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Bendable signal transmission based on accelerating beams has become an increasingly interesting topic
in recent years due to not only its fascinating propagation characteristics but also the potential to evade
or resist obstructions within the transmission link. In this work, we propose a type of image-signal trans-

mission based on nonconvex accelerating beams in contrast to convex accelerating beams such as Airy

beams, which is expected to be more resilient to obstruction due to the special spectrum-position mapping
characteristic. A constructed helical beam is used as the nonconvex accelerating beam for demonstra-
tion, and an image encoded in its angular spectrum is successfully retrieved after multiple self-bending
without and with obstruction in the transmission link, which confirms the above idea and may open
a new door for image-signal transmission in the fields of imaging, signal processing, and free-space

communication.
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I. INTRODUCTION

Self-accelerating beams have been widely investigated
since the first experimental demonstration of Airy beams
in 2007 [1,2]. Because of their intriguing properties,
including nondiffracting [3—5], self-bending [6,7], and
self-healing [8—11] properties, a variety of applications
based on such structured light beams have been proposed,
ranging from micromanipulation [12—15], micromachining
[16], laser-assisted guiding of filamentation [17,18], vac-
uum electron acceleration [19,20], and electric discharge
[21,22] to imaging [23—27] and optical communications
[28]. Image signals encoded inside an Airy beam can
realize self-bending transmission, which allows circum-
vention of obstacles during the signal transmission [25].
Furthermore, a high-speed free-space communication sys-
tem based on an Airy beam has been presented, with
a promising communication performance in comparison
with conventional Gaussian beams in bypassing obstacles
within the communication link [28].

Within the context of image-signal transmission,
because of the self-healing property of accelerating beams,
it would be less desired to directly encode the image sig-
nal into the real-space field distribution. Therefore, it is
more suitable to encode spatial information into its angu-
lar spectrum as first proposed in Ref. [25]. However, for the
convex type of accelerating beams [29-32], including Airy
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beams, there is a one-to-one mapping between the spatial
frequency and the position along the main lobe [33]. In
this case, obstruction of the main lobe in a certain plane
during transmission will greatly destroy a corresponding
part of the angular spectrum, leading to the loss of the
encoded image signal. To overcome this problem, the
newly introduced nonconvex type of accelerating beams,
such as sinusoidal or sinusoidal-based beams with multi-
ple bendings [34—-37], can be a good solution, as more than
one position of the main lobe is mapped to the same spa-
tial frequency in these beams, which are expected to be
less affected if they encounter an obstruction. Therefore, it
will be interesting and valuable to have a detailed inves-
tigation of image transmission based on these nonconvex
accelerating beams.

In this work, we demonstrate such free-space image
transmission based on our specific constructed nonconvex
accelerating beam propagating along a helical trajectory.
The image signal is encoded in the angular spectrum of
the beam and then retrieved after multiple self-bending
transmission, without or with obstruction by an obstacle
of different sizes. The propagation characteristics of the
helical beam and the image signal retrieved under different
obstructions are thoroughly analyzed and compared with
those of the Airy beam, and the findings suggest that non-
convex accelerating beams such as helical beams could
enable more-resilient image-signal transmission and thus
become a useful tool in future imaging and communication
areas.

© 2019 American Physical Society
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Image-signal transmission based on a nonconvex helical beam compared with the commonly used Airy beam. (a) Experimen-

tal implementation of optical image transmission based on a nonconvex accelerating beam. (b) The Fourier-space angular spectrum
of the Airy beam with an encoded image. (c¢) Two-dimensional projection of the propagation dynamics of the Airy beam and (d) the
retrieved angular spectrum of the Airy beam after blocking of its main lobe in the initial plane [as shown in the inset in (c)]. (e)}+g)
Similar images as for (b)—(d) but for the case of a helical beam. BE, beam expander; BS, beam splitter.

II. THEORETICAL BACKGROUND

On the basis of plane-wave (angular-spectrum) decom-
position in the paraxial regime, a light beam propagating
in free space can be characterized as

E@JJ%=/A@m@ﬁNm{<@x+@y

A+
— =57 ) |dkadhs, (1)

K2+ k2
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where E(x,y,z) is the real-space field distribution and
A(ky, ky, z) is the Fourier-space angular spectrum in plane
z, k. and k, are spatial angular frequencies along the x
and y directions, respectively, and k£ = 27 /A is the vac-
uum wave number, with A = 632.8 nm used in this work.
As can be seen in Eq. (1), during free-space propagation,
the angular spectrum of the light beam simply multiplies
a transfer function, which is a pure phase function corre-
sponding to the phase shift of different plane waves. There-
fore, the intensity distribution of the angular spectrum
remains the same and allows handy encoding and retrieval
of image signals inside. The initial angular spectrum of
an accelerating beam with an image encoded can be
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Self-healing property of the helical beam under obstruction as shown by the simulated transverse energy flow of the helical

beam (a)~(d) without obstruction, (e)—(h) with obstruction by an obstacle of size 50 x 50 um? as indicated by the dark square area in
(e), and (i)—(1) with obstruction by an obstacle of size 100 x 100 um? as indicated by the dark square area in (i).

expressed as
Alky, ky, 0) = Ao (ky, k)M (ky, ky ), )

where M (ky,k,) represents the image and Ao(ky, k) is
the angular spectrum of the nonconvex accelerating beam,
which is designed by the superposition caustic method and
is expressed as [34]:

Ao (ky, ky) = Ay (k) A2 (ky)

m n
= Z rip (ky)ep &) Z 2y (ky)eiQZq (ky)
p=1 g=1

3)

where 71, and 6, are the amplitude and phase of the
angular spectrum designed for the pth segment of the x-z
trajectory and 75, and 6, are the amplitude and phase of
the angular spectrum designed for the gth segment of the
y-z trajectory.

The angular spectra along both directions are separable
and therefore allow respective design of the trajectory in
each direction to form an eventual three-dimensional prop-
agating trajectory. In each direction, the angular spectrum
designed by the superposition caustic method is a summa-
tion of several terms responsible for different convex seg-
ments to form an integrally nonconvex trajectory. There-
fore, in contrast to one-to-one spectrum-position mapping
in convex accelerating beams, more than one position of
the main lobe is mapped to the same spatial frequency
within nonconvex accelerating beams, which are supposed
to be advantageous if the main lobe is obstructed during
image transmission. The obstacle located in the plane is
treated as a hard-edge aperture:

E'(x,y,z5) = E(x,y,2)O(x,y),

0, blocked area, 4)

where O(x,y) = {1 otherwise.
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FIG. 3.

Propagation of the helical beam after encoding the image signal. (a) Numerical three-dimensional propagation dynamics of

the helical beam after encoding a five-dot pattern into the angular spectrum of the beam as shown in (¢). (b),(d) Corresponding results

from the experiment.

The field E'(x, y,z,) after obstruction continues to propa-
gate in free space and finally is received by a detector.
The above process of image transmission is shown in
Fig. 1(a). The experimental setup as illustrated is divided
into three parts: transmitting end, self-bending propaga-
tion, and receiving end. At the transmitting end, a linearly
polarized Gaussian beam emitted from a He-Ne laser (A =
632.8 nm) is first enlarged and collimated by a beam
expander with a magnification of x 10 and then filtered out
to a quasi-plane-wave by an iris. This quasi-plane-wave
continues to pass through two neighboring quartz plates
in succession, situated in the front focal plane of lens 1,
in which the first quartz plate modulates the beam accord-
ing to the angular spectrum of the designed accelerating
beam (see Supplemental Material [38] Sec. I for detailed
information), while the second quartz plate encodes the
image signal as shown in the inset in Fig. 1(a). The
beam is then Fourier transformed by lens 1 with focal
length f = 400 mm and finally sent out. During free-space
propagation, a third quartz plate with an opaque area of

chromium in different sizes acts as an obstacle to block
the main lobe of the accelerating beam. The propagation
dynamics of the beam is recorded by camera 1 paired with
lens 2 (f = 100 mm) moving along a rail. Finally, at the
receiving end, lens 3 (f = 100 mm) is used to perform
the Fourier transformation and retrieve the image signal,
which is recorded by camera 2 located at the back focal
plane of lens 3.

Image transmissions based on convex and nonconvex
accelerating beams are illustrated in Figs. 1(b)-1(g) for
comparison. The same image represented by a pattern of
five dots is encoded into the central angular spectra of both
beams as presented in Figs. 1(b) and 1(e), respectively.
Although both beams propagate along curved trajecto-
ries, the spectrum-position mapping is quite distinct. In
the case of convex accelerating beams, there is one-to-one
spectrum-position mapping, in which the spatial frequency
is proportional to the slope of the tangent to the main lobe
[39]. Therefore, if the main lobe of the beam is blocked
in a certain plane during propagation, the image signal
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FIG.4. Results of image transmission under obstruction. (a),(b) Numerical propagation dynamics of spectrum-encoded helical beams
obstructed by obstacles of size 50 x 50 um? and 100 x 100 xm?. (c),(d) The retrieved image signals inside the spatial spectra in both
cases. The corresponding results from the experiment are shown in (e)—(h). The scales in the enlarged insets are 100 um for both the

simulation and the experiment.

will be destroyed or even appear with contrast reversal
as shown in Fig. 1(d), which occurs when the obstacle
exactly acts as a high-pass filter. In contrast, in the case
of nonconvex accelerating beams, multiple positions of
the beam trajectory have the same slope of the tangent,
which corresponds to the same spatial frequency. In this
case, if the main lobe of the beam is blocked in a cer-
tain plane, the encoded image can still be retrieved clearly
as shown in Fig. 1(g), and no contrast reversal appears as
there are always other positions along the main lobe map-
ping to a low-frequency component, which demonstrates
the superiority of nonconvex accelerating beams for image
transmission (see Supplemental Material [38] Sec. II for a
further comparison).

I1I. PROPAGATION CHARACTERISTICS OF
HELICAL BEAMS

On the basis of the principle described above, we use
a helical beam designed in our previous work [34] as
the nonconvex accelerating beam for image transmission
(see Supplemental Material [38] Sec. III for the prop-
agation dynamics of the helical beam). Apart from the
self-bending property, the helical beam is also self-healing
under obstruction, which is revealed by the Poynting vec-
tor describing its energy-flow direction and magnitude.
The time-averaged Poynting vector is expressed as [40]

-

S=S,+8 = 8i[iw(uvw* —u*VLu) + 2wklu)2],
T
(5)

where S . and S‘Z denote the transverse and longitudinal
components of the Poynting vector, respectively, u is the
complex-amplitude distribution of the light field, and w
is the angular frequency. On the basis of Eq. (5), Fig. 2
presents the simulated transverse components of the Poynt-
ing vector for helical beams without or with blocking by
an obstacle of different sizes. As can be seen in Figs.
2(a)-2(d), the transverse energy flow of the main lobe is
rotated counterclockwise, indicating a helical propagation
characteristic of the beam. If the main lobe of the heli-
cal beam is blocked by an obstacle, it is shown in Figs.
2(e) and 2(i) that considerable energy residing in the side
lobes near the original main lobe will flow in. After a cer-
tain propagation distance, the main lobe finally recovers,
as shown in Figs. 2(d), 2(h), and 2(1), and this propagation
distance required for self-healing also increases with the
size of the obstacle.

IV. IMAGE TRANSMISSION WITH HELICAL
BEAMS

For demonstration of image transmission, a pattern of
five dots is encoded into the angular spectrum of the heli-
cal beam at the transmitting end as illustrated in Fig. 1.
The propagation dynamics of this spectrum-encoded heli-
cal beam recoded by camera 1 is presented in Fig. 3(b),
including the propagation trajectory, cross section and pro-
jected intensity distributions. It is interesting to note that
although the low-frequency components of the angular
spectrum are modulated to encode the image, the propaga-
tion characteristics of this spectrum-encoded helical beam

044058-5



WEI LIN et al.

PHYS. REV. APPLIED 12, 044058 (2019)

(a) (b)
< 1 T 1F R . -
.0 Q0 ooyt
£ 0.8 £ 0.8}
S :
© 0.6f ©0.6f
& 5 :
£ 0.4 204}
() ()
5 02 oenment ]| § 02 e e
0 - - - - obe o v
20 40 60 80 0 10 20 30 40 50 60 70 80
propagation distance (mm) propagation distance (mm)
(c) (d)
=R [ — o | £ 1.00F
0 - o -
Q i Q
5 0.8 £ 0.95¢ .
© 0.6t 8
5 S 0.90t
g S 065
() . L
g 0.2f - simulated five dots qt) ---e---simulation
o measured five dots 8 0.80} experiment
0 0 10 20 30 40 50 60 70 80 0 50 100
propagation distance (mm) obstacle size (um)
FIG. 5. (a) Correlation coefficient between helical beams before and after image encoding in the angular spectrum in different prop-

agation planes. (b),(c) Correlation coefficient between spectrum-encoded helical beams without and with obstruction by an obstacle of
size (b) 50 x 50 um? and (c) 100 x 100 xm?. (d) Correlation coefficient between the retrieved image and the original image without

and with obstruction by an obstacle of different sizes.

are almost the same as those without modulation, which
confirms the feasibility of image encoding in the angu-
lar spectrum of the light beam. Furthermore, the image
is retrieved and recorded by camera 2 [see Fig. 3(d)].
As can be seen, the image is retrieved clearly after self-
bending propagation, and the experimental result matches
well with the corresponding numerical result as illustrated
in Figs. 3(a) and 3(c), which successfully demonstrate
image-signal transmission based on a nonconvex helical
beam.

V. IMAGE TRANSMISSION UNDER
OBSTRUCTION

After the above demonstration, it would be interest-
ing and is necessary to further find out the influence
of an obstacle in the image-signal-transmission process
described above. Two obstacles with sizes of 50 x 50 um?
(the size of the main lobe) and 100 x 100 um? (see Sup-
plemental Material [38] Sec. IV for the results for obstacles
with other sizes) are used to block the main lobe of the
helical beam in the z =4 mm plane (see Supplemental
Material [38] Sec. IV for the results for obstruction located
at different positions). The helical trajectory of the main

lobe breaks up after obstruction known as the “caustic
hole” [41], while after a certain propagation distance, it
appears again due to the self-healing property and the dis-
tance for recovery increases with the size of the obstacle
as mentioned before. More importantly, although the main
lobe of the helical beam is obstructed during propagation,
the image encoded in the angular spectrum can still be
retrieved and the influence of the obstacle on the image
seems to be simply the energy loss related to the size of
the obstacle. The experimental results agree well with the
numerical ones in Fig. 4.

For a quantitative analysis, a two-dimensional corre-
lation function is introduced to quantify the similarities
among the original helical beam, the spectrum-encoded
helical beam, the obstructed helical beam, and the images
encoded in these beams, and is defined as

[ (x,») = L][L(x,y) — L]dxdy

Ity — LiPdsdy [[UGey) — BPdvdy
(©)

where /) (x,y) and L (x,y) are two intensity distributions
of the light beam in real space or the Fourier domain, with

C
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I, and I, being average intensity values. The correlation
coefficient between the original helical beam and the
spectrum-encoded helical beam is shown in Fig. 5(a). The
correlation coefficients are all greater than 0.9 and are
mostly greater than 0.95 in different propagation planes,
which means the image encoded in the angular spectrum
has little influence on the propagation dynamics of the
helical beam and thus justifies such an image-encoding
scheme. Furthermore, the correlation coefficients between
the spectrum-encoded helical beam and the obstructed
helical beams are presented in Figs. 5(b) and 5(c). The
process after obstruction can be roughly divided into three
stages. In the first stage, within the caustic hole, the cor-
relation coefficient is very low and varies randomly. In the
second stage, after getting out of the caustic hole, there is
a transition region where the main lobe gradually recovers
and thus the correlation coefficient increases constantly. In
the last stage, the correlation coefficient returns to a high
value and becomes relatively stable. The first two stages
get longer as the size of the obstacle increases, which is
consistent with the previous discussion. Finally, the most-
important correlation coefficient, between the retrieved
images without and with obstruction, is shown in Fig.
5(d), which quantitatively describes the influence of the
obstacle on the encoded image. It is found that as the obsta-
cle gets larger, the correlation coefficient of the retrieved
images decreases slightly but the value still remains high,
which confirms the resistance to obstruction for image-
signal transmission based on a nonconvex accelerating
beam.

VI. CONCLUSION

In summary, image-signal transmission based on non-
convex accelerating beams is proposed and demonstrated.
It is theoretically proposed that image-signal transmission
based on nonconvex accelerating beams is more resilient to
obstruction due to their special spectrum-position mapping
in contrast to the one-to-one mapping in convex acceler-
ating beams such as Airy beams. To confirm this idea, a
previously constructed helical beam is used as the non-
convex accelerating beam and its propagation dynamics,
especially the self-healing property, are described. On the
basis of this helical beam, the image of a five-dot pat-
tern as an example is encoded into the angular spectrum
of the beam and then retrieved after multiple self-bending
processes, successfully demonstrating image-signal trans-
mission based on a nonconvex accelerating beam. Further-
more, it is found that image-signal transmission based on
the helical beam indeed resists obstruction during propa-
gation as expected, which confirms its reliability, and it
might be especially useful in future imaging and communi-
cation areas, such as astronomical signal transmission and
microscopic image transmission.
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