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SUMMARY
We present an 8 × 8 wavelength-routing switch (WRS)
that monolithically integrates tunable wavelength converters (TWCs) and
an 8 × 8 arrayed-waveguide grating. The TWC consists of a double-ringresonator tunable laser (DRR TL) allowing rapid and stable switching and
a semiconductor-optical-amplifier-based optical gate. Two diﬀerent types
of dry-etched mirrors form the laser cavity of the DRR TL, which enable
integration of the optical components of the WRS on a single chip. The
monolithic WRS performed 1 × 8 high-speed wavelength routing of a nonreturn-to-zero signal at 10 Gbit/s. The switching operation was demonstrated by simultaneously using two adjacent TWCs.
key words: monolithic integration, photonic integrated circuits, tunable
laser, wavelength conversion, all-optical switch

1.

Introduction

The rapid growth of optical communications networks due
to the widespread use of the Internet and Internet-related
services has led to a need for large-capacity and low-powerconsumption nodes with varied traﬃc-engineering capabilities. Optical packet switching (OPS) is a potential solution
that maximizes the throughput and flexibility of the network
because of its packet-level granularity [1], [2]. However, implementation of an OPS network will require optical routers
that surpass the performance of current electrical routers.
In current high-capacity electrical routers, an incoming
packet is first segmented into a sequence of fixed-length and
slow data cells at a line card. The cells are routed through
a switch fabric consisting of multiple parallel switching
planes and re-assembled into a packet at the line card [3].
This forwarding method is very complex and has become
the major bottleneck in throughput, power consumption, latency, and size. A potential solution is a high-speed optical
switch that can operate on a packet-by-packet basis without
segmentation while maintaining data in the optical domain.
An optical switch in an optical router would ideally
have low power consumption, small size, scalability, and
data-format transparency, as well as a high-speed switching capability. Although such an ideal optical switch has
never been realized, a variety of optical switching technologies have been proposed, including LiNbO3 -, GaAs-, or InPManuscript received August 23, 2010.
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based crosspoint switches with a multistage configuration
[4], broadcast-and-select switches based on semiconductoroptical-amplifier (SOA) gate arrays [5], and wavelengthrouting switches (WRSs) based on tunable wavelength converters (TWCs) followed by an arrayed-waveguide grating
(AWG) [6]. Among these technologies, the WRS would
have low power consumption and high scalability for larger
throughput.
The TWC in WRSs consists of a high-speed
tunable laser and an optical gate.
Several types
of tunable laser have been demonstrated, including
sampled-grating/super-structure-grating distributed-Braggreflector (SG/SSG DBR) lasers [8], [9], modulated grating
Y-branch (MGY) lasers [10], and grating coupler with rear
sampled grating reflector (GCSR) lasers [11]. The tuning mechanism of these lasers is based on the free-carrier
plasma eﬀect produced by current injection, which changes
the refractive index of the tuning sections within a few
nanoseconds. However, the transient thermal eﬀect which
causes the wavelength of the tunable laser to drift remains
a problem [12]. The wavelength drift has a much longer
response time (millisecond order) compared with the mechanism employed for fast tuning. In addition, the drift will
cause loss and crosstalk in the WRS since the lasing wavelength can slip out of the pass-bands of the AWG filter following the tunable laser. Therefore, fast and accurate tuning
of the lasing wavelength is critical in order to switch each
packet within a guard time of several nanoseconds. Moreover, integrating the TWCs and the AWG monolithically on
a single chip would be a promising way to reduce the power
consumption, size, and cost of the WRS.
In this paper, we describe a monolithic WRS with a
double-ring-resonator tunable laser (DRR TL). The DRR
TL is characterized by low tuning current operation that enables rapid and stable tuning of the TWC [13]. An etched
mirror was developed for the laser cavity of the DRR TL in
the monolithic TWC. In addition, a highly reflective mirror
coated with Au is used to improve the performance of the
TWC.
This paper is organized as follows. Section 2 describes
the operation principle and fabrication of the monolithic
TWC with the DRR TL. Section 3 describes the monolithic
WRS that integrates an array of eight TWCs and an 8 × 8
AWG. Section 4 summarizes the main points.
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2.

Tunable Wavelength Converter with Double-RingResonator Tunable Laser

2.1 Device Structure and Fabrication
A photograph of the fabricated TWC is shown in Fig. 1. The
TWC consists of the DRR TL and an optical gate with a
parallel amplifier structure (PAS) [14]. The DRR TL exhibited a tuning range of 50.0 nm with a current injection
of less than 5.2 mA, providing rapid (less than 11 ns) and
stable (less than 5 GHz wavelength drift) wavelength tuning [15]. Figure 1(b) shows a schematic of the DRR TL.
The laser consists of a gain section, a phase control section,
and a filter section. The filter section consists of two ring
resonators that have slightly diﬀerent free spectral ranges
(FSRs). The wavelength tuning range of the filter section is
greatly enhanced by the Vernier eﬀect between the two ring
resonators. Compared with the SG DBR often employed in
tunable lasers, the ring-resonator filters employed within the
cavity of the DRR TL have superior filter characteristics and
a more compact structure. The characteristics include a narrower transmission bandwidth with a Lorentzian-type filter
response and an infinite number of resonant peaks. When
the Vernier tuning mechanism is used, the maximum injection current required for tuning can be reduced by reducing
FSRs of the filters. The ring-resonator filter can reduce the
FSR while it expands the tuning range, resulting in low tuning current operation. The detailed operating principle of
the DRR TL can be found in Ref. [15]. Low tuning current
operation is critical for reducing the wavelength drift caused
by thermal transients [15], and it is highly advantageous for
high-speed and stable switching operation of the TWC.
The FSRs of the ring resonators were set to 400 (Ring
1) and 444 GHz (Ring 2), which correspond to ring radii of
around 20 μm. As a result, the total FSR of the two ring resonators was 4 THz. Wavelength conversion is performed by
modulating the CW light from the DRR TL with cross-gain
modulation (XGM) caused by the input signal injected into

Fig. 1
TL.

(a) Photograph of the fabricated TWC. (b) Schematic of the DRR

the optical gate. The optical gate with the PAS is a symmetric Mach-Zehnder interferometer (MZI), which consists
of two 3-dB multimode interference (MMI) couplers and an
SOA in each arm. Since the MZI is set in the cross state
by injecting the same amount of current into both SOAs, the
input signal after the XGM and the converted signal are automatically fed to diﬀerent output ports of the MZI; Port 2
and Port 1, respectively [16]. Therefore, the input optical
signal is removed before the AWG with the PAS (filter-free
operation).
The device has a stacked-layer structure [17], which
enables a single regrowth step. In this structure, a compressively strained multi-quantum well (MQW) layer for the active section is grown on top of a 0.3 μm-thick InGaAsP layer
(λg = 1.4 μm). The active layer and 1.4Q passive layer are
separated by a 10-nm-thick InP etch stop layer to allow for
removal of the active layer in the passive section by selective wet etching. A 1.5 μm-thick p-InP cladding layer and a
p-InGaAsP contact layer were grown over the entire surface
after the wet etching process.
The gain sections of the DRR TL and the SOA sections have a shallow-ridge waveguide structure, which was
formed by selective wet etching with diluted HCl to stop
at the top of the active layer. On the other hand, the ring
resonators and the other section have a deep-ridge waveguide structure. Figure 2(a) shows a scanning electron micrograph (SEM) image of the fabricated deep-ridge waveguide. The deep-ridge waveguide has a very large refractive
index diﬀerence in the lateral direction (refractive index of
InGaAsP: 3.24, air: 1 or BCB: 1.54), which enables reduction of the allowable bending radius and the device size due
to the strong lateral optical confinement. The deep-ridge
waveguide structure was formed by Cl2 -based inductively
coupled plasma reactive ion etching (ICP-RIE) with only a

Fig. 2 SEM image of (a) the deep-ridge waveguide and (b) the etched
front mirror.
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lithography step. This simplifies the fabrication process of
the TWC, since there is no need for any additional highresolution lithography such as EB lithography or holography, which is required when fabricating DBR-type lasers.
After both waveguide structures had been fabricated, the
device was spin-coated with benzocyclobutene (BCB) for
planarizing the substrate surface. Residual BCB on the surface was then removed by a following etching step. Electrodes were then formed by using a liftoﬀ process. An antireflection (AR) film was formed on the input and output
sides of the TWC. The input and output waveguides are angled to reduce the AR coating requirements. The lengths
of the gain and SOA sections are 400 and 1300 μm, respectively.
The laser cavity of the DRR TL is defined by the etched
front and back mirrors [18]. Figure 2(b) shows an SEM
image of the fabricated front etched mirror, which was located on the transition from the shallow-ridge to the deepridge waveguide structure. Figure 3 plots the reflectivity and
transmissivity of the etched mirror at 1.54-μm wavelength,
calculated as functions of the gap distance d by using the
transfer matrix method. The calculation assumes the gap
to be filled with BCB (refractive index: 1.54) and have a
radiation loss of 1 dB/μm due to the diﬀraction in the gap.
The radiation loss was estimated from a 3D-BPM simulation. As shown in the figure, the etched mirror has constructive and destructive interferometric characteristics in relation with d. Figure 4 shows calculated reflection spectra of
the etched mirror for diﬀerent d. For d = 0.25 μm, the mir-

Fig. 3 Calculated reflectivity (solid line) and transmissivity (dashed line)
of the etched gap mirror at a wavelength of 1.54 μm.

Fig. 4

Calculated reflection spectra of the etched mirror.

ror is expected to have the largest reflectivity over a large
bandwidth. However, it is diﬃcult to fabricate a narrow and
deep etched gap due to the micro-loading eﬀect in ICP-RIE.
For d = 0.75 μm, the mirror is expected to have a reflectivity
of more than 30% over a 200-nm optical bandwidth. Since
the fabrication error is considered to be less than ±50 nm, a
reflectivity of 30–34% should be achievable over a 50-nm
optical bandwidth around the wavelength of 1.54 μm. This
reflectivity is enough for lasing over the wide tuning range,
confirmed in calculations and an experiment. Therefore, d
of 0.75 μm was chosen for the device. Note that the etched
mirror and deep-ridge waveguide were fabricated simultaneously by ICP-RIE without any additional processes.
2.2 Wavelength Tuning and Wavelength Conversion Characteristics
Figure 5 shows superimposed spectra of the fabricated TWC
at Port 1 when the injection current of the gain and SOA
sections were 120 and 100 mA, respectively. The device in
this experiment was CW-operated at room temperature. The
output light from the sample was coupled into a lensed fiber
and detected with an optical spectrum analyzer. The threshold current and the maximum fiber-coupled output power
were 40 mA and 3.6 dBm, respectively. When the injection
current for both ring resonators was 0 mA, lasing was observed at 1542.1 nm. Next, the injection current of Ring
2 was increased from 0 to 7.7 mA, while that of Ring 1
was kept at 0 mA. The refractive index of the waveguide in
Ring 2 decreased as the current increased, so that the resonant wavelength of Ring 2 gradually decreased. When the
injection current was further increased to 5.4 mA, a corresponding increase in the lasing wavelength was observed
up to 1561.4 nm. The lasing wavelength then jumped to
1536.0 nm at an injection current of 6.6 mA. The maximum
injection currents are around one-fourth of those of an SG
DBR laser designed for fast and accurate tuning [19]. The
low-current operation with a wide tuning range can be attributed to the superior filter characteristics of the ring resonator. The small injection currents needed for switching
suppress the thermal wavelength drift of the laser [15].
Tunable wavelength conversion experiments were performed. Figure 6 shows the wavelength-converted eye dia-

Fig. 5 Superimposed lasing spectra of the fabricated TWC for various
currents through the ring resonator with FSR of 444 GHz.
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Fig. 7 (a) Photograph of the fabricated WRS. (b) Enlarged view of the
DRR TL.
Fig. 6 Wavelength-converted eye diagrams of the fabricated TWC. (a)
Changes in the eye diagram for diﬀerent currents injected into both SOAs.
(b) Changes in eye diagram for diﬀerent wavelengths of the converted signal.

grams of the fabricated TWC when a 10-Gbit/s non-returnto-zero (NRZ) input optical signal was fed into the input
port. The PAS was set to the cross state by injecting the
same amount of current into both SOAs. The input signal
had a wavelength of 1550 nm with a pseudo-random bit sequence (PRBS) of length 231 − 1. Figure 6(a) shows the
changes in the eye diagram in response to diﬀerent SOA
currents. The injection current of the gain section in the
DRR TL was 125 mA. The wavelength of the converted signal was tuned to 1541.7 nm by injecting current into Ring 2.
As shown in Fig. 6(a), a higher SOA current results in faster
conversion (shorter rise/fall time of the converted signal),
since the conversion speed depends on the carrier-photon
interaction in the SOAs. The speed can be increased by either increasing the injection current or the photon density in
the SOAs. This has been studied extensively in Refs. [20]
and [21]. Figure 6(b) shows the changes in the eye diagram
for diﬀerent wavelengths of the converted signal. The injection currents of the gain and SOA sections were kept constant at 125 and 250 mA, respectively. The wavelength of
the converted signal was tuned from 1539.1 to 1558.0 nm.
The extinction ratio decreased as the wavelength increased.
The change in the extinction ratio with the wavelength of
the converted signal is due to the variation in the diﬀerential
gain with the signal wavelength [20]. When the wavelength
of the CW light from the DRR TL is longer than that of the
input signal, the CW light experiences a lower diﬀerential
gain. Therefore, the conversion to a longer wavelength results in a low extinction ratio.

3.

Monolithically
Switch

Integrated

Wavelength-Routing

3.1 Device Structure and Fabrication
Figure 7(a) shows a photograph of the fabricated WRS, consisting of an array of eight TWCs and an 8 × 8 AWG. The
device size is 2.1 mm × 4.8 mm, which is less than one-sixth
the size of a previously reported 8 × 8 monolithic optical
switch [22]. Connections between the eight input and eight
output ports are accomplished by changing the TWC output
wavelength. Figure 7(b) shows an enlarged view of the DRR
TL of the fabricated WRS. The FSRs of the ring resonators
were set to 400 and 444 GHz, respectively. The total FSR
of the two ring resonators is 4 THz, which suﬃciently covers the FSR of the AWG. The channel spacing of the 8 × 8
AWG was set to 400 GHz, that is, equal to the FSR of one
of the ring resonators. This enables a simple way to control
a switching operation, since any output port can be selected
by changing the injection current into the ring resonator with
an FSR of 444 GHz.
The laser cavity of the DRR TL is formed by the etched
front mirror described in Sect. 2 and a highly reflective back
mirror. For the TWC in Sect. 2, the etched mirror is used
as both the front mirror and back mirror of the DRR TL.
However, since an increase in the back reflectivity helps to
improve the output power due to the reduction in the threshold current, the reflectivity of the back mirror of a DRR TL
is required to be as high as possible. Therefore, a highly reflective back mirror was developed to achieve a higher output power of the DRR TL and stabilize operation of the optical gate. Figure 8 shows an SEM image of the fabricated
back mirror coated with Au. The back mirror was integrated
with the DRR TL, in which a dry-etched facet was coated
with Au. Figure 9 show the calculated reflectivity and transmissivity of the mirror versus the thickness of the Au at a
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Fig. 8

SEM image of highly reflective back mirror coated with Au.

Fig. 9 Calculated reflectivity (solid line) and transmissivity (dashed line)
of the mirror at a wavelength of 1.55 μm.

wavelength of 1.55 μm. This calculation used a refractive
index n of 0.559 and an extinction coeﬃcient k of 9.81 [23].
The maximum reflectivity of the mirror should exceed 93%
for around 100-nm-thick Au. The loss of around 7% in reflection is considered to be caused by the absorption of Au.
The dry-etched structure was fabricated in the same ICPRIE step with the deep-ridge waveguide structure. The Au
was deposited to a thickness of 300 nm by using a liftoﬀ process employing electron-beam evaporation with angled rotation to improve sidewall coverage over the structure. AR
film was formed on the input and output facets of the WRS.
3.2 Wavelength Routing Operation
The first results concern the static routing characteristics of
the fabricated WRS. Figure 10 shows superimposed spectra
of the WRS for every output port when using each TWC.
The injection current for the ring resonator with an FSR of
444 GHz for each TWC changed from 0 to 8.9 mA, whereas
the currents for the gain and both SOAs sections were kept
constant at 100 and 200 mA, respectively. By changing the
injection current for only a single ring resonator, the output
ports can be easily selected, since the channel spacing of the
AWG and the FSR of the other ring resonator were designed
to be equal. The threshold current of a DRR TL with the
highly reflective back mirror was 26 mA, which is 35% less
than that of the DRR TL without the mirror in Sect. 2. The
output power was −15 dBm of the previous WRS without
the highly reflective back mirror [24], whereas the output

Fig. 10 Superimposed output spectra of the WRS for every output port
using each TWC.

power of the current device is around 0 dBm. The small
injection current needed for switching will suppress loss and
crosstalk due to transient thermal eﬀects in the monolithic
WRS. The connection between each TWC output signal and
WRS output through eight diﬀerent wavelengths is based on
the cyclic nature of the 8 × 8 AWG.
Figure 11 shows the wavelength-converted eye diagrams for every output port of the WRS. In this experiment,
only a single input port was tested. The 10-Gbit/s NRZ input
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Fig. 11 Wavelength-converted eye diagrams for every output port of the
WRS using the fifth TWC.

optical signal had a wavelength of 1545 nm with a PRBS of
length 231 − 1. The signal was fed into input port 5 with an
average power of 10 dBm. The wavelength of the converted
signal was tuned so that the converted signal was output at
one of eight output ports. The injection current for the ring
resonator of the fifth TWC was varied from 0 to 6.6 mA,
whereas the currents for the gain and both SOA sections
were kept constant at 100 and 250 mA, respectively. A clear
eye opening was observed for every output port, confirming
the 1 × 8 wavelength routing operation of the NRZ signal at
10 Gbit/s.
The next result is related to the high-speed wavelength
routing operation of the WRS. Figure 12(a) shows signal
waveforms from every output port of the WRS when the input signal was fed into input port 5 (TWC5). The 10-Gbps
NRZ input signal had a wavelength of 1545 nm with a power
of 13 dBm. Dynamic switching among the eight output
ports was performed by changing the injection current for
only a single ring resonator with a period of 160 ns. Highspeed, stable wavelength routing with a switching time of
less than 10 ns was achieved (Fig. 12(b)). The switching
time is suﬃciently fast for the OPS application.
For the monolithic WRS, an important issue is thermal crosstalk between components, which leads to unstable switching. Figure 13 shows signal waveforms from four
output ports (output port 1, 3, 5 and 7) of the WRS when
dynamic switching among the output ports was performed

Fig. 12 (a) Signal waveforms from all eight output ports of the WRS. (b)
Expanded view at the switching from output port 4 to port 5.

Fig. 13

Signal waveforms from four output ports of the WRS.

by using two adjacent TWCs simultaneously. In this experiment, the currents for the gain and SOA sections were
kept constant at 100 and 200 mA for TWC3 and at 120 and
200 mA for TWC4. The 10-Gbit/s NRZ input optical signal
was fed into only TWC4 with an average power of 10 dBm.
The injection current to one of the ring resonator of TWC4
was changed with a period of 320 ns. The output was dy-
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namically switched among Port 1, 3, 5, and 7. Similarly,
the current to a ring resonator of TWC3 was changed, but
without inputting any signal. This indicates that the output
comes just from the DRR TL. Fast, stable switching was
achieved, even when the adjacent TWCs were simultaneously employed. This can be attributed to the low tuning
current operation of DRR TL, suppressing thermal crosstalk
between the ring resonators.
4.

Conclusion

We demonstrated an all-optical wavelength-routing switch
with monolithically integrated TWCs and an 8 × 8 AWG. To
monolithically integrate the DRR TL and optical gate based
on PAS, we developed an etched mirror that can be implemented without any additional fabrication process. The paper described the operation principle, fabrication, and characteristics of the monolithic TWC with the DRR TL. A
highly reflective mirror coated with Au was developed to
improve the performance of the TWC. We experimentally
demonstrated 1 × 8 high-speed wavelength routing of an
NRZ signal at 10 Gbit/s with a switching time of less than
10 ns. The switching time between output ports is suﬃciently fast for OPS. Simultaneous switching with adjacent
TWCs was also demonstrated. The fast, stable switching capability of the monolithic WRS can be attributed to the fast,
stable, and low-power switching characteristics of the DRR
TL.
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