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In this paper, we propose a spatial mode demultiplexing technique that uses a volume
holographic demultiplexer (VHDM) with a phase plate. The VHDM can separate the
multiplexed spatial modes with a single device by using angularly multiplexed volume
holograms. In the VHDM, modal cross-talks, which are called inter-page cross-talks in the
holographic data storages, are generated, and hence the separation performance of the
VHDM is degraded by the intensity overlap between spatial modes. Therefore, we propose
a novel scheme wherein phase modulation with a phase plate is added to the conventional
scheme. The proposed scheme can achieve high separation performance by modulating the
phase of spatial modes to reduce the intensity overlap. In this study, we demonstrated the
basic operation of the proposed method for a specific linearly polarized mode group. The
separation performance of the VHDM was observed to be markedly improved by the

proposed method.



1. Introduction

The transmission capacity of optical communication is facing its limitation because of the
saturation of maximum incident power into single-mode fibers (SMFs) owing to the
nonlinear Shannon limit and the fiber-fuse phenomenon.! On the other hand, there has
been a significant increase in the growth of internet traffic recently. Therefore, the capacity
crunch is rapidly approaching.¥ To solve this problem, the mode division multiplexing
(MDM) transmission in few-mode fibers (FMFs) has attracted considerable research
attention.”'”) The MDM treats each spatial mode in an FMF as an independent transmission
channel. Moreover, it can be combined with conventional multiplexing methods such as
wavelength division multiplexing. Thus, the MDM can greatly improve the transmission
capacity in proportion to the number of spatial modes. In the MDM system, a mode
demultiplexer is required in order to extract a specific signal from multiplexed signals, and
various demultiplexing techniques have been proposed in this regard.!'!'” Above all,
free-space optics schemes have received attention because of their extensibility in the
number of multiplexed modes. However, the extension of the number of multiplexed modes
leads to the cost escalation and the upsizing of the optical system in those schemes.
Therefore, conventional free-space optics schemes are not suitable for the high integration of
the MDM system and mass production.

For realizing a low-cost mode demultiplexer with a simple optical system, a volume
holographic demultiplexer (VHDM) has been proposed.?®*!) The VHDM utilizes angularly
multiplexed volume holograms to separate multiplexed spatial modes. These holograms are
often used to extract data in the holographic data storage (HDS).?>?® In the HDS, the
holograms are recorded as interference fringes between object beams containing data pages
and reference beams, and then data pages are reconstructed by irradiating the reference
beams to the holograms. In contrast, the VHDM uses object beams consisting of spatial
modes to readout holograms, and then separates multiplexed spatial modes simultaneously.
The cost and size of the VHDM are markedly lower than those of other free-space optics
schemes because this scheme requires only one holographic medium, which is independent
of the number of multiplexed modes. In the VHDM, each spatial mode is modulated with not
only the hologram corresponding to it but also nonreconstruction holograms, which are

holograms corresponding to other modes. Thus, modal cross-talks (MXTs), which are called



interpage XTs in the HDS, are generated from nonreconstruction holograms.?* Therefore,
the mode separation performance of the VHDM is degraded because of the intensity overlap
between spatial modes. Previous studies have indicated that the separation performance with
a large overlap is lower than that with a small overlap, thereby supporting the
aforementioned assertion.’®>> However, in many cases of the MDM, near-order modes,
wherein large overlaps exist, are expectedly used.

In this study, in order to improve the performance of the VHDM for near-order modes
without significantly increasing the number of optical elements, we propose a VHDM
combined with a phase plate. The proposed demultiplexer can improve the mode separation
performance by converting the intensity distribution of each spatial mode using a phase plate.
The profile of a phase plate depends on the combination of spatial modes for reducing the
intensity overlap between them. Thus, each spatial mode can avoid modulating with
nonreconstruction holograms. We demonstrated the basic operation of the proposed method
for a specific linearly polarized (LP) mode group consisting of LPg 1, LP1 1, and LP5,1.2% The
experimental results showed that the separation performance of the VHDM is considerably

enhanced by the proposed method.

2. Volume holographic demultiplexer with a phase plate

Figure 1 shows the schematic diagrams of the proposed demultiplexer. The VHDM utilizes
volume holograms consisting of interference fringes between spatial modes (separation
targets) and reference beams (Gaussian beams) for mode demultiplexing. The incident
angles of the reference beams are tilted in each recording, and then angularly multiplexed
volume holograms are formed at the same region of the recording medium. By irradiating
the holograms with the MDM signal, spatial mode components are diffracted as Gaussian
beams to different angles and are spatially separated at each port in the SMF array.
However, the MXTs are generated from the region where spatial modes are modulated with
nonreconstruction holograms, that is, the overlap area between spatial modes and
nonreconstruction holograms. Therefore, the amount of the overlap of intensity distributions
between spatial modes affects the mode separation performance of the VHDM. In the
proposed demultiplexer, the intensity conversion of spatial modes is conducted as a

preprocessing in recording and demultiplexing procedures by phase modulation using a



phase plate and the optical Fourier transform (OFT) via a lens. The phase plate needs to be
designed so that the amount of intensity overlap between converted spatial modes could be
low value. By performing this process, each spatial mode is mostly not modulated with
nonreconstruction holograms, and thus, the proposed demultiplexer can achieve high
separation performance.

In the following section, the diffraction property of the proposed demultiplexer is
described based on Refs. 20 and 27. During the recording procedure [Fig. 1(a)], each
spatial mode is sequentially generated, for example, by the spatial light modulator (SLM),
and acts as the writing beam W, (m = 1, 2, ..., M), which is vertically incident on the
recording medium. In the m-th recording, the writing beam W,, and the reference beam Ry,
are expressed as

Wi = Am(x,y, 2)expljkz + jon (x, v, 2)], (1)
R, = Ar(x,y,z)exp[jk(xsin,, + zcosb,,)], (2)
where 4, (x, y, z) and 4 (x, y, z) are the amplitudes, 6, is the incident angle, ¢, (x, y, z) is
the phase distribution of the spatial mode, and £ is the wave number in the recording
medium. After applying the OFT via the first lens, the writing beam is modulated by the
phase plate, which is placed on the Fourier plane, and modulated W, is expressed as
Wy = FT[Ap(x,y, 2)expljkz + jom (x, v, 2)]] expljo, (x,y,2)] . 3)
where ¢p (x, y, z) is the phase profile of the phase plate. Then, by the OFT via the second
lens, the intensity distribution of W, is converted according to the modulated phase. The
converted writing beam W,," is expressed as
Wi’ = An(x,y,2)expljkz + g (x, 7, 2)] * FT[expligy (x,y,2)]]
= An (%, y,2) expljkz + jon ' (x,y,2)], “4)
where * denotes the convolution, and 4," (x, y, z) and @»" (x, y, z) are amplitude and
phase distribution after the conversion, respectively. In the VHDM, writing beams are used
to readout holograms, and therefore, the complex amplitude transmittance 7 for the

demultiplexing of spatial modes is expressed as

M
T= ) Aoy, 2 (5,9, 2)expl—jom (x,7,2) + jlxsindy, + kz(cos O = DI, (5)

m=1

where 4 denotes the complex conjugate of 4.

During the demultiplexing procedure [Fig. 1(b)], the MDM signal, wherein spatial



modes corresponding to writing beams are multiplexed, is the output from an FMF and is
collimated. Then, the phase plate and lenses convert each spatial mode component of the
MDM signal in the same way as the recording procedure. The converted MDM signal S is

then expressed as

M
5= an®4y Gy, Dexpljkz + jor 6y, 21, (©)

n=1

where a, (f) are the time series signals. By irradiating the angularly multiplexed volume

holograms with this signal, spatial mode components are diffracted as

L
D=nf TSdz
0

M M
L
=1 ) Y [ n @ A ArexpliCon’ = o) + jkasinGy + 20058, dz, ()
0

m=1n=1

where L is the thickness of the recording medium and # is the diffraction efficiency. When
n = m, each spatial mode component is converted to a beam whose spatial phase is zero
and is strongly diffracted in the direction of 6,. When n # m, that is, when mode fields are
mismatched, each spatial mode component is weakly diffracted as an MXT component
whose spatial phase is not zero. These MXT components are suppressed by reducing the
intensity overlap using the phase plate. Consequently, the diffracted beam D consisting of

strong beams is observed as

N
L

D=n Z am(t)f |Ap |?Acexpljk(xsing,, + zcosf,,)]dz.  (8)
m=1 0

As a result, each spatial mode component in the MDM signal is diffracted to different
angles corresponding to the incident angle of the reference beam that was actually used for
the recording of its mode. Moreover, the intensity of each diffracted mode is also converted
to a Gaussian beam via the lens because of its spatial phase, and then the fundamental
mode components are excited to the SMF arrays. Thus, the proposed demultiplexer can
perform a highly accurate demultiplexing function by utilizing both the phase matching
characteristics of a volume hologram and the conversion of the intensity distribution of

spatial modes using the phase plate.

3. Experiment



To confirm the basic operation of the proposed demultiplexer, we performed an experiment
on demultiplexing for a specific LP mode group comprising LPo,1, LP1,1, and LP2 ;. In this
experiment, the profile of the phase plate was set to the phase conjugation of LP,; for
reducing the intensity overlap between these three spatial modes. Figure 2 shows the
experimental setup. A photopolymer with a thickness of 400 um was used as the recording
medium.?® A diode-pumped solid-state (DPSS) laser at a wavelength of 532 nm, which is
within the sensitivity range of the photopolymer, was used as the light source. The laser
beam was cleaned up and expanded using an objective lens, a pinhole, and an achromatic
lens after passing through an isolator. Then, the beam was divided into a writing arm and a
reference arm by using a polarizing beam splitter (PBS) and a half-wave plate (HWP), and
the power densities of the two arms were adjusted to about 0.2 mW/cm? on the
photopolymer.

In the writing arm, each spatial mode was sequentially generated by an intensity-type
SLM (ISLM; HOLOEYE LC-R 1080) displaying computer-generated holograms (CGHs)
on it.>”) The CGH is simply calculated using an interference pattern between a spatial mode
field and a plane wave, which enables us to generate an accuracy mode field. Subsequently,
a pinhole was used to extract the first-order diffracted beam from the CGH because the CGH
also generates unnecessary diffracted beams. After generating the spatial mode, the intensity
was converted by using a phase-type SLM (PSLM; SANTEC SLM-100-01-0002-01) as the
phase plate and the lens. The converted beam was modulated to a vertically polarized light
by a HWP in order to interfere with the reference beams and was made to enter into the
photopolymer. In the reference arm, the beam diameter was adjusted to 5 mm, which
sufficiently covers the fields of the spatial modes. The incident angle of the reference beam
was tilted by changing the angle of the mirror before the 4-f system, and these angles 61, 6»,
and 63 were set to 39°, 40°, and 41°, respectively. The angle distance was 1.0°, which is
sufficient to satisfy the angular selectivity of 0.09° that is estimated on the basis of a coupled
wave theory.>?

In this experiment, exposure times were set to 30 s for all the holograms. After
recording all the holograms, signal beams were sequentially irradiated onto the
photopolymer along the same path as that of the writing beams during the recording
procedure, and the diffracted beams were detected by a charge-coupled device (CCD).



Furthermore, to compare the proposed VHDM with the conventional one in terms of the
separation performance, we also performed the recording procedure and the demultiplexing
procedure in the conventional case, which means that nothing was displayed on the PSLM.
In addition, converted spatial modes were captured by the CCD replaced with the
photopolymer in order to confirm the reduction of the intensity overlap between the three

spatial modes.

4. Results and discussion

Figure 3 shows the profile of the phase plate and the intensity distributions of the spatial
modes captured by the CCD with and without the phase modulation using the phase plate.
Moreover, for the quantitative estimation of the amount of the intensity overlap between
two modes, we define the overlap ratio (OR) as the proportion of the overlap area
calculated as

_ 2% 2y 16(x,y)
Zx Zy{ll(x' }’) + Iz(x' }’)} ’

where 11 (x, y) and 12 (X, y) are the intensity of two modes detected by the CCD in each

OR

)

pixel, and lo (X, y) is the overlapping intensity calculated as

Io(x,y) = min{l; (x,y), I, (x,¥)}.  (10)
Figure 4 shows the calculation results of the OR. These results indicated that the amount of
OR was suppressed in any combinations of the spatial modes. Thus, it can be stated that
the intensity overlap of spatial modes can be reduced by the proposed method.

Figure 5 shows the diffracted beams reconstructed by each incident spatial mode. By
irradiating the multiplexed holograms with an LP mode, the mode is diffracted in three
directions 6; (i = 1, 2, 3) corresponding to the reference angles as a signal component and
two XT components. Each diffracted beam reconstructed by the input of the m-th (m =1, 2,
3) mode is denoted as Dm,i. Each intensity image of diffracted beam captured by the CCD
is trimmed into a size of 50 x 50 pixels. The separation ratio (SR) indicates the mode
separation performance of the VHDM. The SR of the m-th mode recorded with the

reference angle of 6; is calculated as

P .
SR,,; = 10logy, (—m" > (11)
’ Zn:tm Pn,i



where Pn,i is the optical power of D, which can be calculated with the sum of the value
in each pixel. We can see that each mode component is strongly diffracted as a Gaussian
beam at the corresponding angle in each case. Furthermore, the proposed method can
improve the SR up to 2.93 dB compared with that of the conventional VHDM. In addition,
Fig. 6 shows the MXT characteristics, which are the optical power of MXTs normalized by
that of the signal component in each diffraction angle. These results showed that the MXTs
have significantly improved between LPo: and LP2:, which is the most effective
combination for the reduction of OR. Moreover, a similar correlation between the power of
MXTs and the OR has also been observed between the other modes. These results
confirmed that the reduction of the intensity overlap between the recorded spatial modes is
effective for improving the mode separation performance of the VHDM.

This experiment was performed using a phase plate whose profile is obtained from
the phase distributions of LP modes. Therefore, the proposed method is expected to have
higher performance if the phase plate can be optimized so that the overlap between modes

is further reduced.

5. Conclusions

In this study, we proposed a mode demultiplexing technique based on the VHDM with a
phase plate. The proposed method can improve the separation performance of VHDM by
modulating the phase of spatial modes using a phase plate in order to reduce the intensity
overlap between them. To confirm the basic operation of this method, the mode
demultiplexing experiment was conducted using three spatial modes. The experimental
results revealed that the three modes were separated along different angles, and the
separation performance of the VHDM was improved when the intensity overlap of spatial
modes was reduced. In the future, to realize higher performance and to apply the proposed
method to arbitrary mode groups, we intend to investigate an optimization technique for the

profile of the phase plate.
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Figure Captions

Fig. 1. (Color online) Schematic diagram of volume holographic demultiplexer with a
phase plate. (a) Recording procedure. Writing beams W; converted by a phase plate are
incident on a recording medium sequentially with reference beams R; to record holograms.
(b) Demultiplexing procedure. By irradiating the MDM signal S, which is converted by a
similar way to the recording procedure, to holograms, each mode component is diffracted
along different angles, which are depicted as the diffracted beams D.

Fig. 2. (Color online) Experimental setup for demultiplexing of three modes. An ISLM
(HOLOEYE LC-R 1080) generated spatial modes by displaying CGHs. A PSLM
(SANTEC SLM-100-01-0002-01) was used as a phase plate to modulate the phase of
spatial modes. The photopolymer with a thickness of 400 um was used as the recording
medium.

Fig. 3. Profile of phase plate and intensity distributions of spatial modes with and without
conversion by phase modulation using the phase plate.

Fig. 4. Overlap ratio of different combinations of two modes with and without intensity
conversion by a phase plate.

Fig. 5. Images of diffracted beams for conventional and proposed VHDM when each
spatial mode is irradiated to the recording medium. The SR indicates the separation
performance of VHDM.

Fig. 6. MXT characteristics. The optical powers of MXTs normalized by the signal
component for each diffraction angle are evaluated. (a) Results of conventional VHDM.

(b) Results of proposed VHDM.
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