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Abstract:  Complex images, inscribed into the spatial profile of a laser
beam or even a single photon, offer a highly efficient method of data
encoding. Here we present a prototype system which can quickly modulate
between arbitrary images. We display an array of holograms, each defined
by its phase and intensity profile, on a spatial light modulator. The input
beam is then steered by an acousto-optic modulator to one of these holo-
grams, where it is converted into the desired light mode. We demonstrate
switching between characters within three separate alphabets at a switching
rate of up tol0 kHz. This rate is limited by our detection system, and we
anticipate that the system is capable of far higher rates. Furthermore our
system is not limited in efficiency by channel number, making it ideal for
quantum communication applications.

© 2014 Optical Society of America

OCIS codes: (230.1040) Acousto-optical devices; (270.5565) Quantum communications;
(270.5585) Quantum information and processing.
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1. Introduction

An increase in data capacity is one of the most pressing goals in both classical and quantum
communication systems. For optical communication, this can be achieved either by increas-
ing the number of transmitted photons, and/or by transmitting more than one bit (or qubit) per
photon, i. e. encoding in an enlarged communication ‘alphabet.” The latter corresponds to an in-
crease in the number of orthogonal modes in which data is encoded [1]. Complex images can be
used as one such set of orthogonal modes and have been shown to be highly efficient in storing
data [2,3]. A particularly convenient subset of orthogonal light modes are those defined by their
orbital angular momentum (OAM) [4-7], advocated in many recent fundamental and techno-
logical proposals on high dimensional light processing [8—10]. OAM modes are characterised
by their azimuthally varying phase around a central vortex line. They offer a theoretically infi-
nite dimensional state space, and the generation of large OAM values up to several hundred has
been demonstrated [11-13].

In order to fully access the benefit of such multimode communication for commercially
viable systems, one would require elements that can rapidly encode and decode light in modes
with different spatial profiles.

For classical communication systems, multiplexing of OAM modes has recently led to
record-breaking data communication rates in the terabit regime [14,15], and fast space-division
multiplexing was achieved in fibre based applications [16, 17]. These systems, however, rely on
distinct communication channels for each spatial light mode, with an associated laser and de-
tection system, thereby operating at an efficiency that scales inversely with the number of OAM
channels. Multiplexing along N channels thus results in a signal strength of 1/N, prohibiting
efficient operation in the quantum regime.
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Fig. 1. Experimental setup. HeNe: helium neon laser, PBS: polarising beam splitter, FR:
Faraday rotator, A/2: half-wave plate, AOM: acousto optic modulator, SLM: spatial light
modulator. The focal lengths of the lenses are given in millimetres. The four beams exit-
ing the AOM indicate the effect of changing the drive frequency of the AOM. The inset
picture shows a false colour image of a sample hologram array displayed on the SLM.
Steering along the blue path to the left-most hologram produces the shown output mode in
the transmission channel.

Conventional OAM generating systems, including spatial light modulators (SLMs) [18] and
polarisation based liquid crystal devices [19] are limited to switching rates of at best 1 kHz.
Faster rates have been obtained by using digital micromirror devices (DMD) [20] or by com-
bining g-plates [21] with electro-optical modulators, but the generalisation to higher dimensions
requires a multistage setup which places limits on scalability [22].

Here we present a prototype system capable of fast and efficient switching between arbitrary
complex light profiles, transmitted along a single channel. In particular, our system does not
suffer from the typical 1 /N scaling, making it suitable for the encryption of individual photons
for quantum communication applications.

2. Experimental details

Our system contains a fixed component, defining the communication alphabet, and a fast com-
ponent, addressing the individual letters. The alphabet is defined by an array of holograms, with
each individual hologram encoding one of the letters. For convenience, we display the hologram
array on an SLM (Hamamatsu LCOS), acting as a programmable diffraction grating, however
this could instead be replaced by a custom designed fixed hologram. Fast switching between
the different letters is achieved with an Acousto-Optic Modulator (AOM, Crystal Technology
3080-122, central modulation frequency 80 MHz) which deflects the input beam towards one
of the holograms and, crucially, switches between them at a rate determined by the AOM rise
time and driving electronics. We note that a similar system was employed by Mestre et. al. [23]
in the context of trap shaping for use in optical tweezers and atom traps.

Our experimental setup, shown in Fig. 1, is based on an extended double-pass AOM con-
figuration. This configuration provides a fixed communication channel by keeping the angle
and position of the output beam constant for all encoded letters. The hologram array offers
flexibility in defining alphabets generated from any arbitrary intensity and phase profiles.

At the input of the system, a linearly polarised helium neon laser enters through a polarising
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Fig. 2. Hologram arrays, theoretical predictions and beam profiles for three different com-
munication alphabets. The alphabet in a) has an azimuthal number /, varying from 0 to 3
and b) has a radial number p varying from 1 to 4. The alphabet in c) consists of the Latin
characters ‘A’ to ‘D.” The top row shows the (false colour) holograms for each alphabet
and the time at which the beam is switched to that hologram. The middle row shows the
expected intensity in the output channel when the beam is shone on the portion of the holo-
gram shown above. The bottom row shows the corresponding experimental data. The data
in the bottom row of a) and c) has been intensity scaled such that the maximum intensity is
white. The data in the bottom row of b) for the p=2, 3 and 4 modes has been enhanced by
a factor 2, 3 and 4 respectively to emphasise the low intensity features.

beamsplitter, and after passing through a sequence of polarisation optics, is focused into the
AOM (waist size 150 pum). There the beam is deflected by an angle which is controlled by the
AOM drive frequency. The beam is then collimated and magnified such that it slightly overfills
one individual hologram and can be deflected to sample the whole alphabet displayed on the
SLM. The first order diffracted beam is encoded with the complex spatial profile defined by
the hologram of the particular sampled letter. The SLM is aligned so that the deflected beam
retraces its path through the system and upon returning to the AOM the beam acquires a second,
reverse angle shift such that it further retraces its path, regardless of the steering imposed by
the AOM. A Faraday rotator ensures that the beam leaves the system via the output port of the
polarising beamsplitter. Light in this transmission channel can therefore be modulated in its
complex profile by changing the AOM drive frequency.

The hologram array is displayed on an SLM with a resolution of 800 x 600 pixels and 20 um
pixel size. The hologram for each letter is generated by the combination of three patterns. The
first is a linear phase ramp which creates a grating. This is then added to the phase profile of the
desired letter, generating the required phase in the first order of the linear diffraction grating.
The modulation depth of the grating can further be modified to tune the intensity of the light in
this first order, allowing full control over phase and intensity. The SLM is then positioned at an
angle such that the first diffracted order is exactly counterpropagating with respect to the input
beam (Littrow configuration).

The AOM deflection angle varies with input drive frequency at 0.19 mrad/MHz, with a us-
able bandwidth of 40MHz (60 MHz - 100 MHz modulation frequency), and therefore a total
deflection range of 7.9 mrad. We note that in our current system different letters are associated
with a different frequency sideband of the incoming light, with the frequency of the output
beam shifted by twice the drive frequency of the AOM.

In order to separate the incoming beam from the output beam, we use a series of polarisation
optics. The beam enters via a polarising beam splitter and is then rotated in its polarisation by
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Fig. 3. CCD line profiles of the output beam as the AOM directs the beam to 4 different
holograms. The data is displayed as solid lines, and the coloured fill shows an ideal LG
mode, corrected for the Gaussian profile of the beam incident on the SLM; a) LG modes
with / =0, 1, 2 and 3 units of orbital angular momentum (left to right), all with p = 0. b)
LG modes defined by their radial quantum number p = 1, 2, 3 and 4 (left to right), all with
[=0.

45° with a Faraday rotator. A subsequent half wave plate ensures that the beam is horizontally
polarised, which is required for optimal operation of the SLM. After reflection from the SLM,
the beam returns to the Faraday rotator and experiences a second rotation of 45°, thereby forcing
the beam to exit through the other polarising beam splitter port into the transmission channel.

3. Results

We illustrate the ability of the system to switch between spatially encoded states using three
different communication alphabets, each consisting of four letters. The first two are subsets of
the complex profiles of Laguerre-Gaussian (LG) modes, while the third communication alpha-
bet contains the first four characters of the Latin alphabet, ‘A’ to ‘D,” shown in Fig. 2(a), 2(b)
and 2(c) respectively. LG modes are parameterised by their winding number /, specifying their
OAM content, and their radial mode number p. As all LG modes are orthogonal, any subset
presents a possible alphabet. Here we use subsets specified only by /, and p respectively.

We set the SLM to display one of the hologram arrays in the top row of Fig. 2 and monitor
the output in the communication channel on a standard CCD camera. The predicted intensity
profiles (middle row) and the measured profiles (bottom row) show good qualitative agreement,
in particular of the defining modal lines. The imperfections are believed to be due to astigma-
tism associated with passing through the AOM crystal and minor system misalignment. We
note that LG modes are highly sensitive to aperturing, e. g. through the limited size of the AOM
crystal. With this in mind the alignment and focusing parameters were adjusted very carefully
to minimise such effects.

As previously stated, one of the advantages of our system is the capability to produce ar-
bitrary phase and intensity profiles, and not only eigenmodes of propagation such as the LG
modes. Here we concentrate on an intensity modulation. In our experiment, the SLM plane is
imaged onto the output plane. This allows us to write arbitrary dark shapes within the beam
profile by dimming the local contrast of the diffraction grating, or simply by removing individ-
ual pixels from the displayed hologram pattern. We demonstrate this by generating the letters
A, B, C and D, with results shown at the bottom of Fig. 2(c).

The time resolution at which we can demonstrate switching between different light profiles
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Fig. 4. Trajectory of the QPD signal in time. The x and y signals are taken directly from
the QPD and plotted vs. time. The semi-transparent planes indicate the pattern in which
the beam is shaped at a particular time. The colored parts of the trajectory indicate the
regions in which the output is stable at the desired location. The grey projected lines are the
projection of the trajectory onto the axes. The hologram arrays shown above correspond to
the patterns displayed on the SLM as the ‘simplified alphabet.’

is limited by the detection rate of the CCD camera rather than the generation rate. To test the
system at higher speeds and to obtain more quantitative results we restrict the CCD image to a
single line of pixels. These 1D-profiles of the LG-based alphabets, taken at 500 Hz, are shown
in Fig. 3(a) and 3(b) together with a theoretical prediction of the beam shapes. In particular the
positions of the modal lines are highly accurate, resulting in a very clear distinction between
the different p and / modes.

In order to increase the detection speed beyond that allowed by standard CCD cameras, we
replaced the camera with a quadrant photodiode (QPD, New Focus 2901). The device outputs
directly an x (y) signal, which internally is the difference between both left (upper) and both
right (lower) quadrants. These x and y coordinates give the centre of mass of an incident beam
and can be read at up to 100 kHz, however the signal quality is already significantly diminished
at this rate. We have devised a different communication alphabet, suitable for detection with the
QPD, consisting of very simple ‘letters.” These letters are the left, right, lower and upper half
of the input beam respectively and they can be generated by deflecting only the corresponding
halves of the beam using the holograms shown in the insets of Fig. 4. Each letter is designed to
fill two quadrants of the QPD, as this results in a higher signal to noise ratio compared to the
illumination of a single quadrant.

We switch between these simplified letters at 10 kHz by steering the input beam via the AOM
to the corresponding holograms as before. We record the signal position in x and y as a function
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Fig. 5. a) Predicted system performance as a function of the alphabet size. Top: Estimated
modulation rate (red curve) and data capacity (blue) for the used system in Fig. 1. Bot-
tom: Resulting data transfer rate considering delay due to AOM switching and propagation
(crosses), and for a system without propagation delay for a 1D (squares) and 2D (triangles)
hologram array. b) Schematic diagram of a proposed experimental setup for larger alpha-
bets which avoids propagation delay. The encoded beam is shown for / = 3 and p = 0.

of time, displayed as a 3D trajectory in Fig. 4. The QPD signal alternates between transient
switching phases and phases of stable beam position, each lasting ~ 100us. This confirms
that our system operates successfully near the maximum QPD detection bandwidth, which, we
note, is still orders of magnitude below the expected generation limit. Faster measurements are
beyond our current experimental scope but could involve the use of ultrafast cameras, an LG
modesorter [24], SLMs linked to avalanche photodiodes, or even the encoder introduced here,
run in reverse as a decoder.

4. Discussion of system performance

The efficiency of the system is limited by the diffractive elements, with ~ 85% per diffraction
for both the SLM and the AOM. Double passing the AOM and a single diffraction from the SLM
results in ~ 61% efficiency for the entire system. We note that our system avoids the typical
1/N intensity scaling for N modes in conventional multiplexing. This results in scalability to
large alphabets with no loss of efficiency, making the system particularly attractive for single
photon communication applications.

In the following we discuss the potential data transfer rate that can be achieved with the
system considered here and suggest ways to avoid the identified design limitations. The data
transfer rate of the system is reliant primarily on two factors; the modulation rate of the signal
and the data capacity of each signal. The modulation rate depends on the rise time of the AOM
and the photon transit time from the AOM to the SLM and back. The rise time varies with the
beam size in the AOM and the transit time with the length of the optical system, which are both
dictated by the constituent lenses. The data capacity can be increased by increasing the number
of letters in the alphabet. This is quantified by a ‘data capacity factor’ of log, (A;) where Ay is
the number of letters in the alphabet, such that the data capacity factor represents the number
of bits required to contain the same amount of data. Larger alphabets require a smaller beam
size at the SLM and because the SLM and AOM are in conjugate Fourier planes this leads to
larger beam waists in the AOM and therefore slower modulation rates, so that an increase in
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data capacity is associated with a decrease in modulation rate as shown in the top of Fig. 5(a).

The total data transfer rate is then the product of these two factors, shown in the lower part
of Fig. 5(a). The rate achievable in our current system (crosses) peaks for 3 and 4 letters in the
alphabet. This rate can be increased in two ways: by removing the photon transit time and by
defining the alphabet as a 2D array of holograms rather than a linear array. A setup which can
achieve this is proposed in Fig. 5(b). Transmission through two perpendicular AOMs allows
steering in two dimensions. Rather than backtracing the encoded beam through the system it
could be steered toward the output channel by a further two AOMs driven at the same frequency
as those in the input, with an appropriate delay. Potential data transfer rates are shown in the
lower part of Fig. 5(a) for a 1D (squares) and a 2D (triangles) hologram array.

The previous anlysis holds for the case in which the highest possible efficiencies are desired
however there is flexibility to increase the data rate at the cost of efficiency. The modulation
rate is highest when the beam is largest at the SLM and thus if one may tolerate the overlapping
of the input beam onto several hologram sections then higher data rates may be achieved. The
output must then be spatially filtered, reducing the efficiency of the system leading to the well-
known 1/N type efficiency found in other multiplexing systems.With this approach, expanding
the beam to fill the SLM and using a 4 x 4 hologram array would lead to data rates of close to
1 Gbps.

Following these considerations it is then possible to design an optical system which is either
optimised for high efficiency, ideal for single photon experiments, or optimised for high speed
operation at the expense of efficiency, more suited for classical communication.

5. Conclusion

In conclusion we have developed a prototype encoder which is capable of rapidly switching
between the letters of an arbitrary communication alphabet. We have demonstrated switching
between alphabets based on a different phase and intensity profiles, including OAM based
alphabets. The modulation rate in our prototype system has been verified up to 10 kHz, limited
by our detection bandwidth. With more advanced detection systems and optimisation of the
driving electronics we predict high speed encoding at rates that exceed 20 MHz. We anticipate
applications in communication protocols involving complex images, and in particular in high-
dimensional quantum communication [8,25-27].
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