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Abstract: Optical switches are a key element in modern network communications. We present the
results of experimental verification of a new theoretical concept proposed earlier for a full-optical
wavelength-selective dual-channel switch based on the photonic hook effect, which is free from
using any micro-mechanical devices or nonlinear materials. A large-scale laboratory prototype of
such a device based on an off-axis Wood zone plate is considered and its main parameters in the
millimeter wavelength range are investigated On the basis of the experiments, we show that the
optical isolation of switched channels for a switch based on an off-axis zone plate can achieve 15 dB
at a frequency difference of 25 GHz in frequency range from 93 to 136 GHz. Given the scaling, these
results can be transferred to another range, including the optical one.
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1. Introduction

The significant growth of data communications and the rapid development of dense
wavelength-division multiplexing (DWDM) technology are creating the need for more
robust and flexible signal management capabilities. In particular, the ability to optimize,
route, and communicate data using optical methods is becoming critical. Optical switches
are used in modern optical network communications [1], in particular to separate optical
signals with different frequencies propagating over a single optical channel.

Modern requirements for device microminiaturization dictate the need for devel-
oping the optical components and systems "on-a-chip" because fast real-time reconfigu-
ration using integrated optical circuit technologies will ensure energy-efficient and
transparent data transmission and switching at high speed (in contrast to switching cir-
cuits based on electronics, which require control of an external electrical signal) [2]. Op-
tical switches are also widely used for "neuromorphic” optical computing, simulating
brain functions to parallel information processing and storage [3].

Different principles of optical switches design are known nowadays [1,2,4-8]. The
most common are the switches based on mirrors or lenses, which mechanically rotates or
changes its configuration to provide optical switching [9-12]. The main drawback of these
switches is their rather low speed. Another class of switches includes wave-
length-selective switches [13-16], which have attracted much attention because of their
ability to independently route channels with different wavelengths. This better suit for
the modern photonic networks which must perform multiplexing and routing using only
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optical technologies based on the properties of optical radiation with different wave-
lengths.

Worth mention is also the family of wavelength-division multiplexing (WDM) mul-
tiplexers based on the generation of whispering-gallery modes in transparent micro-
spheres [17-18].

The physical principle underlying the previously proposed concept of non-contact
spectrally selective switching of optical channels [19] is based on the effect of a curvilin-
ear photonic flux generation during propagation of an optical wave through a specific
diffractive optical element with wavelength-scale dimensions. This class of devices be-
longs to the family of wavelength-selective switches [1,2]. In principle, the creation of a
curvilinear photonic flux (a photonic hook) can be achieved in several ways. One of them
is to use an optically homogeneous particle, but having an asymmetry of geometric shape
or using the asymmetry of the illuminating beam. For example, it can be a rectangular
prism, a cylinder [20,21] or an ellipsoid under side illumination [22], an asymmetric
planar lens in the form of a mesowavelength off-axis phase plate [23], etc. Another
method of producing a curved photonic flux exploits the geometrically symmetrical mi-
croparticles, but having a specially created asymmetry of the refractive index [20]. These
are, the so-called, Janus particles obtained by combining together two or more materials
with different optical properties [24].

An important feature of a photonic hook which enables the realization the function
of an optical switch is the dependence of the curvature of produced photonic jet on the
optical wavelength. Therefore, with a certain spatial configuration of the photonic switch
and properly chosen receiving angles, it is possible to achieve a change in the optical
signals in each switching channel as the radiation wavelength changes, without using
mechanical scanning systems or nonlinear material properties.

In this communication, we present the results of the experimental proof of the con-
cept of above-mentioned optical switch in the millimeter (MM) wavelength range fabri-
cated as a scaled-up version of the optical switch due to linearity of Maxwell's equations.
To realize the optical switching function, the required dependence of the curvature angle
of the focused radiation on the irradiation wavelength is provided by a diffractive ele-
ment in the form of a zone plate. Specifically, the spatial tilt of the near-field focusing re-
gion is provided by using an off-axis Wood zone plate (WZP) providing the focusing
outside the optical axis of the system.

2. Materials and Methods

Scheme of the experimental setup, its main components and operation principle are
shown in Figures 1 and 2. MM radiation is generated by the source (1), passes through a
waveguide (2) to a Cassegrain antenna (3) producing a quasi-planar electromagnetic
wave (5) with the diameter D 100 mm which exposes the phase plate (6). The distance 4
from the Cassegrain antenna to the WZP is much greater than the working aperture of
the antenna D, i.e. the far-field conditions are realized. After the WZP, the MM radiation
(7) is focused in the plane ZX, located outside the optical axis of the incident radiation (5).
Depending on the radiation frequency, the beam focusing position is shifted along the Z
axis in the ZX plane. To measure the spatial distribution of the radiation intensity in the
ZX plane, the photodetector (8-10) is placed in the center of a bi-directional mounting
stage with the electromechanical drives controlled by the computer. Coordinate scanning
of the focusing region is carried out by the photodetector within the area of 100x100 mm
with the spatial step of 0.5 mm.

The radiation source (Figure 2a) is a monolithic Gann diode-based MM radiation
module with operating frequencies of 93, 118 and 136 GHz (tuning range = 0.75 GHz) and
output power of 3, 1 and 0.2 mW, respectively. The MM modules are equipped with a
waveguide terminating in a Cassegrain antenna. The antenna provides a quasi-planar
wave front with a radiation beam divergence of less than 1°.
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Figure 1. Experimental setup: MM emitter (1), waveguide (2), Cassegrain antenna (3), control board
(4), incoming quasi-parallel MM beam (5), off-axis Wood zone plate (6), focused MM beam (7),
photodetector positions on different switching channels (8, 9, 10).

(a) (b) (c)

Figure 2. (a) Appearance of MM radiation source, consisting of (1) MM emitter, (2) waveguide, (3)
Cassegrain antenna and (4) control board; (b) Pyroelectrical photodetector for the MM waveband;
(c) Image of a Wood zone plate.

As a MM radiation sensor, the pyroelectric photodetector (see, the appearance in
Figure 2b) based on tetraaminodiphenyl with an extended range of spectral sensitivity
(0.4-3000 pm) is used. The photodetector has an input window of polyethylene tereph-
thalate with a diameter of 5 mm and a photosensitive pad with the area of 1x1 mm?. The
characteristics of the used pyroelectric photodetector are studied in detail in [25,26]. To
obtain the maximum signal from the pyroelectric detector, the MM radiation is modu-
lated with a frequency of about 100 Hz using a mechanical obturator.

An asymmetric photonic structure in the form of an off-axis binary Wood phase
plate [23,27] is used as an optical switching element, as shown in Figure 2c. WZP with the
diameter Dw =120 mm is fabricated by 3D printing [28] on a Cheap3d V300 printer with a
printing area of 300x300x300 mm, with an accuracy of 50 um. The material used is an ABS
plastic REC rod with a diameter of 1.75 mm. The refractive index of the material accord-
ing to the data [29] is n = 1.59 and can be slightly varied by choosing the density of 3D
printing [30]. Note that at such geometrical parameters of the mesoscale WZP, the
Mie-size parameter of the structure is =7 Dw/ A =31 m that falls into the range of the
photonic jet effect manifestation [31].
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3. Results

The results of the experiments are shown in Figures 3,4, and Table 1. Figure 3 shows
the two-dimensional distribution of MM wave intensity experienced the diffraction on
the WZP for three selected frequencies from 93 to 136 GHz. Note, this distribution is a
synthesis of the spatial distributions of MM radiation obtained for each frequency sepa-

rately.
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Figure 3. MM intensity distribution in ZX-plane at the frequencies (1) 93, (2) 118 and (3) 136 GHz. X
and Z coordinates are normalized to the radiation wavelength. Squares show the boundaries of the
photosensitive area of the pyroelectric receiver.

Table 1. The parameters of MM radiation intensity z-distribution for different switching channels.

Maximum coor- FWHM,AZ/A FWHM,AZ/Z
Frequency = Wavelength

. . o

(GH2) (mm) dinate, Z /A (rel. units) (%)
(rel. units)

93 3,23 26,9 2,29 8,5

118 2,54 31,8 1,86 5,8

136 2,21 37,1 1,56 4,2
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Figure 4. Dependence of MM radiation intensity along the optical axis Z (shown in Fig. 3 by a solid
line) at the frequencies 93, 118 and 136 GHz. The values are normalized to the maximum obtained
for each frequency separately. Z coordinate is normalized to the radiation wavelength. Inset: The
photosensitive pad of the pyro-receiver (open square) shown in scale of the figure data.

4. Discussion

From these figures is seen, that as expected due to wave diffraction, the spatial size
of the focusing region changes when the MM radiation propagates away from WZP. This
is detailed in Table 1. Meanwhile, the electromagnetic wave localization region (off-axis
focus [23,27]) changes its spatial position when the radiation wavelength changes. The
placement of optical receivers along the Z axis at X =0 provides different field amplitude
in each of the switching channels when operating at different frequencies, i.e. enables the
spatial switching by the magnitude of the optical signal. Obviously, the operation relia-
bility of such a switch depends on the value of optical decoupling of the channels, which
in turn depends on the parameters of the switching phase plate and the irradiation
wavelength range. The difference of electric signals from neighboring receivers,
dS = 51- 5, serves as a merit of the optical isolation (decoupling) of the switching chan-
nels. Note that to improve the optical decoupling of the switched channels, we have
chosen a photodetector with an input aperture much smaller than the size of the cross
section of the radiation localization region (see Figure 4 Inset).

Figure 4 shows the intensity distribution of refracted MM radiation along the Z-axis
at X =0 for different frequencies. In this figure, MM intensity is normalized to its maximal
value obtained for each frequency, while Z-coordinates are normalized to the radiation
wavelength. The boundaries of photosensitive area of pyroelectric photodetector are
shown by a square in the inset in relative coordinates. The results of statistical processing
of the obtained dependences are presented in Table 1. From Fig. 4 one can see that the
MM radiation intensity at the frequency 118 GHz, if measured at the coordinate of the
signal maximum for 93 GHz, is more than 15 times lower than the maximal radiation
intensity with a frequency of 93 GHz. In other words, the measured mutual influence of
the intensity levels at adjacent frequencies is less than 15 dB.

Importantly, such value of the radiation isolation dS of the switching routes is a
good result provided that the switch response speed is near instantaneous as, for exam-
ple, for the photodetectors based on Schottky diodes ZBD-F (Virginia Diodes, the re-
sponse time is about 3x10-'!s [32]). In this case, the spectral range of switching realization
is about 43 GHz, that is about 38% of the average wavelength.
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5. Conclusions

To conclude, we experimentally demonstrate the principal possibility of creating a
multichannel (in this case, a three-channel) optical switch based on a dielectric mesow-
avelength diffraction element with broken geometric symmetry in the form of an off-axis
Wood zone plate. Due to the unique property of such diffraction structure to change the
spatial position of the diffraction-limited focusing region depending on the radiation
wavelength, this switch is a good candidate for implementing electronic optical com-
mutation in modern optoelectronics, which does not require control of an electrical sig-
nal. Worth noting, no full-scale optimization of the optical switch characteristics is in-
tended in this work and only the proposed earlier concept is experimentally demon-
strated. Moreover, given the scalability of Maxwell's equations, the results of this work
can be transferred to other ranges of electromagnetic radiation, in particular, to optical or
infrared wavelength bands.
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