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We propose a mode multiplexer based on volume holograms to realize a simple and efficient mode-division-
multiplexed transmission system that supports a large number of modes. Selective multiexcitation of three spatial
modes into a conventional multimode fiber is experimentally demonstrated. This device could potentially multi-
plex 10 or more modes. Future perspectives of the mode multiplexer for application in mode-division multiplexing

are also discussed. © 2013 Optical Society of America

OCIS codes: 060.2330, 060.4230, 090.4220, 090.7330.

As optical transmission systems over single-mode fibers
are about to reach their capacity limits [1], new fiber-
optics technologies such as space-division multiplexing
over multicore fibers [2] and mode-division multiplexing
(MDM) [3] have been explored and rapidly developed. In
the perspective of cost and energy consumption, MDM is
considered one of the most attractive technologies to
meet future capacity demands. Recent experiments have
demonstrated MDM transmission over few-mode fibers
that support two or three spatial modes in combination
with multiple-input multiple-output digital signal proces-
sing [3-7]. These works were mainly aimed at low-loss
and long-distance MDM transmission, which is one of
the most important performance indicators in the appli-
cation of MDM to long-haul systems, and 1200 km
transmission has been achieved in [6].

Another key factor is the number of modes that can be
supported by the system. In [8], five-mode (LP,; and two
degenerate LP;; and LPy; modes) transmission was de-
monstrated, and challenges to attain a larger number
of modes were discussed. For mode multiplexers, device
simplicity and efficiency are the main issues associated
with increasing the number of modes. Most proposed
mode multiplexers become complex and lossy as the
number of modes increases because one or more addi-
tional optical elements, such as beam splitters (BSs),
are required in the addition of one mode. In our previous
work, to show the possibility of selective multimode ex-
citation that uses only one element, we demonstrated
multiple and variable two-mode excitations using a single
spatial light modulator (SLM) [9]. The two modes were
simultaneously generated by dividing the SLM display
into two regions, and these modes were multiplexed at
the end of the multimode fiber input. However, the inser-
tion loss was large (20 dB) because of the low efficiency
of the SLM and the nonvertical incidence into the fiber.

In this Letter, we propose a simpler and more efficient
mode multiplexer based on volume holograms. The op-
erating principle and the advantages of the volume holo-
graphic mode multiplexer are explained, and the
experimental results show successful demonstration of
a selective three-mode excitation into a conventional
graded-index multimode fiber (GI-MMF) with a core dia-
meter of 62.5 pm.
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Figure 1 shows the concept and the operating principle
of the volume holographic mode multiplexer, which is
very similar to that of volume holographic data storage
with angular multiplexing [10,11]. During the recording
process, a volume hologram is recorded in a holographic
medium by interference between a mode beam and a re-
ference beam. The mode beam is transformed into a de-
sired spatial mode, which has intensity and phase fields
at the SLM. The mode is changed when the recording has
been completed and is ready for the next recording. The
reference beam is a plane wave, and its incident angle 6 is
shifted corresponding to the change in the spatial mode
for angular multiplexed recording. In this process, the
spatial modes are recorded in multiple, and the volume
holographic mode multiplexer is structured. During the
transmission process, reference beams are replaced by
signal beams. Owing to the high angular selectivity of the
volume holograms, a signal beam is diffracted as one of
the recorded spatial modes when the signal beam irradi-
ates the holographic medium from the direction of one of
the reference beams. Because the complete wave fields
are reconstructed by volume holograms, each diffracted
signal beam can be considered as an orthogonal mode
and excited into optical fibers as an independent trans-
mission channel. As a recording method, angular multi-
plexing is the best method because this mode multiplexer
can multiplex the different signal beams that come from
different directions. However, other methods such as
wavelength multiplexing [12] and shift multiplexing [13]
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Fig. 1. (Color online) Concept of volume holographic mode
multiplexer. (a) Recording process and (b) transmission
process.
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can also be employed or combined depending on the
situation, e.g., wavelength-division multiplexing (by writ-
ing in different wavelengths) or space-division multiplex-
ing (by recording modes at different spots in the
holographic medium).

One of the outstanding features of the volume holo-
graphic mode multiplexer is its simple structure. This de-
vice is simultaneously and selectively able to excite
multiple modes using only one holographic medium.
Moreover, even if the number of modes increases, no
other elements are needed except for the additional re-
ference beams with different incident angles. With re-
spect to efficiency, volume holograms theoretically can
achieve 100% diffraction efficiency for each mode if
the holographic medium has a high dynamic range en-
ough for multiple recordings. Alternatively, if the avail-
able dynamic range is finite and divided equally among
N spatial modes, the diffraction efficiency of each mode
would be 1/N for N < 300 [11,14]. In the dominant phase
plate-based mode multiplexers introduced in [3], the ef-
ficiency would be 1/2¥-! for odd numbers or 1/2V¥-2 for
even numbers because of the BSs used for multiplexing
modes. Therefore, the volume holographic mode multi-
plexer is advantageous when the number of spatial
modes is greater than 3. Although the number of modes
is limited by the diffraction efficiency, this device can
possibly multiplex 10 or more modes, which could sup-
port the application of MDM, as suggested in [8]. In ad-
dition, polarization multiplexing [15] could enable the
treatment of the polarization modes in this multiplexer,
indicating that the number of modes will be double. With
these advantages, the volume holographic mode multi-
plexer can realize a simple and efficient mode-division-
multiplexed transmission system that supports a large
number of modes and a high transmission capacity.

Figure 2 shows the experimental setup for multiexcita-
tion of the three spatial modes. To generate the spatial
modes, an liquid crystal on silicon-based reflection-type
SLM (Holoeye LC-R 1080) was operated as a computer-
generated hologram [9], where the Laguerre-Gauss mode
approximation [16] was used in the calculation of the
mode fields. Displayed hologram patterns and calculated
mode fields of the intensity and the phase are shown in
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Fig. 2. (Color online) Experimental setup. HWP, half-wave
plate; BS, beam splitter, PBS, polarizing beam splitter; SLM,
spatial light modulator; GI-MMF, graded-index multimode fiber.
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Fig. 3. Displayed hologram patterns on the SLM, and calcu-
lated mode fields of the intensity and the phase.

Fig. 3. As a holographic medium, we used the nanogel
photopolymer that consists of matrix and acrylic mono-
mers [17], which induces the refractive index change
with green light and shows a high diffraction efficiency
that reaches 100% at a thickness of 400 pm. Therefore, we
used a 532 nm diode pumped solid state laser for the light
source. Three modes LP;, LP;;, and LPy; were recorded
by angular multiplexing, where the angular differences 6
between the mode and the reference beams were 20°,
30°, and 40°, respectively. Because the measured angular
selectivity of the hologram in the photopolymer was 0.1°,
the crosstalk, caused by the interference among the mul-
tiplexed holograms, was negligible in this experiment.
The incident angle of the reference/signal beam was
shifted using BSs and a mirror; the BSs can be replaced
by mirrors because they were only used for angular shift-
ing. Moreover, they are not needed in practical MDM sig-
nal transmission because different lasers would be used
for the different signal beams. The recording power va-
lues of the mode and the reference beams were approxi-
mately 0.6 and 1.5 mW, respectively, and the recording
time for each mode was 30 s. Both beams were set to
s polarization. The signal beams (1.5 mW continuous
waves) were diffracted as reconstructed modes, and
they were conducted by an aspheric condenser lens
(f = 10.5 mm) to a GI-MMF with a core diameter of
62.5 pm and a length of 1 m (Thorlabs GIF625). We used
a short fiber to confirm that mode excitations occurred.
The output beam from the fiber passed a spatial filter
with a circular aperture diameter of 2 mm to filter out
the weak higher-order modes that were converted from
the input mode in the fiber, and the beam was observed
by a CCD camera. An imaging lens (f = 50 mm) was
used to adjust the dimensions of the output to that of
the input. The intensity profiles of the three modes at
the fiber input and output are shown in Fig. 4. The fiber
input modes, which correspond to the holographic recon-
structed modes by the mode multiplexer, accurately re-
plicated the original modes (Fig. 3), and the correlation
factors between the intensity profiles of the original
modes and the reconstructed modes reached 0.95 for
each mode. Moreover, the fiber output modes revealed
that the three-mode excitation was successfully per-
formed using the volume holographic mode multiplexer,
although the output modes were rotated and distorted
because of the fiber bending and imperfection of the fiber



March 1, 2013 / Vol. 38, No. 5 / OPTICS LETTERS 771

LPo, LPy, LP;, the availability of the volume holographic mode

multiplexer.
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Fig. 4. Intensity profiles of the three modes at the fiber input
and output.

end surface. The diffraction efficiency at the photopoly-
mer for each mode was 10%, which means that the device
loss was 10 dB. By precisely scheduling the recording,
the loss can be improved to 5 dB if the maximum diffrac-
tion efficiency of the photopolymer is achieved.

Because this experiment was conducted at 532 nm, ap-
plication of the volume holographic mode multiplexer
to the communication wavelength should be discussed.
The simplest way is to use holographic media that react
at the communication wavelength. An infrared-sensitive
photorefractive polymer has been reported [18]; how-
ever, the diffraction efficiency must be improved (40% at
1550 nm). On the other hand, other holographic materials
such as photorefractive crystals may be available. An-
other possible idea would be the dual-wavelength
method [19], which diffracts the signal beams with wave-
lengths that are different from those of the recorded
beams by adjusting the incident angles of the signal
beams according to Bragg’s law. The drawback of this
method would be the decrease in diffraction efficiency
due to the unavoidable Bragg mismatch caused by the
multiplexed holograms. The efficiency decreases as the
wavelength difference increases; therefore, it is desirable
to employ this technique in cases where the wavelength
difference is small. The combination of the dual-
wavelength method with infrared-sensitive materials or
short distance transmission over short-wavelength
infrared light could also be considered.

In conclusion, we have proposed a volume holographic
mode multiplexer and demonstrated selective multiexci-
tation of three spatial modes over a conventional multi-
mode fiber with a diameter of 62.5 pm and a length of 1 m.
This device is advantageous for a large number of modes
because of its simple structure. The development of
holographic media and the techniques of combining mul-
tiple recordings and multiplexed signal transmission
(such as the wavelength, space, and polarization) could
contribute to the realization of simple, efficient, and
high-capacity MDM transmission using this multiplexer.
Naturally, optimally designed fibers, amplifiers, and
demultiplexers that can support a large number of modes
would be required. Further studies are needed to assess
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