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Abstract: A finer-grid wavelength-selective switch (WSS) based on liquid crystal on silicon
is proposed, fabricated, and demonstrated. Based on the cost-effective method, namely
combined lenses technique, the focal length is increased so that both the bandwidth setting
resolution and grid granularity is improved from 12.5 to 6.25 GHz compared with the conven-
tional WSS. To demonstrate its utility, we apply this finer-grid WSS to a reconfigurable optical
add/drop multiplexer structure and an all-optical wavelength conversion (AOWC) module.
To enable a finer-grid WSS, the performance of a finer-grid elastic optical network (EON)
capable of AOWC is also investigated. Different from the conventional AOWC scheme for
fixed-grid WDM networks, we propose and experimentally demonstrate a four-wave-mixing-
based AOWC module specifically for EON. In addition to physical experiments, an optical
network’s control and management scheme corresponding to the designed physical scenario
is also investigated. Experimental and simulation results show that the proposed method
achieves higher spectrum efficiency, lower blocking probability, finer switching granularity,
and higher conversion resolution.

Index Terms: Liquid-crystal devices, optical switching devices, elastic optical network, non-
linear optical signal processing.

1. Introduction
Recently, liquid crystal on silicon (LCoS) has opened up new possibilities for the use of liquid
crystal, with potential applications in various fields [1]. The high resolution and fast response of
LCoS techniques have led to numerous applications in optics: For example, a mode converter
has been employed on an LCoS-based spatial light modulator [2]; a low-voltage polymer-stabilized
structure for LCoS-based phase-only modulation has been investigated [3]; and a compact LCoS-
based wavelength blocker array has been presented [4]. In particular, LCoS-based wavelength
selective switches (WSSs) are considered to be key factors in future optical networks [5].
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Fig. 1. (a) Traditional WDM networks with fixed spacing grid (50 GHz). (b) Elastic optical networks with
flexible grid (12.5 GHz).

WSSs are at the heart of reconfigurable optical add/drop multiplexer (ROADM) structure, which
is a key nodal subsystem in next-generation wavelength division multiplexing (WDM) networks.
Traditional WDM networks strictly follow the ITU-T wavelength grids and spacing. Nonetheless,
the standard ITU-T grids with fixed spacing (i.e., 50 GHz) are coarse, resulting in a significant
waste of optical spectra and limited potential to improve the transmission capacity [6], as shown
in Fig. 1(a). Therefore, elastic optical networks (EONs) have been developed that can dynamically
allocate a flexible amount of spectral resources to individual channels to support heterogeneous
line rates [7], as shown in Fig. 1(b). Accordingly, ITU-T revised the latest G.694.1 standard, which
describes the concept of a flexible grid and defines the frequency slot width as 12.5 GHz [8]. This
has encouraged the development of hardware facilities such as 12.5 GHz-grid bandwidth-variable
WSS (BV-WSS), which can route the incoming optical signals with different optical bandwidths and
central wavelengths to any output fiber [9].

With the exponential growth of network capacity and traffic rates, data traffic grooming is becoming
increasingly important as a means of further improving the efficiency and flexibility of networks. To
better utilize optical spectrum resources, finer-grid granularity for next-generation EON (NG-EON)
is desired. However, the continued use of 12.5 GHz grids by commercial BV-WSS blocks the
development of finer-grid ROADM for NG-EON. The finer grids can be achieved by adopting the
higher-resolution LCoS, such as waveshaper [10], but the extremely high cost makes it impractical
for NG-EON. Hence, it is important to develop the cost-effective technique for WSS to achieve finer
grids.

In addition, to further increase the network efficiency and decrease the blocking probabilities,
the wavelength conversion (WC) function is needed to avoid wavelength contention for dynamic
optical path switching at the nodes [11]. Traditionally, WC has been performed by a transponder
at each node, whereby a signal is dropped, received, and transmitted at a different wavelength.
However, transponders basically work with specific modulation formats and symbol rates, limiting
the flexibility of the network’s operation. The all-optical wavelength conversion (AOWC) technique
without optical-electrical-optical (OEO) conversions, particularly that based on four-wave mixing
(FWM) effect in a semiconductor optical amplifier (SOA), represents a promising choice for WC,
as it offers transparent modulation formats, ease of integration, and ultra-high processing speed
[12]–[14], but the reported AOWC schemes are mainly employed in the fixed grid optical networks,
but not in EONs. So far, there are few studies having been done to provide the solution for EON
with the ability of WC.

In this paper, a novel ROADM structure based on finer-grid WSS with AOWC module is proposed
for NG-EON. We have researched and fabricated a 1 × 9 finer-grid WSS based on LCoS. Com-
pared with the commercial BV-WSS, the frequency slot width is refined from 12.5 GHz to 6.25 GHz.
The model and principle of WSS are analyzed in detail. Based on the combined lenses technique,
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Fig. 2. (a) Schematic diagram of a finer-grid WSS based on LCoS. (b) Internal optical path structure.
(c) Real product photo of a packaged finer-grid WSS.

the focal length is increased so that both the bandwidth setting resolution and grid granularity is im-
proved but without cost growth. Moreover, with the help of this cost-effective and high-performance
WSS, we are able to implement an AOWC module based on FWM in an SOA. Signals in differ-
ent modulation formats, such as DPSK, QPSK, and 16QAM, are comprehensively investigated.
In addition to the physical experiments, we also study the optical network’s control and manage-
ment scheme corresponding to the designed physical scenario. In summary, our proposed scheme
can effectively improve the spectrum efficiency, decrease the blocking probability, and optimize the
network performance.

2. Finer-Grid Wavelength-Selective Switch
The schematic of finer-grid WSS based on LCoS is shown in Fig. 2(a), in which each component and
their detailed information are also listed. In the wavelength distribution direction (y-axis), the optical
signals are fed into the system via the collimator array. Since the LCoS is sensitive to polarization, the
random-polarization light is converted into extraordinary light (e light) by the polarization converter.
A pair of anamorphic condenser lenses (y-direction lens1 and lens3) are employed as a beam
expander to change the beam waist to an appropriate form on the transmission grating surface.
Through the grating, the optical signals at different wavelengths are output at different angles. After
the other y-direction condenser lens, each wavelength can be focused onto the corresponding
pixel area of the LCoS. The phase of each pixel is controlled by the digital driven mode based
on pulse width modulation. By controlling the phase of pixels in the switching direction (x-axis),
based on Fraunhofer effect, the optical signal at each wavelength can be reflected to the desired
output port. The photos of internal optical path structure and packaged product are displayed in
Fig. 2(b) and (c).
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Fig. 3. Schematic of optical path setting for combined cylinder lenses.

Based on above-described configuration, the bandwidth setting resolution BWres of WSS is

BWres = d × (λmax − λmin)
f × tan(θλmax − θλminx)

(1)

where d is the pixel size of LCoS; f is the focal length of condenser lens in front of LCoS; θλmax
and θλmin are the output angles from the grating, corresponding to the maximum wavelength λmax
and minimum wavelength λmax, respectively.

In our work, the λmax is 1570 nm and λmin is 1530 nm so that the λmax = 53.6◦ and λmin =
49.9◦. According to (1), it is seen that BWres is mainly dependent on the parameters f and d. In
order to achieve finer bandwidth setting resolution and grid granularity, the value of BWres should be
decreased. Obviously, there are two methods: decreasing the pixel size of LCoS d, or increasing
the focal length of condenser lens f . However, due to the extremely high cost, higher-resolution
LCoS-based WSS cannot be widely applied for practical EON, such as Finisar waveshaper, which
is mainly used as a narrow-band tunable filter in the lab but not a switching module in ROADM.
Moreover, the small pixel-size LCoSs not only increase the cost significantly, but also may cause
the electric field crosstalk among pixels. Hence, different from the existing technique, we propose
the other more cost-effective and practical method: keeping the pixel size of LCoS unchanged, but
increasing the focal length f . In addition, in the conventional WSS, the condenser lens is single,
which means the single lens has to be customized for the required focal length, and focal length is
nonadjustable. Here, we propose a combined lenses structure instead of single lens, consisting of
y-direction cylinder lens3 and lens4, as shown in Fig. 3. The advantage of our technique is that the
focal length of combined lenses can be adjusted flexibly by changing the distance between lens3
and lens4, without damaging the aberration nor increasing additional cost. We adopt the LCoS
produced by Holoeye Corp, and its pixel size d is 8 um. Based on the precise design, the distance
between lens3 and lens4 is set as 78 mm, and thus, the focal length f is 98 mm to realize the
6.25 GHz bandwidth setting resolution.

A test system consisting of a tunable laser (Agilent 81960A), polarization controller, multi-port
optical meter (Agilent N7745A), and lightwave measurement analyzer (Agilent 8164B) is used to
investigate the performance of finer-grid WSS, including the insertion loss (IL), port isolation, min-
imum bandwidth, bandwidth setting resolution, polarization-dependent loss (PDL), and differential
group delay (DGD). All nine ports have the similar performance, and thus we take Port 1 as the
test reference, as shown in Fig. 4(a). The IL range of Port 1 is 5.5-6 dB across the entire C-band
(1530-1570 nm). The ripples in the transmission spectra are caused by the gap between the pixels
on the LCoS. Narrower gaps can suppress the ripples and reduce the IL nonuniformity. The port
isolation for each port is larger than 25 dB, which effectively mitigates the interference from other
ports. The tunable bandwidth is displayed in Fig. 4(b). The bandwidth can be flexibly adjusted by
the programmable software. The center wavelength is fixed at 1550 nm, and the 3 dB passband
bandwidths range from 15 GHz to 1 THz. The maximum bandwidth can reach 5 THz across the
entire C-band.
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Fig. 4. (a) Measured insertion loss and port isolation of the Port1. (b) Function of tunable bandwidth at
the center wavelength of 1550 nm.

Next, we demonstrate the higher bandwidth setting resolution and finer grid granularity. The
bandwidth can be digitally tuned at a resolution of 6.25 GHz, as displayed in Fig. 5(a), which
enables the signal to vary its bandwidth more flexibly. The bandwidths are then fixed to 15 GHz,
25 GHz, 50 GHz, and 100 GHz. Under the different bandwidths, the center wavelengths can be
tuned at steps of 6.25 GHz, enabling finer-grid granularity, as shown in Fig. 5(b)–(e). The finer slot
granularity allows for finer switching ability in the ROADM. In addition, we measure the PDL and
DGD of four random ports across the entire C-band. The PDL is less than 0.5 dB, and DGD is less
than 1.4 ps, as shown in Fig. 6. The polarization dependent loss (PMD) is the average of DGD,
and the value of PMD is less than 0.5 ps. Finally, the attenuation control range is 0 ∼ 15 dB, and
attenuation setting resolution is 0.2 dB.

3. ROADM Structure Based on a Finer-Grid WSS Capable of AOWC
To subject our developed WSS to practical applications, we propose a scalable colorless, direction-
less, and contentionless (CDC) ROADM structure. Based on the finer-grid WSS, the CDC-ROADM
can implement finer-granularity switching function for NG-EON, which can further improve spec-
trum utilization. Moreover, it is also equipped with a shared AOWC module in Fig. 7(a). The optical
splitter distributes incoming channels from one degree to the drop portion of this degree and to the
1 × N finer-grid WSSs of all other degrees. Each 1 × N finer-grid WSS can select different services
at different wavelengths with various bandwidths and route them to the corresponding destination
nodes. To achieve a contentionless implementation, the M × N WSS must be able to switch any
wavelength from any input port to any output port [15]. Currently, M × N WSS is not commer-
cially available yet, but the function can be implemented using several smaller switches. Therefore,
with the appropriate connection among these components, a CDC-ROADM can be successfully
constructed.

However, in spite of the CDC characteristic, transmissions may still be blocked under the con-
straints of wavelength continuity, spectral continuity, and spectral conflict [11]. As shown in Fig. 8(a),
in the fixed grid scenario without WC function, the service B at frequency f which intends to route
from Note 1 to Node 4 has to be blocked because of the preoccupied frequency resource by service
C between Node 3 and 4. To overcome this limitation, the wavelength converter, which can change
the wavelength of a transit connection from one incoming wavelength to another wavelength, is
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Fig. 5. (a) Measured bandwidth setting resolution: 6.25 GHz; the finer GHz grid granularity (6.25 GHz)
for the fixed bandwidth of (b) 15 GHz, (c) 25 GHz, (d) 50 GHz, and (e) 100 GHz, respectively.

Fig. 6. (a) Measured PDL of four selected output ports. (b) Measured DGD of four output ports.

needed. Therefore, wavelength conflicts along the route of a channel can be resolved, and uti-
lization of spectral resources can be increased, as shown in Fig. 8(b) [16]. However, the above
referenced schemes with WC are all employed in the fixed grid optical networks but not in EONs.
So far, there are few studies having been done to provide the solution for EON with the ability of
WC. As shown in Fig. 8(c), in NG-EON, the node capable of WC can further increase the network
efficiency and decrease the blocking probabilities.
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Fig. 7. (a) Scalable CDC-ROADM structure based on the finer-grid WSS and equipped with a shared
AOWC module. (b) Operation principle of FWM in SOA for DPSK, QPSK, and 16QAM.

Fig. 8. (a) Fixed grid scenario without WC. (b) Fixed grid scenario with WC. (c) Flexible grid scenario
with WC.

Therefore, aimed at NG-EON, we design a shared AOWC module based on the finer-grid WSS
and SOA. Compared with other devices, the low cost, easy integration, and low input optical power
of commercial SOAs makes them better suited to the ROADM structure. As shown in Fig. 7(a),
the splitters from all directions are connected to one finer-grid WSS at the input port of the AOWC
module. WC is not necessary for every input signal-it is only performed when the wavelengths
conflict and the spectrum resources are insufficient. This WSS can select the desired wavelength
that needs to be converted. The selected signal at ω1 and the pump from a tunable laser (TL) at
ω2 are coupled together as the SOA input, as shown in Fig. 7(b). After FWM in SOA, the converted
signal is generated at ω221 = 2ω2 − ω1 [17]. Both the amplitude information and phase information
of the original signal can be reserved and transparently transferred to the generated idler, which
means that DPSK, QPSK, and 16QAM signals can implement the WC function. The converted
signal is then demultiplexed by another WSS and routed to the destination port. In theory, the signal
can be converted to any continuous wavelength by adjusting the frequency detuning between the
pump and the original signal. However, in real optical networks, the converted signal has to be
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Fig. 9. Experimental setup: ECL: external cavity laser; PC: polarization controller; PPG: pulse pattern
generator; PM: phase modulator; DI: delayed interferometer; BPD: balanced photonics detector; BERT:
BER tester; AWG: arbitrary waveform generator; VOA: variable optical attenuator; EDFA: erbium-doped
fiber amplifier; OBPF: optical band-pass filter; A/D: analog to digital converter; LO: local oscillation; OSC:
oscilloscope.

allocated at the specified wavelength according to the WSS grid, because only the grid-aligned
signal can be properly filtered. The finer-grid WSS can not only filter out the converted signal with
flexible bandwidth but enable the finer-granularity conversion step as well.

4. Experimental Setup and Results
To demonstrate the feasibility of finer-grid WSS and AOWC module, we set up two physical ex-
periment systems: the first one is based on phase modulator (PM), differential detection (DD), and
BER tester (BERT) for DPSK signal; the other one is based on IQ modulator, coherent receiver, and
off-line processing for QPSK and 16QAM signals (see Fig. 9). The original signals are generated
from the multi-format transmitter consisting of two kinds of transmitters: DPSK signal is modulated
by an optical PM which is driven by a pulse pattern generator (PPG Anritsu MP1800A) to pro-
vide the repeated pseudo-random binary sequence (PRBS) with a length of 231 − 1 at 12.5 Gbps;
while QPSK and 16QAM signals are modulated by a IQ modulator (Tektronix OM5110) driven by
an arbitrary waveform generator (Tektronix AWG7001A) to generate 25 Gbps QPSK signal and
50 Gbps 16 QAM signal, as shown in Fig. 9(b). The light sources of the pump and signal are
from tunable external cavity lasers (ECL-EXFO-FLS2800) with linewidths of less than 100 kHz.
The input signal and pump are multiplexed together by our finer-grid WSS. The combined input
wavelengths are injected into the SOA (CIP-NL-OEC-1550) with a small gain of 34 dB and a sat-
uration output power of 6 dBm. Two circulators, placed before and after the SOA, are used as
isolators to avoid reflection interference. The relative polarization state between the pumps and
the input signal can be controlled by the polarization controllers (PCs). After FWM, the generated
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Fig. 10. Optical spectra of wavelength conversion based on FWM. (a)–(d) 12.5 GHz grid-aligned con-
verted signals. (e)–(h) 200 GHz grid-aligned converted signals.

idlers are demultiplexed by the other finer-grid WSS, which can be controlled by the programmable
software to filter the desired wavelengths and route to the destination port. The selected signal is
detected by the multi-format receiver comprised of two kinds of receivers: the DPSK is demodulated
by the Mach-Zehnder delayed-interferometer (DI) and detected by a balanced photonics detector
(BPD-u2t-2150R); QPSK or 16QAM is detected by a coherent receiver (Tektronix OM4106D), as
shown in Fig. 9(c). Here, the erbium-doped fiber amplifier (EDFA), operating as a pre-amplifier,
is set to constant power mode to maintain the input power of the coherent receiver. Finally, the
eye-diagrams of DPSK are obtained from an oscilloscope (OSC Agilent 86100A) and BERs are
measured in real time by a BERT (MP1800A). On the other hand, for QPSK or 16QAM signals, the
constellation diagrams and I/Q eye-diagrams are obtained by a 33-GHz OSC (Tektronix 73304DX),
and the BER is calculated by the off-line processing. The optical spectra are observed by an optical
spectra analyzer with a resolution of 0.05 nm (YOKOGAWA AQ6370B).

First, we generated 12.5 GHz grid-aligned converted signals according to ITU-T G.964.1. We
fixed the original signal at a wavelength of 1551.72 nm with a power of −5.5 dBm, and changed
the wavelength of the pump in steps of 6.25 GHz with a power of 3.5 dBm. The bias current of the
SOA was set to 280 mA. Here, we take the QPSK signal as an example of the signal spectra after
FWM in Fig. 10(a)–(d). The wavelengths of the four converted idlers are 1550.91 nm, 1550.81 nm,
1550.71 nm, and 1550.61 nm. We then increased the frequency detuning between the pump and
the original signal to 500 GHz, so that the conversion range increased to 1 THz at steps of 200 GHz,
as shown in Fig. 10(e)–(h). We can see that the larger conversion range leads to a lower optical
signal noise rate (OSNR), which is related to the conversion efficiency (CE). To achieve the optimal
FWM conversion efficiency, the pump and input signal are adjusted to the co-polarized states using
the PCs [17].

Then, we measured the OSNR of the converted signal as a function of conversion range for DPSK,
QPSK, and 16QAM, respectively. Here, we also took the QPSK signal as example to measure the
OSNR curve at the step of 12.5 GHz. With the help of tunable lasers, finer-grid WSS, and flat-
gain SOA, the converted 12.5 GHz grid-aligned signal was achieved, as shown in Fig. 11(a). The
OSNRs of DPSK and 16QAM were also measured at the step of 100 GHz and the OSNR curves
were fitted. From Fig. 11(a), it was seen that three kinds of curves were almost overlapped, which
implies that three kinds of signals with the same input power display the similar OSNR performance.
In addition, we investigated the influence of bias current on CE. The bias current was set from 240
to 340 mA and other conditions were kept. We selected four converted signals at the different
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Fig. 11. Conversion effect. (a) OSNR of the converted signal as a function of conversion range.
(b) CE as a function of bias current.

Fig. 12. BER performance as a function of OSNR for (a) QPSK and 16QAM. (b) DPSK. (Insets)
Corresponding constellations and eye-diagrams.

conversion ranges to analyze the effect of bias current on CE, as shown in Fig. 11(b). When the
bias current was small, the CE was improved as the bias current rised. That was because larger
bias current provided higher carrier density which led to higher CE. However, when the bias current
reached a certain value, the CE started to deteriorate as bias current rises. It was mainly because
too large bias current might generate high-order FWM components and induced more ASE noise.
The high-order FWM idlers consumed the energy from pumps and current, which led to a decline in
CE. Moreover, the high-order FWM might cause the crosstalk to the converted signal which might
further damage the signal performance. Fig. 11(b) presented the optimum value of bias current was
300 mA.

Next, the BER performance was measured as a function of OSNR for the converted QPSK
and 16QAM signals, as shown in Fig. 12(a). The original signals were also tested under a back-
to-back (BtB) scenario for comparison. We chose the conversion range at 8 nm (1 THz) for this
measurement, because larger conversion detuning not only satisfies practical EON applications,
but also provides 22 dB OSNR, which is required to obtain the proper BER values. In addition,
we also investigated the DPSK signal, as shown in Fig. 12(b). It can be observed that, for QPSK
and 16QAM, the BER is lower than the FEC threshold of 10−3, and compared with their own BtB
cases, the OSNR penalties are less than 1.5 dB. For DPSK, owing to the on-line calculation, the
BER can be tested to as low as 10−9, meaning that error-free performance is achieved, and the
OSNR penalty is less than 1 dB. The constellations and eye-diagrams of the original and converted
signals are displayed in the insets of Fig. 12. Concentrated constellations and clear opening eye-
diagrams confirm the acceptable performance of the conversion process and demonstrate the
complete transparency of the scheme when applied to multilevel formats, even in the case of large
conversion ranges.
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Fig. 13. Blocking probability as a function of traffic load. (a) Under different grid granularities. (b) With
limited converters per node.

However, the lower-order format has better resistance to deterioration. Because of its longer
Euclidean distance, DPSK signals are more robust in terms of OSNR degradation. From Fig. 12,
we can see that, to achieve the same BER value, the higher order format requires a higher OSNR.
Moreover, if we implement the same conversion range, the higher-order format exhibits worse BER
characteristics, especially for long distance signals that suffer from accumulated dispersion and
nonlinear noise. Therefore, in practical WC-EONs, the conversion range and transmission distance
for different formats should be considered.

To investigate how the finer-grid WSS can be effectively used to improve the performance of EON,
we also studied the control and management layer. We modified an effective routing, wavelength
assignment, and spectrum allocation (RWSA) algorithm specifically for WC-EON [18]. We simulated
the modified algorithm on the 14-node NSFNET topology. The network can support various line rates
with the corresponding spectral widths. First, we measured the blocking performance of the non-
wavelength convertible networks under different grid granularities (i.e., 50 GHz, 25 GHz, 12.5 GHz,
6.25 GHz, and gridless), as shown in Fig. 13(a). It is seen that the blocking performance improves
as the grid granularity decreases, resulting in a lower blocking probability. Another interesting
observation is the performance saturation phenomenon. When the grid granularity decreases to
a certain level (in this case, 6.25 GHz), the overall blocking performance of the finer-grid case
is similar to that in the gridless case. Thus, the finer-grid EON based on our WSS can optimize
the network performance, but it would appear that there is no need to over-enhance the tuning
resolution of optical components, as little improvement is observed when the tuning resolution is
less than 6.25 GHz.

Finally, we measured the blocking performance of the 6.25 GHz grid EON with different levels of
WC capacity, as shown in Fig. 13(b). The upper curve shows the non-wavelength convertible case,
and the lower curve shows the full wavelength conversion capacity. The middle curves represent the
blocking performance of EON with a shared WC module, which means only certain requests can
implement the WC function. It can be seen that the blocking probability improves with the proportion
of WC capacity at a node. However, after deploying only 10% of the total number of requests, the
blocking probability remains stable and is very close to the network with full WC capacity. Thus,
though WC can further improve the network performance, the advantages of full WC capacity can
be achieved by investing in a small percentage of converters, which demonstrates the effectiveness
of our proposed shared AOWC module.

5. Conclusion
In conclusion, we have proposed and fabricated an LCoS-based WSS. Compared with the conven-
tional WSS, based on the cost-effective method, namely combined lenses technique, the proposed
WSS offers improved bandwidth setting resolution and enhanced grid granularity of 6.25 GHz. To
achieve finer-grid WSS, we preferred to increase the focal length rather than decrease the pixel
size of LCoS. The advantage of our technique was that the focal length of combined lenses could
be adjusted flexibly by changing the distance between two cylinder lenses, by neither damaging the
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aberration nor increasing additional cost. Aimed at NG-EON, we conducted physical experiments
to test the finer-grid WSS-based AOWC module, which demonstrated that AOWC was feasible for
DPSK, QPSK, and 16QAM signals. In addition to physical experiments, a network simulation for
the corresponding control and management scheme was also performed. The results show that
the finer-grid WSS effectively increases the spectrum efficiency, improves the conversion resolu-
tion, and decreases the blocking probability, demonstrating the feasibility of the finer-grid WSS and
AOWC for future EONs.

Finally, based on above the proposed 1 × 9 WSS, the key techniques, including WSS bandwidth
resolution setting, LCoS beam deflection, and Gauss beam transformation, have the potential to
be applied for the development of M × N WSS, which is the essential component for ROADM
contentionless implementation, and will be further researched in the future.

References
[1] D. Yu, S. Fu, Z. Hong, M. Tang, P. Shum, and D. Liu, “Characterization and mitigation of phase-modulation-dependent

loss of liquid crystal on silicon.” Opt. Lett., vol. 40, no. 7, pp. 1484–1487, 2015.
[2] M. Salsi, C. Koebele, D. Sperti, and P. Tran, “Mode-division multiplexing of 2 100 gb/s channels using an LCoS-based

spatial modulator,” J. Lightw. Technol., vol. 30, no. 4, pp. 618–623, Feb. 2012.
[3] F. Peng, Y. H. Lee, Z. Luo, and S. T. Wu, “Low voltage blue phase liquid crystal for spatial light modulators.” Opt. Lett.,

vol. 40, no. 21, pp. 5097–5100, 2015.
[4] Y. Sakurai et al., “LCoS-based wavelength blocker array with channel-by-channel variable center wavelength and

bandwidth,” IEEE Photon. Technol. Lett., vol. 23, no. 14, pp. 989–991, Jul. 2011.
[5] K. Sorimoto et al., “Compact and phase-error-robust multilayered AWG-based wavelength selective switch driven by a

single LCoS,” Opt. Exp., vol. 21, no. 14, pp. 17131–17149, 2013.
[6] G. Shen and Q. Yang, “From coarse grid to mini-grid to gridless: How much can gridless help contentionless?” in Proc.

Opt. Fiber Commun. Conf. Expo./Nat. Fiber Opt. Eng. Conf., 2011, pp. 1–3.
[7] O. Gerstel, M. Jinno, A. Lord, and S. J. B. Yoo, “Elastic optical networking: A new dawn for the optical layer?” IEEE

Commun. Mag., vol. 50, no. 2, pp. s12–s20, Feb. 2012.
[8] Spectral Grids for WDM Applications: DWDM Frequency Grid, ITU-T G.694.1, 2012.
[9] M. A. Roelens, J. B. Schroeder, P. Blown, C. Pulikkaseril, S. Poole, and S. Frisken, “Applications of LCoS-based

programmable optical processors,” in Proc. Opt. Fiber Commun. Conf., 2014, Art. no. W4F-3.
[10] C. Lim, C. Pulikkaseril, and K. L. Lee, “A study on LCoS-based remote nodes for 60 GHz fiber-wireless links,” J. Lightw.

Technol., vol. 30, no. 19, pp. 3110–3117, Oct. 2012.
[11] A. N. Patel, P. N. Ji, J. P. Jue, and T. Wang, “Routing, wavelength assignment, and spectrum allocation in wavelength-

convertible flexible optical WDM (WC-FWDM) networks,” in Proc. Nat. Fiber Opt. Eng. Conf., 2012, Art. no. JTh2A-36.
[12] D. Wang, M. Zhang, J. Qin, G.-W. Lu, H. Wang, and S. Huang, “Multifunctional switching unit for add/drop, wavelength

conversion, format conversion, and WDM multicast based on bidirectional LCoS and SOA-loop architecture,” Opt. Exp.,
vol. 22, no. 18, pp. 21847–21858, 2014.

[13] D. Wang et al., “Multifunctional all-optical signal processing scheme for simultaneous multichannel WDM multicast and
XOR logic gates based on FWM in QD-SOA,” in Proc. Opt. Fiber Commun. Conf., 2015, Art. no. Th2A–5.

[14] D. Wang, M. Zhang, Z. Li, and Y. Cui, “Flexible optical cross-connect structures supporting WDM multicast with multiple
pumps for multiple channels,” IEEE Photon. J., vol. 6, no. 6, pp. 1–12, Dec. 2014.

[15] S. Gringeri, B. Basch, V. Shukla, R. Egorov, and T. J. Xia, “Flexible architectures for optical transport nodes and
networks,” IEEE Commun. Mag., vol. 48, no. 7, pp. 40–50, Jul. 2010.

[16] A. N. Patel, P. N. Ji, J. P. Jue, and T. Wang, “On-line routing, wavelength assignment, and spectrum allocation in
wavelength convertible flexible optical WDM networks,” Proc. SPIE, vol. 8283, no. 3, pp. 579–590, 2012.

[17] J. P. R. Lacey, M. A. Summerfield, and S. J. Madden, “Tunability of polarization-insensitive wavelength converters
based on four-wave mixing in semiconductor optical amplifiers,” J. Lightw. Technol., vol. 16, no. 12, pp. 2419–2427,
Dec. 1999.

[18] A. N. Patel, P. N. Ji, and J. P. Jue, “Routing, wavelength assignment, and spectrum allocation in wavelength convertible
flexible optical wavelength-division multiplexing networks,” U.S. Patent 8 909 043, Dec. 9, 2014.

Vol. 9, No. 2, April 2017 7101212



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


