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Abstract—We developed an optical processing platform that
handles over 100 space-division-multiplexed signals in the C-band.
The device consists of free-space optics based on liquid crystal on
silicon (LCOS) with a waveguide frontend. Thanks to the holo-
graphic wavefront modulation by the LCOS spatial light modula-
tor, the device arbitrarily manipulates the optical amplitude and
phase in the space and spectral domains simultaneously. This abil-
ity enables us to create various optical processing functions such
as tunable wavelength filtering, variable optical attenuation, and
flexible delay line interferometry with arbitrary spatial and wave-
length channel dependence. These functions are highly suitable
for large-scale optical performance monitoring (OPM). As an ap-
plication, we demonstrate OPM for 100 spatial channels over the
C-band. The constructed OPM can monitor not only the power
spectrum but also the optical signal-to-noise ratio (OSNR) by set-
ting different LCOS phase patterns. We achieved channel power
monitoring and OSNR monitoring with 1.8- and 1.9-dB accuracy
over 100 spatial channels.

Index Terms—Integrated optics, optical waveguides, space
division multiplexing, spatial light modulators, wavelength divi-
sion multiplexing.

I. INTRODUCTION

S PACE division multiplexing (SDM) using parallel spatial
paths such as multicore fibers or few mode fibers is an

attractive way to enhance transmission capacity per optical fiber
[1]–[3]. Recent experimental demonstrations of SDM trans-
mission have clearly shown that SDM is promising for future
backbone networks with ultra-high capacity [4]–[8]. In SDM
networks, optical performance monitors (OPMs) will play an
essential role, as they have done in wavelength division

Manuscript received July 1, 2018; revised September 3, 2018; accepted
September 4, 2018. Date of publication September 14, 2018; date of current ver-
sion February 20, 2019. This work was supported in part by the R&D project on
“Research and Development of Space-Division Multiplexing Photonic Node” of
the National Institute of Information and Communications Technology (NICT).
(Corresponding author: Mitsumasa Nakajima.)

M. Nakajima, K. Suzuki, K. Seno, R. Kasahara, T. Goh, and T. Hashimoto
are with Nippon Telegraph and Telephone Device Technology Laboratories,
NTT Corporation, Atsugi 243-0198, Japan (e-mail:,mitsumasa.nakajima.wc@
hco.ntt.co.jp; kenya.suzuki.mt@hco.ntt.co.jp; kazunori.seno.ur@hco.ntt.co.jp;
ryoichi.kasahara.fs@hco.ntt.co.jp; takashi.goh.ue@hco.ntt.co.jp; toshikazu.
hashimoto.ur@hco.ntt.co.jp).

Y. Miyamoto is with Nippon Telegraph and Telephone Network Innovation
Laboratories, NTT Corporation, Yokosuka 239-0847, Japan (e-mail:, yutaka.
miyamoto.fb@hco.ntt.co.jp).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JLT.2018.2869895

multiplexing (WDM) networks, because they are the basis
of many network level applications such as error diagnosis,
wavelength allocation, and impairment-aware routing [9]–[13].
The OPMs for WDM signals have been realized by using
a tunable wavelength filter with a single photodiode (PD).
They can measure optical power for every wavelength channel
by sweeping the center frequency of the filter. In addition,
the optical signal to noise ratio (OSNR), a fundamental
performance index of the signal quality, can be measured by
installing a delay-line-interferometer (DLI) after the wave-
length filter [14]–[17]. As these configurations are simple and
cost-effective, they are widely used for OPMs. However, in
SDM systems, a massive number of monitoring devices will
be required because SDM signals are densely multiplexed in
space and wavelength division. For example, in an M-degree
ROADM system with N-core fiber, 2M × N units of WDM
monitors are required in each node, so, for instance, 112 OPMs
are required when M = 8 and N = 7. In addition, the monitors
will also have to be highly functional so that they can deal with
different transmission formats and bandwidths.

Recently, an arbitrary optical spectral pulse processing tech-
nique, which had been developed for ultrafast pulse shaping for
femtosecond lasers [18], [19], has been demonstrated for opti-
cal signal processing for telecom devices [20]–[29]. Processing
technology based on a liquid-crystal-on-silicon (LCOS) spatial
light modulator is highly suitable because of its flexibility [20]–
[27]. Thanks to the holographic wavefront modulation by the
LCOS, the device can process optical signals in spectral and time
domains arbitrarily. This ability enables us to construct various
devices for WDM signal processing by only updating the phase
pattern on the LCOS, such as wavelength filters, variable optical
attenuators (VOAs), tunable dispersion compensators, discrete
Fourier domain filters, and variable delay-line-interferometers
(DLIs). Owing to this feature, functional OPMs supporting
multi-signal formats with a flexible passband for WDM sig-
nals have been demonstrated [15], [16]. Toward SDM signal
processing using this technology, multiple spectral processors
have been demonstrated in [27], [30], [31]. However, their spa-
tial channel counts are limited to around ten. In addition, as they
are only used for spectral filters, their ability in programmable
waveform shaping of the SDM signals was not investigated. In
this paper, we demonstrate a densely integrated programmable
spectral processor supporting 120 spatial channels for arbitrary
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waveform processing of SDM signals [32]. The number of spa-
tial channels is ten times larger than in previous reports [27],
[30], [31]. As an application, we demonstrate the first integrated
OPM for SDM network using the proposed device.

II. DEVICE STRUCTURE AND OPERATIONAL PRINCIPLE

A. Over 100 Spatial-Channel Spectral Processor

The key technology for arbitrary waveform processing of the
SDM signal is a multilane photonic spectral processor on a spa-
tial and planar optical circuit (SPOC) platform that combines
waveguides and free-space optics [24], [25], [27], [32]–[36].
Fig. 1(a) is an explanatory schematic of the proposed spectral
processor array on the SPOC platform. Fig. 2(a) and (b) show
the lane-multiplexing (y-z) and dispersion (x-z) planes of the op-
tics. The device consists of a waveguide frontend, a diffractive
grating, lenses, and LCOS. In addition, we employed polar-
ization diversity optics [a polarization beam splitter (PBS) and
half-wave plate (HWP)] between the collimating lens and the
grating because LCOS is polarization dependent. In these op-
tics, the signals from the fiber array are input to the waveguide
frontend, where the input beams are enlarged and multiplexed
by a spatial beam transformer (SBT). The structure of the SBT
is illustrated in the Fig. 2(a). The SBT consists of input/output
(I/O) waveguides, a slab waveguide, and arrayed waveguides. It
has basically the same circuit structure as an arrayed waveguide
grating (AWG), except that the path length difference of the
arrayed waveguides is set at zero. It therefore does not disperse
the light spectrally but rather forms an output beam profile. At
the facet of the waveguide, the beams go at different angles be-
cause their wavefront is different. They are focused on different
areas of the LCOS plane by the Fourier lens. Thus, each signal
from the input ports can be handled separately. Each one is spa-
tially modulated by encoding a wavefront using the LCOS, and
they return to the output ports in the waveguide. Thanks to the
software-upgradable spatial optical modulation by LCOS, the
device arbitrarily manipulates the optical amplitude or phase for
each spatial (y-direction) and wavelength channel (x-direction)
individually. Thus, the processor can provide various functions
through each signal, as shown in Fig. 1(b).

Using a similar configuration, we have already demonstrated
seven arrayed wavelength filters for gain equalizing of seven-
core fibers [27]. Here, we investigate the maximum spatial count
of this system. The maximum number of spatial channels (M)
is simply determined by the following equation;

M = H/dLCOS , (1)

where H is the height of LCOS and dLCOS is the beam separa-
tion on it. To suppress the crosstalk (XT) between neighboring
ports, (dLCOS) should be set larger than the beam radius on the
LCOS (ωLCOS). By considering Gaussian beam propagation, the
XT can be estimated as

XT = exp

{
−

(
dLCOS

ωLCOS

)2
}

(2)

From eq. (2), dLCOS should be set larger than 3.7 × ωLCOS
to obtain a low XT value of < −60 dB. Thus, M becomes

large as ωLCOS becomes smaller. However, it becomes diffi-
cult to construct the DLI function when the ωLCOS becomes
small. (The DLI function is the key to realizing an OSNR mon-
itor, as described later). To utilize the LCOS with the highest
efficiency, we investigated the minimum beam radius on the
LCOS (ωLCOS) for constructing the DLI function. By consider-
ing Gaussian beam propagation, we found ωLCOS = 9 pixels is
the smallest beam radius for constructing it with a good extinc-
tion ratio of over 20 dB. Thus, the minimum dLCOS value is
33.5 pixels. Fig. 1(c) shows the possible M values as a function
of pixel number of LCOS with a dLCOS value of 33.5 pixels.
For comparison, the case for a dLCOS value of 140 pixels is
also plotted, which is the value in our previous work [27]. The
reported M values from previous work are also plotted [27],
[30], [31]. As can be seen in this figure, the M value becomes
about four times larger than in the previous study with the same
number of pixels. In addition, when we utilize 4K-LCOS, which
has 4096 pixels along the longitudinal direction, we can arrange
120 spatial channels onto the LCOS display. The number of
spatial channels is ten times larger than in previous reports.

We designed the optics to achieve such a beam arrangement.
In the SPOC optics, the beam radius ωLCOS and beam position
dLCOS on the LCOS can be described as follows under the small
angle approximation by considering simple 2-f Fourier optics
[27], [33]:

ωLCOS = foλ/πωSBT (3)

dLCOS = foθSBT , (4)

where fo is the focal length of the lens, λ is the optical signal
wavelength in vacuum, ωSBT is the beam radius on the SBT,
and θSBT is the output angle from the chip facet. Thus, we can
control ωLCOS and dLCOS by designing parameters ωSBT and
θSBT , They are designed by using the following relationships:

ωSBT =
fSBT λ

πωo

d2

d1
, (5)

θSBT =
p

fSBT

d2

d1
, (6)

where n is the effective refractive index of the slab waveguide,
ωo is the beam radius of the eigen mode of the input waveguide,
d1 and d2 are the periods of the arrayed waveguides at the
junction of the slab waveguide and the chip facet, p is the period
of the input waveguide at the input side of the slab waveguide,
and fSBT is the focal length of the slab waveguide. As can be
seen in eqs. (3) and (5), a dense beam arrangement on the LCOS
requires a relatively large footprint of the waveguide front. This
typically affects fabrication errors, which cause fringing of the
optical field in the slab waveguides and neighboring-channel
XT. To suppress this XT, we arrange the I/O ports alternately as
shown in Fig. 2(a).

B. Optical Arbitrary Waveform Processing by LCOS

The LCOS can display a quantized multi-level phase pattern
that spatially modulates the wavefront of an input optical beam.
Thanks to its high spatial resolution and software upgradable
feature, we can construct various devices by setting a different
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Fig. 1. (a) Schematic diagram of 120-spatial-channel-multiplexed spectral processor. (b) Displayed phase pattern on LCOS and examples of their function.
(c) Spatial channel count (M) as a function of pixel number of LCOS.

Fig. 2. (a) y-z plane and (b) x-z plane for the proposed 120-spatial-channel-multiplexed spectral processor.

phase pattern for each spatial and wavelength channel. For ex-
ample, we can set a different attenuation value for each channel
by displaying the blazed phase pattern along the y-axis on the
LCOS. The attenuation ratio (ATT) is determined by the fol-
lowing equation:

ATT = exp
{
−

(πωLCOS

λ
θLCOS

)2
}

, (7)

where θLCOS is the steering angle along the y-direction from the
LCOS, which can be controlled by the slope of the blazed phase.
Using this function, we can construct a spatially multiplexed
tunable wavelength filter.

The processor can also control the signals in the time domain
by setting the phase pattern along the x-direction on the LCOS.
For example, when we set the linear phase slope along the
x-direction on the LCOS, we can construct a tunable delay line
thanks to the large path difference arising from the grating.
The group delay τo of this system is expressed as follows [16],
[23], [25]:

τo =
λ2

2πcD

dΦLCOS (x, y)
dx

=
kλ2

2πcD
, (8)

where φLCOS is the phase pattern added to the SLM, ω is the
angular frequency, λ is the wavelength, x is the position along
the dispersion axis on the SLM, D is the linear dispersion of
the grating on the SLM (D = dλ/dx), and c is the speed of
light. Typically, τo can be controlled on a picosecond order.
Note that the wavelength dispersion can be emulated by setting
a nonlinear phase profile along the x-direction [23], [25].

Using the delay functions, the DLI can also be constructed
[15], [16], [22]. In this configuration, the displayed area on the
LCOS is divided into two areas. The patterns on these areas are
the blazed waveforms with the same period but with the oppo-
site sign in the axis of the dispersion of the diffraction grating
(x-direction). Thus, the incident beams are separately phase-
modulated, deflected, and reflected at the diffraction angles back
to the input/output frontend with different paths. Thanks to the
difference in the path length of the reflected lights, the DLI func-
tion can be realized. When we set the phase slope of both areas
on the SLM to k and –k, we can construct the DLI with a relative
delay length τ of 2τo . In addition, a phase offset ϕo is added
on the upper side of the separated area on the LCOS in order
to tune the phase shift slightly. More complex interferomet-
ric operation can be achieved by splitting optical beams much
more.
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Fig. 3. Method for measuring (a) channel power and (b) OSNR for SDM
signals.

C. Operational Principle of OPM

A possible application of this device is an SDM-compatible
OPM. Among the various performance indexes of optical signal
quality, the optical channel power and OSNR are the important
ones because they are directly related to the signal bit error
rate (BER) [37]. Fig. 3(a) explains the method for observing the
channel power using the proposed processor. The channel power
for WDM signals has been realized by using a tunable wave-
length filter with a single photodiode (PD). The optical power
can be measured for every wavelength channel by sweeping the
center frequency of the filter. The block pattern in Fig. 3(a) can
be achieved by using a large steering angle pattern, e.g., a bi-
nary phase grating pattern along the y-direction with a period of
2 pixels. As the PD array has a single PD per fiber, our device
can independently set the tunable filter for each spatial channel.
Thus, we can simultaneously measure the channel power for
SDM by connecting the PD array to multiple output ports.

The OSNR measurements for SDM signals were conducted
by using the same configuration with the DLI function. Fig. 3(b)
explains the method for estimating the OSNR using the proposed
processor. By using the DLI, an OSNR can be estimated from
the difference in the interfered powers between the signal and
noise. With this technique, the OSNR is estimated as [14], [15]:

OSNR (dB)

= 10log10

(
Δν

0.1 nm

[
(n + 1) (s − n)
(R − n) (s + 1)

− n + 1
s + 1

]−1
)

, (9)

where s (and n) is the calibration parameter, which is defined
as the power ratio between the constructive and destructive
interference conditions when there is no noise (and no signal).
Δν is the noise equivalent bandwidth (typically the channel
bandwidth) and R is the observed power ratio between the
constructive and destructive interference conditions. As the
calibration parameters (s and n) are determined by the coherence
of the signal and noise, they only require one measurement.

Fig. 4. (a) Measured and observed beam position on the LCOS. (b) Transmit-
tance as a function of spatial channel.

The DLI is reconfigurable through the wavefront modification
by LCOS, which enables us to optimize the delay line length
on demand (the optimization is described in the following
section). Hence, other techniques for OSNR monitoring have
been proposed, such as polarization nulling, nonlinear effects,
waveform sampling, and neural-network-based machine
learning [38]–[41]. In particular, the DLI-based approach is
very promising because it is simple and intrinsically insensitive
to both chromatic dispersion and polarization mode dispersion
and the signal formats [14]–[17]. This feature is rather attractive
for monitoring of recent polarization-multiplexed SDM signals.

III. FABRICATION AND DEVICE CHARACTERISTICS

As a demonstration, we constructed an optical bench-top for
the 120-array photonic spectral processor using the SPOC plat-
form. The waveguide frontend was fabricated by using a con-
ventional silica-based planar lightwave circuit (PLC) with an
index contrast of 1.5%. The red line in Fig. 4(a) shows the mea-
sured beam position on the LCOS. The observed beam profiles
of 16-input ASE spectra are shown in the inset. As shown in the
figure, the designed optical beams are realized. Fig. 4(b) shows
the transmittance of the fabricated optical bench-top. The in-
sertion loss (IL) ranged from 8.5 to 14.8 dB for the center 100
spatial channels, but that of the 20 edge ports reached 22 dB.
The loss budgets, shown in Fig. 4(b) include a waveguide loss
of 1.5 to 5.5 dB, grating loss of 2.5 dB, LCOS loss of 1.3 dB
including diffraction loss, free-space optics loss of 0.4 dB (in-
cluding the polarization beam splitter loss), and alignment loss
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Fig. 5. (a) Transmittance spectra filtered by 100-GHz grid. (b) Displayed
phase pattern on LCOS. (c) Measured spectra for spatial channel 10, 60, and
110.

Fig. 6. (a) Transmittance spectra of DLI filter with different delay for each
spatial channel. (b) FSR and delay as a function of phase slope along dispersion
axis.

of 3 to 5 dB. The loss increment of the waveguide is due to the
free spectral range of the SBT, which can be suppressed by em-
ploying a narrower waveguide pitch at the facet. By optimizing
the grating and waveguide, we can reduce IL to less than 8 dB.

Fig. 5(a) shows the transmission spectra with a passband
width of a 100-GHz grid for 120 spatial channels. The dis-
played phase pattern on the LCOS is shown in Fig. 5(b). The
enlarged spectra for spatial channel 10, 60, and 110 are shown
in Fig. 5(c). As shown in the figure, the signal of all spatial chan-
nels can be shaped by using the phase pattern on the LCOS. The
wavelength isolation was typically less than −40 dB. The inter-
spatial-channel XT was typically less than −30 dB. Fig. 6(a)

shows typical observed interference spectra from the DLI pat-
terns with various delay times. The extinction ratio of ∼20 dB
was good for all of the examined spatial channels, which sug-
gests that it can be used for OSNR monitoring. We estimated the
delay from the measured free spectral range (FSR). The results
are shown in Fig. 6(b). The obtained optical delay was propor-
tional to the k value and tuned from 0 to about 80 ps, which
agrees with the expectation from eq. (6). These results suggest
the successful operation of the arbitrary waveform processing
function of the device.

IV. APPLICATION TO PERFORMANCE MONITORING

A. Experimental Setup

To confirm that our device is applicable to SDM signal mon-
itoring, we demonstrated an OPM for multiple signal inputs.
Fig. 7(a) shows a schematic of the experimental configuration.
In this experiment, we examined the center 100 spatial channels.
We used two experimental setups: one for OSNR monitoring of
100-Gbps DP-QPSK signal with a 28-Gbaud rate with a carrier
wavelength of 1550 nm, and the other for power monitoring of
ASE spectra filtered by a wavelength selective switch (WSS)
with a 50-GHz passband. The reference power and OSNR value
were swept by using the VOAs and amplifier gain, and the real
power and OSNR were confirmed with a commercial optical
spectral analyzer (OSA). Both signals were split and amplified
and then connected to the odd and even ports of the proposed
device, respectively. The output signals were monitored by a PD
array at the same time. To realize the OPM functions, we set the
phase pattern on the LCOS as shown in Fig. 7(b). The filtering
pattern was swept along the x-axis in the even spatial channels
in order to measure the filtered ASE spectra. On the other hand,
we did not scan the filtering pattern in the odd spatial channels
because only the 1550-nm-wavelength channel was examined
for OSNR monitoring.

B. Power Monitoring

To measure the wavelength dependence of the input power,
we set the bandpass filter (BPF) pattern on the LCOS and swept
the center frequency of the filter. The filtering bandwidth (BW)
was set to 12.5 GHz, and the step of the center frequency was
set to 6.25 GHz. By considering the insertion loss and back-
ground noise including XT, we can estimate the spectrum of the
input signals from the PD’s time dependence. Fig. 8(a) and (b)
show typical measured optical power spectra observed in spatial
channel 60. For comparison, the spectrum measured by a com-
mercial OSA is also shown. The estimation error was less than
0.5 dB in this spatial channel. The measurement took about one
minute per C-band scan, which was due to the time response of
the liquid crystal (on the order of 100 ms). The measurement
time can be improved by using fast SLMs such as micro-mirror
based ones.

Next, we checked the spatial channel dependence of the input
power. We set the BW of the filter to 50 GHz and measured the
optical power of the center wavelength channel (1550 nm) as a
function of spatial channels. The results are shown in Fig. 8(c).
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Fig. 7. (a) Schematic of experimental set up. (b) Displayed phase pattern on LCOS for OPM demonstration.

Fig. 8. (a), (b) Measured and reference spectra for spatial channel 60.
(c) Estimated channel power as a function of spatial channel.

The accuracies are ±0.5 and ±1.8 dB at the input power of −10
and −25 dBm.

C. OSNR Monitoring

In a DLI-based OSNR monitor, the delay time between the
two interferometric arms significantly affects monitoring per-
formance, which requires precise tuning of the delay length by
considering the transmitted signal parameters [17]. In addition,
the filtering shape of the BPF in front of interferometer should
be optimized to accurately measure the OSNR for high-speed
signals [42], [43]. Thanks to the programmable feature of the
proposed DLI, we can optimize the τ value in the DLI and the
filtering shapes of the wavelength filter by simply changing the
displayed phase pattern on the LCOS. However, to our knowl-
edge, how this parameter can be optimize using a LCOS-based
spectral processor is not well understood. Thus, we first describe
their optimizations for OSNR monitoring.

For increasing the accuracy of the OSNR monitor, the s and
n values in eq. (9) are important. These parameters significantly
depend on the delay time in a DLI arm because of the difference
in coherence. By using the coherence function, s and n can be
described by the following equations:

s =
1 + |γs (τ)|
1 − |γs (τ)| (10)

n =
1 + |γn (τ)|
1 − |γn (τ)| (11)

where γs(τ) and γn (τ) are the coherence (or autocorrelation)
function of the signal and the noise, and τ is the delay time
in the DLI. To increase the accuracy of the OSNR monitor,
the n value should be small, which means that τ should be
selected to minimize γn (τ). Generally, γs(τ) and γn (τ) are
Fourier transforms of the power spectra of the signal S(ω), as
shown in Fig. 9(a) and (b). Therefore, when a filtered signal is
introduced into the DLI, γs(τ) shows a gently sloped depen-
dence, as indicated by the black line in Fig. 9(a). On the other
hand, when unfiltered noise with a wide and flat spectrum is
introduced into the DLI, γn (τ) immediately drops to zero with
increasing τ , as shown by the blue line in Fig. 9(b). However,
as the noise is usually filtered by WDM filters, γn (τ) becomes
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Fig. 9. Schematic of relationships between coherence functions and power
spectra for (a) signal and (b) noise. (c) Experientially obtained coherence func-
tions for filtered 100-Gbps DP-QPSK signal and noise.

Fig. 10. (a) Schematic of narrow bandwidth filtering in frequency domain.
(b) Normalized observed power ratio between the constructive and destructive
interference conditions as a function of OSNR value.

sinc-shaped, as shown by the red line in Fig. 9(b). In this case,
the delay time should be chosen as the null point in γn (τ) to
enhance the sensitivity of the OSNR monitors. In the case of
the proposed DLI, we can tune the value of τ by changing the
displayed phase slope on the LCOS. Therefore, the null point
can be directly estimated by observing γn (τ). As γn (τ) typi-
cally depends on the filtering shape of a node device such as a
wavelength selective switch, it has been difficult to determine
the accurate OSNR value in practical dynamic ROADM sys-
tems using the conventional DLI-based OSNR monitor. On the
other hand, the proposed method enables direct measurement
of γn (τ). In addition, we can tune the optimum delay value to
eliminate the accuracy degradation. Therefore, this method can
be employed even in a dynamic ROADM system. For a demon-
stration of this function, we experimentally measured γn (τ) and
γs(τ) using an ASE source and 100-Gbps DP-QPSK signals.
The experimental setup is the same as the one in Fig. 7(a). In
this experiment, the signal and noise were filtered by a 40-GHz
bandpass filter. The results are shown in Fig. 9(c). As shown in
the figure, γn (τ) shows a sinc-shaped function as expected. On
the other hand, γs(τ) shows gently sloped dependence, which
reflects the Gaussian-like power spectra of the filtered signals.

Fig. 11. (a) Estimated OSNR as a function of reference OSNR for spatial
channel 61. (b) Estimated OSNR value as a function of spatial channel number.

From the null point of the sinc-shaped γn (τ), we determined
the optimum delay time to be 37 ps in this case.

In order to measure the OSNR for high-speed signals accu-
rately with a practical dynamic range using a DLI-based moni-
tor, a tunable band-pass filter with a narrow bandwidth must be
put in front of interferometer [42], [43]. In this approach, the
center frequency of the filter should be detuned from the signal
carrier frequency to extract a part of the noisy signal spectrum
at those frequencies, as shown in Fig. 10(a). Then, the signal
spectrum approaches the noise spectrum, which makes the con-
tribution of the noise larger. The proposed DLI also supports this
function because a filtered spectrum can be tuned by changing
the displayed area on the LCOS.

For the validation of this method, we investigated the
dependence of the interference on the filtering shape by using
100-Gbps DP-QPSK signals and an ASE source. Fig. 10(b)
shows the change in the observed normalized R value with
various filtering bandwidths B and filtering center offsets Δf as
a function of the reference OSNR. The reference OSNR value
was swept by changing the signal power with a variable optical
attenuator. As can be seen in Fig. 10(b), the R curve shifts to the
higher OSNR region when the filtering center offset becomes
large. This means that the sensitive range can be tuned by
pre-tuning the filtering shapes. By considering the preferred
dynamic range of OSNR monitoring (typically 10–25 dB), we
can optimize the filtering shapes.

By using the above methods, the OSNR values were esti-
mated for SDM channels. In this experiment, the center wave-
length channels (1550 nm) were examined. The τ value of the
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DLI was determined to 37 ps by observing the coherence func-
tion of noise. The filtering shapes were set to B = 20 GHz and
Δf = 15 GHz for the DP-QPSK signal to maximize the mon-
itoring sensitivity. Fig. 11(a) shows the OSNR estimated from
eq. (9) as a function of the real OSNR value for spatial channel
61. The measured OSNR error is less than 0.4 dB in the range of
10 to 25 dB. Note that the estimation error was larger than 5 dB
when the pre-calibration described above was not employed.
Fig. 11(b) shows the measured OSNR as a function of spatial
channels. The worst measured accuracies are ±1.9 dB over −10
to −20 dB, which were degraded from the center channel. The
accuracy mainly depends on the calibration errors because we
use the same filtering shape and delay for all spatial channels.
The calibration error is mainly caused by non-uniform filtering
characteristics along the spatial channel of the constructed pro-
totype devices. This non-uniformity is not an essential issue, and
we can suppress the spatial channel dependency much more by
optimizing the alignment method and design of the free-space
optics. Thus, we believe that the degradation of accuracy can be
suppressed by improving the optics and the calibration method
in the future.

V. CONCLUSION

We demonstrated a densely integrated programmable spectral
processor supporting 120 spatial channels for arbitrary wave-
form processing of SDM signals. The number of spatial chan-
nels is ten times larger than in previous reports. Thanks to the
holographic wavefront modulation by the LCOS spatial light
modulator, the device arbitrarily manipulates the optical am-
plitude or phase in space and spectral domains simultaneously.
As an application, we demonstrated the first integrated OPM
for the SDM network using the proposed device. The con-
structed OPM can monitor not only the power spectrum but
also the optical signal to noise ratio (OSNR) by setting different
LCOS phase patterns. We achieved channel power monitoring
and OSNR monitoring with 1.8- and 1.9-dB accuracy over 100
spatial channels.
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