
point source in the field synthesis. The noise field is then de-
fined as the residual field over the original target field given by

~ψ res � ~ψ synt − η~ψ target �
X
p;q

ap;q · � ~Gp;q − ~G ideal;α��~r; ~rp;q�: (4)

However, it is worth noting that the gratings that form a
periodic array of non-ideal, but identical, point sources can
generate nearly collimated and noise-reduced wave field, even

though their single radiation unit generates non-ideal point
sources.

2D plasmonic field synthesis is much simpler than 3D cases
because only the TM polarization 2D scalar field describes all
of the information of plasmonic field distribution. Moreover,
assuming that the plasmonic radiation field from the unit mag-
netic dipole moment ~mθ0 � δ�~ρ��cos θ0x̂ � sin θ0ŷ� is given
as G ~mθ0

� �k0∕4i�H �2�
0 �k0ρ� cos�θ − θ0�, where H �2�

0 �x� is a
Hankel function of the second kind, we can get the Fourier
transform of the radiation profile to the near-ideal unit
rectangular function F xfG ~m0

gjy�0
� G̃ ~m0

� ηUk0�kx�, where
Uk0�kx� is an indicator function of transverse wavenumber
having the value 1 for jkx j ≤ k0 and the value 0 for otherwise.
In this case, sampling the target field using the x-polarized mag-
netic dipoles can perfectly generate any plasmonic field. For
example, a slit parallel to the x-axis can be served as the mag-
netic dipole source of plasmonic field, that is, G ideal;2D � G ~m0

.
Researchers have suggested many methods for plasmonic

field synthesis to date [6–11], and we can choose a double-lined
slit array as a representative method [9–11] and illustrate its
structure in Figs. 2(a) and 2(c). Its mechanism relies mainly
on the Huygens’ principle through equidistant sampling of
the target field. This type of structure can generate an arbitrary
plasmonic wavefront because the geometric phase induced by
the rotation angles of slits �θ1; θ2�, together with the superpo-
sition of scatterers, provides complex amplitude modulation.
However, as we discussed above, noise is non-negligible because
the two slits in each unit cell are distant from each other, as seen
in Fig. 2(c). The slits generate a plasmonic field independently
because each slit is distant from the neighbor slit, and the scat-
tering is not strong enough to produce high-order scattering

Fig. 1. (a, b) Schematics of a radiating profile of an ideal point
source and Huygens’ optical field synthesis with the ideal point sources
(red). (c, d) Schematics of a radiating profile of a non-ideal point
source and Huygens’ optical field synthesis with non-ideal point
sources (blue). Each arrow represents a point source. The residual field
~ψ res creates background noise.

Fig. 2. (a, c) Schematics of a conventional double-lined slit array.
(b, d) Schematics of the proposed structure, regularizing each unit cell
of the shifted slit array. The fields radiated by the regularized unit cells
collectively form a plasmonic wavefront. Both cases assume the inci-
dent light left circularly polarized plane wave along the �z-axis. Each
slit scatters light into the form of a plasmonic field with a radiating
profile of magnetic dipoles. Here, dimensions of the metal-clad
waveguide are given as cx � 100 nm, cz � 390 nm, w � 100 nm,
Lprop � 2 um, and t top � tbottom � 80 nm. The sizes of the slits
are sx � 300 nm and sy � 80 nm.
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terms. For the perfect synthesis of a plasmonic field, we engage
in the regularization of the single slit, of which rotation angle is
θn, in each cell by introducing a metal-clad plasmonic wave-
guide, as depicted in Figs. 2(b) and 2(d). The essential elements
in the fabrication are the sidewalls and supporting upper metal
plates. Since the core of the waveguide can be replaced into a
dielectric medium, a metal deposition after milling of the di-
electric film on the lower metal film can form sidewalls and
upper-metal film simultaneously.

The working principle of the proposed structure can be
explained as follows. The metal cladding isolates each unit cell
from its neighbors. Its size is small and anisotropic enough so
that only one fundamental mode can propagate through the
waveguide. The electric field of the propagating mode is mainly
z-polarized, and the magnetic field is mainly x-polarized.
Therefore, for an incidence of left-circular polarized light as
in Fig. 2(b), the relative coupling coefficient is represented
by cn � cos θn exp�−iθn�. Note that the circular polarization
of the incident wave additionally induces a geometric phase,
exp�−iθn�. The position of each slit is y-shifted as much as
dn; then an additional phase exp�−i2πdn∕λeff � is introduced,
where λeff is effective wavelength of the fundamental mode
of the metal-clad waveguide. In the final stage, the radiation
from the waveguide to the half-infinite metal plane is also ap-
proximated using the magnetic dipole radiation, Greg ≈ G ~m0

,
because the waveguide supports the only propagating mode
with localized and mainly the x-polarized magnetic field.
The verification of this is presented in Fig. 3. The complex
amplitude of the radiation for a unit cell is an � ξcn �
ξ exp�−iθn − i2πdn∕λeff � cos θn, where ξ is a proportional
constant. The overall radiation pattern for a unit cell of the
proposed structure follows anGreg ≈ anG ~m0

≈ ξcnG ideal;2D;
thus, complex modulation and regularization are simultane-
ously accomplished by the proposed structure.

In contrast, the radiation pattern of a unit cell of the conven-
tional double-lined slit array is Ez;dls ≈ �G ~mθ1

exp�−iθ1��
G ~mθ2

exp�−iπ cos θ − iθ2��. The double-lined slit array works

as desired under paraxial launching, but the radiation profile
of a unit cell is irregular and varies in parameter space �θ1; θ2�.

We now present numerical results as a proof-of-concept. 3D
full-field simulations were carried out using CST studio
SUITE. Analytical modeling of a plasmonic field generated
by double-lined slit arrays and ideal point source arrays was
performed using MATLAB [9–11]. The wavelengths were fixed
at 980 nm, and the metal was assumed to be gold. All dimen-
sions are illustrated in Figs. 2(c) and 2(d). The sampling period
satisfies the Nyquist sampling rate, Λ ≤ λ∕2. The structural
parameters are chosen for obtaining cell isolation and a single
propagation mode �cx < L∕2; cy ≪ λ�. Note that if multimode
excitation were involved, the modulation could not be
expressed in any simple form. In Fig. 3, we analyze the effect
of the regularization process. For the case of the double slits
parameterized by �θ1; θ2� � �−30°; 60°�, the analytical radia-
tion pattern of the two slits is presented in Fig. 3(a). In
Fig. 3(c), the 3D full-field simulation result confirms the ana-
lytical model. On the other hand, the proposed structure suc-
cessfully regularizes the radiation field distribution, as we can
see from Figs. 3(b) and 3(d). Figure 3(e) shows that the metal-
clad waveguide launches a plasmonic field to the half-infinite
metal plane. Figures 4 and 5 show the examples of Huygens’
plasmonic field synthesis that prove the validity of the proposed
structure in comparison with a conventional non-regularized
double-lined slit array. Note that the sampling rate of each case
is fixed at the inverse of half of the wavelength, and the number
of sample points is 61.

Figure 4 depicts a focused plasmonic field to demonstrate
the effect of regularization on the generation of a plasmonic
field. The maximum intensity at the focal point can be gener-
ated by back-propagation:

an � G ~m0
�θ� � H �2�

0

�
kSPP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2 � x2

q �
·
�
f ∕

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2 � x2

q �
;

(5)

Fig. 3. (a, c) Radiation field distributions of a unit cell of double-
lined slit array for θ1 � −30°, θ2 � 60°. (b, d) Radiation field
distributions in the proposed structure for θ � 0°, d � 0 nm. The
purple dashed lines indicate y � 0 um. (e) Waveguide mode effi-
ciently produces a plasmonic field.

Fig. 4. Numerical results of SPP focusing at y � 7um with (a) the
proposed structure and (b) the double-lined slit array. (c) Analytical
dipole modeling produces a plasmonic field with a sinc function
profile. (d) Amplitudes of the simulated fields at the focal line are
compared. Each blue dashed line on (a), (b), and (c) depicts the
corresponding focal line.
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where f is the distance between the reconstruction line and the
focal line, and kSPP refers to the complex wavenumber of sur-
face plasmon polaritons. The overbar notation indicates com-
plex conjugate operation. On the other hand, the sampling
profile also implies that the generated field should be
sinc�NA · k0y∕π�, which is, as expected, the Fourier transform
of the rectangular function. Analytical dipole modeling per-
fectly illustrates this situation in Fig. 4(c). We can use the pro-
file to achieve diffraction-limited focusing with minimal noise,
as in Fig. 4(a). The estimated signal-to-noise ratio (SNR) is
about 54. The conventional double-lined slit array focuses near
the desired position, but it is slightly shifted, and background
noise also appears with a low SNR of approximately 0.14 as in
Fig. 4(b). Regularized dipole radiation is realized by the pro-
posed structure, and 3D full-field simulation confirms that
tight and bell-shaped focusing is produced via the regulariza-
tion process, as seen in Fig. 4(d). It is shown that very accurate
plasmonic field distribution is achieved in this case. Figure 5
displays another example of Airy plasmonic field generation
via meta-slit and its regularized version:

an � Airy��x − x0�∕a�: (6)
The parameters are fixed at x0 � 10 um, a � 1.1λ. This

distribution of dipole amplitude should generate a non-
diffracting plasmonic Airy beam as in Fig. 5(c). As seen in
Fig. 5(b), the conventional method distorts the main lobe of
the synthesized field distribution severely by background noise.
In contrast, the proposed structure generates a noise-reduced
non-diffracting profile for the Airy plasmonic beam as in
Fig. 5(a). The finite length of the double-lined slit array blurs
the outer side-lobes. The amplitudes of the simulated fields at
the same reconstruction plane, y � 7 um, are compared in
Fig. 5(d). It is shown that the distortion near the main lobe
is greatly reduced by the regularization process.

In conclusion, we have investigated the effect of the regu-
larization of point sources in the generation of arbitrary wave-
fronts with extremely low background noise and hope that it
can be applied to the development of advanced meta-surfaces
and SLMs.

Funding. National Research Foundation of Korea (NRF);
Ministry of Science, ICT and Future Planning (MSIP)
(NRF-2017R1A2B2006676).

REFERENCES

1. M. Born and E. Wolf, Principles of Optics, 7th ed. (Cambridge
University, 1999).

2. G. Zheng, H. Mhülenbernd, M. Kenney, G. Li, T. Zentgraf, and S.
Zhang, Nat. Nanotechnol. 10, 308 (2015).

3. X. Ni, A. V. Kildishev, and V. M. Shalaev, Nat. Commun. 4, 2807 (2013).
4. Y. W. Huang, W. T. Chen, W. Y. Tsai, P. C. Wang, C. M. Wang, G.

Sun, and D. P. Tsai, Nano Lett. 15, 3122 (2015).
5. E.-Y. Song, G.-Y. Lee, H. Park, K. Lee, J. Kim, J. Hong, H. Kim, and B.

Lee, Adv. Opt. Mater. 5, 1601028 (2017).
6. A. E. Minovich, A. E. Klein, D. N. Neshev, T. Pertsch, Y. S. Kivshar,

and D. N. Christodoulides, Laser Photon. Rev. 8, 221 (2014).
7. L. Zhu, Z. Xiong, W. Yu, X. Tian, Y. Kong, C. Lu, and S. Wang,

Plasmonics 12, 33 (2017).
8. H. Kim, J. Park, S.-W. Cho, S.-Y. Lee, M. Kang, and B. Lee, Nano Lett.

10, 529 (2010).
9. E.-Y. Song, S.-Y. Lee, J. Hong, K. Lee, Y. Lee, G.-Y. Lee, H. Kim, and

B. Lee, Laser Photon. Rev. 10, 299 (2016).
10. S.-Y. Lee, S.-J. Kim, H. Kwon, and B. Lee, IEEE Photon. Technol.

Lett. 27, 705 (2015).
11. S.-Y. Lee, K. Kim, S.-J. Kim, H. Park, K.-Y. Kim, and B. Lee, Optica 2,

6 (2015).

Fig. 5. Plasmonic Airy beams constructed by (a) the proposed struc-
ture and (b) the double-lined slit array. (c) Analytical dipole modeling
produces a plasmonic Airy beam. (d) Amplitudes of the simulated
fields at y � 7 um are compared. Each blue dashed line on
(a), (b), and (c) depicts y � 7 um line.

Letter Vol. 42, No. 18 / September 15 2017 / Optics Letters 3613


	XML ID funding

