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Abstract — We report a fiberized metadevice for all-optical signal processing based upon
coherent modulation of absorption. The integrated metadevice is based on a plasmonic
metamaterial absorber of nanoscale thickness fabricated on the core area of an optical fibre,
and designed to operate over the entire telecoms C-band. We demonstrate signal processing
operations analogous to logical functions at data rates ranging from kbit/s up to Gbit/s, with
energy consumption as low as few fJ/bit, controlled absorption and transmission of picosecond
pulses and generation of 1 ps ‘dark pulses’. We anticipate that such THz bandwidth
metadevices may provide solutions for quantum information networks as well as orders-of-
magnitude improvements in speed and energy consumption over existing nonlinear approaches
to all-optical signal processing in coherent information networks.

I. INTRODUCTION

Energy-efficient ultrafast all-optical signal processing may contribute to solving growing bandwidth and
energy challenges in optical telecommunications. However, conventional solutions for all-optical data processing
rely on nonlinear optical materials that require sufficient intensity to achieve a significant nonlinear response and
face trade-offs between bandwidth and speed [1-2]. In contrast, it was shown that an effective nonlinearity may
be derived from linear interaction of light with light [3]. The coherent interaction of light with an absorber of
nanoscale thickness can facilitate high-contrast modulation of one optical signal with another, ultimately with
few-femtosecond response times [4] and at arbitrarily low intensities down to single photons [5]. The
functionality of the metadevice reported here is based on linear interaction of two mutually coherent signals o
and B on a planar metamaterial absorber that produces two output signals y and 6 (Fig. 1a). Mutually coherent
input signals of similar intensity produce a standing wave within the metadevice. As the metamaterial absorber
of 70 nm thickness is thin compared to the operation wavelength (1530-1565 nm), it can be located at an electric
field node or antinode of the standing wave resulting negligible or enhanced light-metasurface interaction and
thus, low or high absorption, respectively. In principle, absorption can be modulated from 0 % to 100 % in this
way. Here we demonstrate experimentally that such coherent control of absorption of light with light enables all-
optical signal processing with at least 1 Tbit/s bandwidth. We demonstrate signal processing analogous to logical
functions (NOT, XOR, AND), controlled transmission and absorption of 1 ps optical pulses and generation of 1
ps dark pulses within a fibre-optic metadevice.
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Fig. 1. A fibre-optic metadevice based on coherent absorption. (a) Coherent optical signals o and f interact in a plasmonic
metamaterial absorber resulting output signals y and d. (b) Scanning electron micrograph of the metamaterial absorber, which
has been fabricated directly on the end face of an optical fibre. (c) The packaged fibre metadevice.

II. EXPERIMENTAL RESULTS

The plasmonic metamaterial absorber was fabricated by gold deposition and focused ion beam milling
directly on the end face of a standard polarization-maintaining single-mode telecommunication fibre. The
metamaterial structure is 25 x 25 um’ in size and fully covers the fibre core area (Fig. 1b). The metamaterial-
covered fibre was coupled to a second cleaved optical fibre using antireflection-coated microcollimator lenses
and packaged in a stainless steel enclosure to create a robust pigtailed fibre device (Fig. 1c) that is compatible
with standard telecommunication components.

All-optical signal processing functions analogous to logical operations were realized at bitrates from few
kbit/s up to 40 Gbit/s by combining mutually coherent phase-modulated or intensity-modulated signals a and
within the metadevice. For example, a NOT function for intensity-modulated data o has been realized based on
constructive interference with a continuous wave input § on the metasurface. In this case, each input pulse o will
trigger absorption resulting in low outputs, while absence of signal a will allow light from input B to reach the
outputs, resulting in signal inversion. Fig. 2a shows a signal o “1011” that is inverted to an output signal “0100”
at a bitrate of 40 Gbit/s. Similarly, we have used one optical signal to trigger absorption or transmission another
to realize all-optical XOR and AND functions.

However, the metadevice is capable of processing coherent optical signals at much higher bitrates than 40
Gbit/s. This is illustrated by Fig. 2b, which shows that a 1 ps pulse a can be switched with another 1 ps pulse
(top). Destructive interference of the mutually coherent pulses on the metasurface causes both pulses to be
transmitted (middle), while constructive interference causes both pulses to be absorbed. Controlled transmission
and absorption of 1 ps pulses was observed throughout the telecommunications C-band from 1530 nm to 1560
nm wavelength (inset). Such all-optical switching of 1 ps pulses indicates that the metadevice has a bandwidth of
at least 1 Thbit/s.

Interesting opportunities for pulse shaping arise from interaction of mutually coherent signals of different
shape within the metadevice. Fig. 2c illustrates this for a 1 ps pulse a (top left) that triggers coherent absorption
of part of a 6 ps pulse B (top right), resulting in formation of a 1 ps dark pulse (bottom). Our results indicate that
coherent absorption in a plasmonic metamaterial absorber may be used to convert an arbitrary sequence of bright
pulses into dark pulses.

We note that the all-optical switching response time of the plasmonic metamaterial absorber corresponds to
the plasmon relaxation time and thus the bandwidth of coherent absorption can reach tens of THz. The
bandwidth of our fiberized device may be as high as several THz and is limited by pulse broadening due to fibre
dispersion, rather than the plasmonic metamaterial.
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Fig. 2.  All-optical signal processing based on coherent absorption at 1550 nm wavelength. (a) Logical function NOT a
recorded at a data rate of 40 Gbit/s. Input signals a and B (top) and output signal & (bottom). (b) All-optical switching with
mutually coherent 1 ps pulses a and B (top) corresponding to a bandwidth of 1 Tbit/s. Destructive interference on the
metasurface results in transmission of both pulses (middle), while constructive interference results in absorption of both
pulses (bottom). The inset shows the modulation contrast for the outputs (y and 3) between 1530 and 1560 nm wavelength.
(c) Constructive interference of mutually coherent pulses of 1 ps (gate pulse a) and 6 ps (carrier pulse ) duration (top) results
in generation of a 1 ps dark pulse (bottom) within a 6 ps pulse envelope due to coherent absorption.

III. CONCLUSION

In summary, we report signal processing from kbit/s to Tbit/s based on coherent absorption in a fully
packaged fiberized metadevice containing a plasmonic metamaterial absorber. We demonstrate all-optical NOT,
XOR and AND logical functions, switching of 1 ps pulses, pulse shaping and 1 ps dark pulse generation with
energy consumption as low as few fJ/bit. We anticipate that several Tbit/s bandwith and sub-fJ/bit energy
consumption will be achievable, promising applications in fast and energy-efficient all-optical information
processing, coherent quantum information networks, pulse shaping, dark soliton generation and arbitrary dark
pulse pattern generation at 1 Tbit/s and beyond.
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