
JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 41, NO. 9, MAY 1, 2023 2765

Hitless Wavelength Switching of Semiconductor
Optical Amplifier-Integrated Reflection-Type

Transversal Filter Laser With Suppressed
Frequency Error

Yuta Ueda , Member, IEEE, Yusuke Saito , Takahiko Shindo , Member, IEEE,
Shigeru Kanazawa , Senior Member, IEEE, Wataru Kobayashi , Hideaki Matsuzaki, Senior Member, IEEE,

and Mitsuteru Ishikawa, Member, IEEE

Abstract—A spurious wavelength (λspurious) from a tunable
laser during tuning is an issue in optical systems based on dynami-
cally controlled laser wavelengths. Output shuttering synchronized
with tunable-laser tuning is promising way to suppress λspurious. A
semiconductor optical amplifier (SOA) is an ideal shutter for laser
outputs with λspurious in terms of low-wavelength-independent ex-
tinction ratio. We developed an electro-optically tunable reflection-
type transversal filter (RTF) laser monolithically integrated with
an SOA. Thanks to the nanosecond scale tuning speed of the RTF
laser, the required shuttering time of the integrated SOA is also a
corresponding nanosecond scale, which leads to little temperature
change in the laser cavity. As a result, the laser frequency drift after
turning off/on the SOA is suppressed to within +/−2.5 GHz with-
out any additional laser control algorithm to compensate for the
thermal crosstalk from the SOA. Using the laser, we demonstrated
a “hitless” wavelength-switching subsystem based on a coherent
format. Namely, outputs from an SOA-RTF laser coded with 32-
GBd dual-polarization quadrature phase-shift keying (128 Gbps)
are dynamically switched with λspurious eliminated by SOA shut-
tering. In addition to practical bit error rates (BERs) of wavelength
channels from the SOA-RTF laser, we observe no interference with
the BER of a wavelength channel from another monitor laser in
the wavelength-switching subsystem.

Index Terms—Coherent communications, electro-optic effect,
high-speed tuning, semiconductor optical amplifier, tunable laser,
wavelength switching.

I. INTRODUCTION

DYNAMIC control of a laser’s wavelength is key tech-
nology for various optical systems. In a data center
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interconnection, optical switching using arrayed waveguide
grating routers (AWGRs) and light sources whose wavelengths
are dynamically switched is being discussed as a replacement for
conventional electrical switching with large power dissipation
and latency [1], [2], [3]. Optical switching is also expected
to be applied for disaggregated computing in which hardware
resources, such as processers, memories, and accelerators, are
connected to each other through a large-bandwidth optical link
[4]. Tunable lasers (TLs) with a high-speed tuning response
play an important role in such novel optical communications
architectures. In addition to communications, a high-speed TL
is an indispensable component for remote sensing systems such
as TDLAS (tunable diode laser spectroscopy) [5], [6], [7], [8],
[9], [10] and LiDAR (light detection and ranging) [11], [12]. The
tuning speed of a TL determines the number of data acquisitions
per unit time, which contributes to not only increasing the time
resolution of the system but also improving the signal to noise
ratio by averaging repeatedly acquired samples.

An issue with TLs for practical applications using dynamic
wavelength control is a spurious wavelength (λspurious) during
tuning. For example, in the above-described optical router with
an AWGR and TLs with wavelength switching (λ-switching),
λspurious from a TL manifests to another wavelength channel
(λch), as shown in Fig. 1, when the AWGR has a certain amount
of crosstalk. In this case, all nodes connected to an AWGR must
synchronistically interrupt data transmissions, which limits the
data link capacity and/or increases latency. Note that once a data
link is interrupted to avoid crosstalk with a given period, it takes
additional settling time to re-establish the commutations link,
such as in a clock data recovery scheme [13].

Turning an active gain section (ACT) off/on in a laser cavity
is the simplest approach to eliminating λspurious from a TL.
However, when one needs to reduce the laser linewidth of
a TL, low noise is prioritized over a high-speed response in
the electrical design for an ACT. For example, employing a
low-noise current-supply IC and/or a large capacitor beside an
ACT electrode results in a slow electrical response of the ACT.
So, a semiconductor optical amplifier (SOA) is an ideal optical
shutter because the ACT of a laser cavity does not have to be
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Fig. 1. Optical switching architecture based on λ-switching of TLs. In the
illustrated example, the lasing wavelength from TL#1 is switched to λ2 from
λ1 with λspurious during tuning, which interferences with the communications
link of TL#2 via the AWGR crosstalk (XT). Eliminating λspurious of TL#1
by dynamically turning off/on an optical shutter such as an SOA is a practical
approach for hitless communications of the TL#2 link.

dynamically turned off/on. Furthermore, unlike an electro-
absorption (EA) modulator [14], [15] and a Mach-Zehnder
(MZ) modulator [16], [17], [18], it is possible to obtain a
high extinction ratio (ER) without wavelength-dependent bias
control proven in the form of SOA gate switches [19], [20]. A
residual issue in using an SOA as an optical shutter is thermal
crosstalk from the SOA to the laser cavity, which results in
a laser frequency drift [21], [22], [23], [24], [25]. Methods
of compensating for the drift include fast wavelength locking
[22], using a dummy injection-current for thermal compensation
[24], and optimizing tuning signals by an artificial-intelligence
approach [25]. While these approaches are meaningful in terms
of maximizing the performance of a given TL, implementation
costs for additional electronics/optics components limit the ap-
plication range of the TL.

In this paper, we describe an SOA-integrated electro-optically
tunable reflection-type transversal filter (RTF) laser whose SOA
functions as an optical shutter to eliminate λspurious during
tuning. One feature of the electro-optically RTF laser is that
the lasing wavelength is tuned by the electro-optic (EO) effect
rather than the thermo-optic (TO) [26] or the free-carrier effect
[27] employed in conventional TLs. Thanks to the nanosecond
(ns)-scale response of the EO tuning of an RTF laser, the
required SOA shuttering time is on a corresponding ns-scale,
which is much shorter than the thermal response of the SOA,
resulting in little temperature change of the laser chip. As a
result, without employing dynamic frequency compensation, but
with just supplying simple square-shaped current to the SOA,
we confirmed frequency errors within +/−2.5 GHz even just
after turning the SOA off/on. Another feature of the RTF laser is
that the laser linewidth is on the order of hundreds of kilohertz
regardless of the ns-scale tuning response, while laser linewidths
of conventional TLs based on the free carrier effect with ns-scale

Fig. 2. Photograph (top) and schematic (bottom) of SOA-RTF laser.

tuning time are typically over 1 MHz. We applied the SOA-RTF
laser to a coherent-technology-based λ-switching system that
imitates the subsystem shown in Fig. 1. Thanks to the successful
elimination of λspurious using the SOA shutter, we achieved a
hitless λ-switching in the subsystem [28]. That is, λchs of an
SOA-RTF laser are successfully switched without degradation
of the communication quality of the λch from another monitor
laser [29].

II. DESIGN AND FUNDAMENTAL PERFORMANCE OF SOA-RTF
LASER

A. Design and Fabrication

As described in the introduction, the laser wavelength of an
RTF laser is tuned by the EO effect, whose tuning response is ns
scale. This is much higher than the tuning speed of the TO effect
(microsecond scale), which is a common tuning mechanism
of recent narrow linewidth TLs. An electro-optically TL is
also advantageous for narrow linewidth operation since free-
carrier-induced noise is avoidable in a reverse-biased (carrier
depletion) semiconductor p-i-n waveguide. Thus, it operates
with a narrower linewidth than in carrier-injection-type TLs.
In spite of the above high-speed response and narrow linewidth
nature, the impractically small refractive index change (Δn) of
the EO effect, which is ∼1/10 of the TO and carrier effect, has
been a barrier for an electro-optically TL with a practical tuning
range. To overcome the barrier, we have compensated for the
small Δn of the EO effect with a large filter tunability (a filter
spectral shift for a givenΔn) of the RTF as a wavelength selector,
resulting in a full-C band operation of an RTF laser even with the
EO tuning [30]. The laser exhibited about 350-kHz linewidth,
the practically allowable linewidth for conventional digital co-
herent communications, and ns-scale λ-switching operation as
expected.

Fig. 2 shows a photograph and schematic of an SOA-RTF laser
that has an ACT, an SOA, and a tunable RTF region. Both the
ACT and the SOA are made of the same InGaAsP-based multi-
quantum well (MQW) with an optical gain in the 1.55-μm band.
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The waveguides are ridge structures and are isolated with a 0.7-
μm-gap mirror. Lengths of the ACT and SOA are 200 μm and
600 μm, respectively. The SOA is with a so-called angled facet
with 7 deg. The tunable RTF section is made of an InAlGaAs-
based MQW for the quantum-confined Stark effect (QCSE),
which gives a Δn for the lightwave from the ACT. The RTF
waveguide is a deep-ridge structure which consists of a 1 × 5
multi-mode interference coupler (MMI) and five reflection-type
delay lines terminated with Au mirrors. We adopted 125 μm
and 17 μm for the MMI length and width, respectively. The
tuning mechanism of the RTF laser is as follows: (i) Broadband
light from the ACT is divided into five beams through the 1 × 5
MMI. (ii) The five beams make a roundtrip in the delay lines
with different optical lengths, resulting in the five beams’ having
different optical phases. (iii) The five beams are re-input into
the 1 × 5 MMI and coupled at the ACT port with intensities
depending on the phase relation among the five beams from the
delay lines, which means the RTF functions as a wavelength
filter.

Fig. 3(a) describes the dimensions of reflection-type delay
lines whose lengths differ from the shortest line (reference delay
line with a length L0) by 0.5 × (idL+δli) (i = 1, 2, 3) and
0.5 × dLfine. Note that because of the “reflection-type” delay
line, the corresponding optical differential lengths are idL+δli
and dLfine. Here, dL and dLfine are differential lengths that
determine the coarse and fine free spectral range (FSR) in an
RTF spectrum shown in Fig. 3(b). Lengths of dL and dLfine for
an RTF described in this paper are chosen to be 15.6 μm and
312 μm. To compensate for the intrinsic phase property of the
1 × 5 MMI, minute lengths δli are added to delay lines. We set
the lengths as (δl1, δl2, δl3) = (−0.27, 0, 0.09) μm. More details
on how to determine δli are described in our previous work
[30], [32]. In Fig. 3(a), Le represents a unit tuning-electrode
length that determines a wavelength shift (Δλ) for a given
Δn of a delay line as Δλ�ΔnLe. Red- and blue-shift tuning
electrodes with lengths iLe and (3-i)Le are installed on delay
lines whose differential length is idL as also shown in Fig. 3(a).
Note that the L0 (reference delay-line length) has no influence
on a reflectance spectrum of an RTF. Therefore, we can freely
design the L0 only if the laser-cavity length (longitudinal mode
FSR) is practical. [33] Namely, we can adopt a long Le under a
geometrical condition L0≥3Le so that a practically large Δλ is
obtained even with a small Δn of the EO effect. Based on the
seme policy as discussed in [33], L0 and Le are designed to be
600 μm and 180 μm.

A phasor diagram which represents a relative phase relation
among beams from five delay lines are useful to understand
a reflection spectrum of an RTF. Fig. 3(c) and (d) are phasor
diagrams at relative wavelength points indicated in Fig. 3(b).
Five phasors rotate as the relative wavelength changes. When
we take a reflective index dispersion of a delay line into account,
a relative phase change (Δφ) of a beam from a delay line shown
in Fig. 3(a) is proportional to an optical frequency change (Δf)
rather than a wavelength change as follows ([30], [31], [32], also
see Appendix 1):

Δφ = 2πΔf
ng

c
dLx (1)

Fig. 3. (a) Delay-line dimensions of RTF laser. (b) Reflection spectra of
RTF. (c) Phasor diagram at relative wavelength = 0 nm. (Δf =0) (d) Relative
wavelength = 8 nm (Δf �0). Five phasors [reference (ref.), dL, 2dL, 3dL, and
fine] are distinguished by colors shown in legend.

Here, c and ng are the speed of light in vacuum and a group
index of a delay line, respectively. dLx is a differential length
(dLx = dL, 2dL, 3dL, dLfine). As shown in Fig. 3(c), when the
relative wavelength is zero, namely Δf = 0, five phasors are
in-phase, resulting in a maximum reflectance of an RTF. On
the other hand, when the relative wavelength is finite (Δf �0),
five phasors are mismatched [Fig. 3(d)], which gives a small
reflectance of an RTF. Note that we put the phasor of the beam
from the “reference” delay line at a fixed position ofΔφ= 0 both
in Fig. 3(c) and (d), since the RTF reflectance at a given relative
wavelength point depends only on the relative phase relation
among five phasors.

Fig. 4 shows the reflectance spectra of an RTF along with the
phasor diagrams at relative wavelengths of 0 and +/−10 nm. In
Fig. 4(a), optical phases of the five beams are in-phase at the
relative wavelength of 0 nm, resulting in maximum reflectance
of the RTF. By applying a voltage to the coarse-red tuning
electrode, one can make all phasors other than the fine-delay line
in-phase [Fig. 4(b)]. And, by biasing the fine-tuning electrode,
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Fig. 4. Tuning mechanism of RTF laser. Reflection spectra and corresponding
phasors at relative wavelength points of 0 and +/−10 nm. (a) Initial state.
(b) Red coarse tuning. (c) Fine tuning for state (b). (d) Blue coarse tuning with
fine tuning.

the fine-delay-line phasor is independently controlled so that all
phasors are in-phase [Fig. 4(c)]. Namely, while the envelop of the
reflectance spectrum “coarsely” defines the lasing wavelength
range, the short-interval ripples of the spectrum are for “finely”
choosing one longitudinal mode. The blue-shift tuning is also

Fig. 5. Static tuning characteristics. (a) Lasing spectra. (b) Tuning voltages.
(c) Tuning power dissipations and laser linewidths.

obtained by biasing the coarse-blue tuning electrode. Fig. 4(d)
shows a reflectance spectrum whose maximum relative wave-
length point is −10 nm. In the example shown in Fig. 4(d), fine
tuning is also implemented with the coarse-blue tuning.

B. Fabrication and Fundamental Performance

The first epitaxial wafer (1st epi) in the fabrication process of
an SOA-RTF laser contains the InAlGaAs-based MQW for the
QCSE. Since an MQW with aluminum material is grown in a
severe epitaxial growth condition such as an oxygen background
[34], we choose the 1st epi with an InAlGaAs MQW. Namely,
we partially replaced the MQW on the 1st epi with an InGaAsP-
based MQW with an optical gain for the 1.55-μm band [35].
After the regrowth, we formed a deep ridge waveguide (RTF) and
a ridge waveguide (ACT/SOA) on the InAlGaAs and InGaAsP
MQW region, respectively, using a photolithographic process.
The deep-ridge waveguide was formed by inductively coupled
plasma reactive ion etching (ICP-RIE); the ridge waveguide was
formed by methane/hydrogen based RIE and wet etching. The
gap mirror between the ACT and SOA was formed in the same
ICP-RIE batch used for forming the deep-ridge waveguide. Al-
though the RTF waveguide is a high-contrast deep-ridge (∼4-μm
etching depth), we did not use any resin for planarization, such
as benzocyclobutene, to avoid external stress to the waveguide,
which would cause reflective index fluctuations [36].

Fig. 5(a) and (b) show lasing spectra of the SOA-RTF laser
and corresponding coarse- and fine-tuning voltages applied to
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the laser. Phase tuning voltages [not displayed in Fig. 5(b)] were
applied within 0 and −15 V so that each lasing wavelength
fits the ITU grid [37]. All experimental data in this paper,
including for Fig. 5, were obtained with an injected current
into the ACT of 50 mA and a chip temperature of 45 °C. The
absolute tuning voltages are less than 15 V for the 35-nm tuning
of the laser. Tuning power dissipations and laser linewidths are
plotted in Fig. 5(c). The tuning power, the sum of the products of
applied voltages and corresponding photocurrents, is less than
50 mW. It should be noted that most of the 50 mW comes from
photo-carrier extraction (carrier acceleration in the depletion
layer) from the p-i-n structure of the RTF waveguide rather
than from thermal energy. Therefore, applying tuning voltage
to the RTF hardly influences the chip temperature, resulting in
practically small thermal drift in λ-switching [33]. The thermal
drift is difficult to be managed in conventional current-injection
type TLs. The laser linewidths shown in Fig. 5(c) calculated from
frequency-noise measurement results are ∼500 kHz. While we
believe that the obtained linewidths are acceptable for conven-
tional 100G coherent systems described in the next section, they
are broader than those of our conventional RTF laser (∼350 kHz)
without SOA integration. The broadening is most likely due to
residual reflection from the SOA output facet. When a laser
linewidth without external reflection (Δν0) increases to Δν by
a weak reflection, a broadening factor (Δν/Δν0) is theoretically
expressed [38] as follows:

Δν

Δν0
≤ (1− C)−2 (2)

Here, C (<1 for a weak external reflectance) represents a
feedback parameter of an external reflection (see Appendix 2)
and is proportional to an “effective” reflectance which is a
product of the roundtrip SOA gain and the residual reflectance
at the SOA facet. In the SOA-RTF laser, we estimate C = 0.26
with an SOA gain of 10 dB (20 dB for a roundtrip) and a
reflectance of less than –40 dB for the angled SOA facet with an
anti-reflection (AR) coating. This indicates that the conventional
laser linewidth of an RTF laser without SOA (∼350 kHz) can
increase by∼85% in the worst case, which is roughly coincident
with the obtained ∼500 kHz of the SOA-RTF laser. As also
described in Appendix 2, we can obtain C = 0.08 (broadening
factor ∼20%) by realizing the SOA reflectance with –50 dB. So,
optimizing the AR coating condition is one approach to reducing
the SOA-RTF laser linewidth.

Fig. 6 shows output powers from the SOA-RTF laser as a
function of injection current. The measurement was performed
for the SOA-RTF laser whose lasing wavelength is tuned to 1540,
1555, and 1575 nm. Although the outputs were obtained with
an integrating sphere (no fiber-coupling loss), the output power
exceeds +13 dBm, compliant with the practical specification
[39], for the 35-nm wavelength band even with a 1-dB optical
assembly margin in packaging. ERs of the SOA are over 40 dB
regardless of the laser wavelength. Note that typical ERs of EA
and MZ modulators are around 30 dB at most with wavelength-
dependent bias control, which is not practical for the output
shutter of a TL.

Fig. 6. Output power as a function of SOA current.

Fig. 7. Measurement setup for dynamic laser frequency response.

Fig. 8. Laser-frequency drifts of SOA-RTF laser after turning SOA on. SOA-
off time: (a) 500 µs, (b) 50 µs, and (c) 5 µs.

III. DYNAMIC PERFORMANCE OF SOA-RTF LASER

A. Transient Response of Laser Frequency

We investigated the dynamic laser wavelength/frequency
characteristics of an SOA-RTF laser with the experimental setup
shown in Fig. 7. A 4ch arbitrarily waveform generator (AWG)
was used to supply sets of tuning voltages statically or dynami-
cally to four tuning electrodes, namely, red-coarse, blue-coarse,
fine, and phase. While a DC current was injected into the ACT, a
modulation signal from a function generator (FG) was supplied
to the SOA. The laser output was input into an optical band-path
filter (OBF) with a full width at half maximum (FWHM) of
0.5 nm. After the light went through the OBF, it was input to an
oscilloscope or an MZ-interferometer-type chirp analyzer with
an FSR of 150 GHz.

First, we measured the relation between the laser-frequency
drift and the SOA-shuttering time, as shown in Fig. 8. In the
experiment, the SOA was turned off with −0.5 V after a 10-ms
on-state with 1.5 V (∼70 mA) for settling laser frequency. In the
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Fig. 9. Time-wavelength maps of SOA-RTF laser (a) Without and (b) With
SOA shuttering. (c) and (d) Corresponding enlarged views. (e) Laser intensity
response in SOA shuttering.

experiment, the tuning voltages were fixed, namely the lasing
wavelength was not intentionally controlled. Thus, the exper-
iment was to extract the influence on the laser frequency drift
purely due to the SOA-thermal effect. When the SOA-shuttering
time was 500 μs [Fig. 8(a)], we observed decreases in the laser
frequency (increases in the wavelength) for a 100-μs time scale
after the turning the SOA on, which indicates that the laser
cavity temperature drops during the SOA shuttering and rises
again after re-starting the current injection into the SOA, leading
to heat generation. However, when the SOA-shuttering time is
as short as 50 μs [Fig. 8(b)], the laser-frequency fluctuation
is around 2.5 GHz, which is a practically allowable frequency
error [39]. Furthermore, the frequency error is ignorable if the
shuttering is 5 μs [Fig. 8(c)]. The result means that if a λ-
switching time of a TL is shorter than 5μs, which is difficult for a
conventional TO-tuning TL, the corresponding SOA-shuttering
time no longer affects the laser frequency.

Next, we obtained time-wavelength maps (t-λ maps) of an
SOA-RTF laser whose lasing wavelength was dynamically
changed as cyclic 8ch λ-switching, as shown in Fig. 9(a) and
(b). The experimental setup is shown in Fig. 7. The map was
obtained by repeatedly shifting the center wavelength of the OBF
and capturing a waveform displayed on the oscilloscope. While
the SOA is statically biased with 1.5 V (∼70 mA) [Fig. 9(a)], it
is dynamically turned off (−0.5 V) and on (1.5 V) at the timing
of the λ-switching [Fig. 9(b)]. Fig. 9(c) and (d) are enlarged
views corresponding to indicated points in Fig. 9(a) and (b),
respectively.

In Fig. 9(a) and (c), one can clearly observe λspurious of the
laser in the 30-ns λ-switching time, which reflects the dynami-
cally tuned reflectance spectrum of the RTF. The 30-ns is due to
the slew rate of the 4ch AWG. In fact, the RTF laser has sub-ns
λ-switching potential [30]. However, the λ-switching of 30 ns
is fast enough to suppress the laser frequency error due to the
thermal effect of the SOA, as discussed in Fig. 8 and further

Fig. 10. Laser-frequency drifts in 8ch λ-switching with SOA shuttering.

proven later in this section. In contrast to the t-λ map shown
in Fig. 9(a), the λspurious is successfully eliminated with an
over 30-dB dynamic ER (measurement limit) by synchronously
turning the SOA off/on. The intensity waveform at the timing of
the SOA shuttering is shown in Fig. 9(e).

As described in Fig. 8, little frequency drift of the SOA-RTF
laser is expected in the SOA-shuttering because the ns-scale
shuttering time results in little change in the cavity temperature.
We measured the temporal laser frequency of the SOA-RTF
laser at all λ-switching timings in the experimental condition
of Fig. 9(b). The experimental setup was the same as shown in
Fig. 7. Fig. 10 shows the measured relative frequency drifts. For
all λ-switching patterns, we confirmed suppressed frequency
errors within +/−2.5-GHz as expected. It should be noted that,
for example, in the case of λ-switching from ch8 to ch5, the
laser frequency increases (wavelength decreases) after tuning
the SOA on, which is not observed in Fig. 8. The increase in the
laser frequency is caused by a slight change in the photocurrents,
which is less than 1 mA per tuning electrode, resulting in a
change in Joule heating in the tuning electrodes. This indicates
that the frequency drift is no longer influenced by the thermal
crosstalk from the SOA.

From the above discussions, we have clarified that the ns-scale
λ-switching of the SOA-RTF laser is effective for minimizing the
SOA-shuttering time to eliminate λspurious in the λ-switching,
resulting in little frequency error due to the SOA-thermal
crosstalk. The practical advantage of this nature of the SOA-RTF
laser is that no additional laser-frequency control algorithm, such
as dynamic control of phase-tuning or dummy injection-current
into a laser chip, is needed for wavelength drift compensation. In
addition to optical communications use, the low frequency error
with SOA shuttering is also suitable for remote sensing systems
using a laser frequency such as coherent LiDAR [11], [40].

B. Hitless λ-Switching Using SOA Shuttering

As described in the introduction, λ-switching using a TL
without λspurious is advantageous in optical switching systems
because interrupting other communications channels to avoid
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Fig. 11. Setup for demonstration of hitless λ-switching of SOA-RTF laser.

Fig. 12. Hitless λ-switching demonstration results. (a) t-λ map of monitor laser and SOA-RTF laser without SOA shuttering. (b) With shuttering. (c) Dynamic
BER without SOA shuttering. (d) With shuttering. (e) Constellation maps of SOA-RTF laser ch1 for X and Y polarization (pol.). (f) Monitor laser channel without
SOA-shuttering. (g) With shuttering.

crosstalk light from the switched TL is unnecessary, that is,
hitless optical switching is possible.

We demonstrated hitless λ-switching using the SOA-RTF
laser with the experimental setup shown in Fig. 11. We prepared
two lasers: an SOA-RTF laser and a commercially available
laser as a monitor laser. While the SOA-RTF laser operates in
the same cyclic 8ch λ-switching condition as in the experiment
shown Fig. 9(a) and (b), the laser wavelength of the monitor
laser is fixed at 1566.75 nm. Each laser output was input into
commercially available lithium niobate (LN) modulator and
modulated in the form of 32-GBd dual-polarization quadrature
phase shift keying (DP-QPSK). The pair of DP-QPSK signals
from the two lasers were coupled with a 3-dB coupler which
imitates an optical router. Then, the mixed optical signals were
input into an optical modulation analyzer (OMA). The mixed
output was also input into the same t-λ map setup composed of
an OBF and an oscilloscope.

Fig. 12(a) and (b) show t-λ maps obtained in the demonstra-
tion. When the SOA-RTF laser operates without SOA shuttering
[Fig. 12(a)], λspurious interferes with the monitor laser channel

at the λ-switching of the SOA-RTF laser from ch2 to ch7. On the
other hand, the interference is avoided when the laser operates
with SOA shuttering [Fig. 12(b)]. Note that the FWHM of the
OBF for the t-λ map shown in Fig. 12(a) is 0.5 nm (∼64 GHz)
and the optical signal is modulated at 32 GBd in the experiment.
So, even when the optical frequency distance between λspurious

and monitor laser wavelength is over 32 GHz (little influence on
the signal quality of the monitor laser channel), the two wave-
lengths seem to overlap [e.g., SOA-RTF laser from ch4 to ch6 in
Fig. 12(a)]. In addition, during λ-switching, a multi-mode lasing
is possible as understood from Fig. 9(c). In such a multimode
lasing sate, one wavelength intensity of λspurious is smaller than
a monitor laser intensity. This means that even when λspurious

exists in the signal bandwidth of the monitor laser channel, the
influence of λspurious can be limited depending on the λspurious

intensity.
Fig. 12(c) and (d) display dynamic bit-error rates (BERs) of

modulated light from the SOA-RTF laser and monitor laser.
While eight dot lines represent dynamic BERs of eight λchs
from the SOA-RTF laser, the bold pink line shows the dynamic
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BER of the λch from the monitor laser channel. These dynamic
BERs were calculated from corresponding constellation maps.
Fig. 12(e) shows the constellation maps for X and Y polariza-
tion (pol.) of the ch 1 from the SOA-RTF laser. The optical
signal-to-noise ratio (OSNR) of each λch is set to about 30 dB
in the demonstration. Dynamic BERs of less than 10-9 were
obtained from the SOA-RTF laser operating as 8ch λ-switching,
which indicates the high-speed and narrow-linewidth nature of
the laser.

As expected from the experimental results in Fig. 12(a),
the dynamic BER of the monitor-laser channel degrades due
to λspurious from the SOA-RTF laser without SOA shuttering
[Fig. 12(c)]. That is, the λspurious from the SOA-RTF laser is
coupled with the monitor-laser channel, resulting in disturbed
constellation maps [Fig. 12(f)]. The BER degradation is im-
proved when the SOA shuttering is applied to the SOA-RTF
laser, as shown in Fig. 12(d), thanks to successfully eliminated
λspurious from the SOA-RTF laser. The BER improvement is also
clear from the comparison between constellation maps shown
in Fig. 12(f) and (g).

IV. CONCLUSION

In this paper, we described an RTF laser monolithically
integrated with an SOA, which is used to eliminate λspurious

during tuning. Thanks to the 30-ns tuning time (driver limit)
of the RTF laser, the required SOA shuttering time is also ns
scale, which hardly influences cavity temperature, resulting in
frequency error within +/−2.5 GHz even just after turning the
SOA off/on. The only additional laser control scheme is a simple
square-shaped current supplied to the SOA, which minimizes
application costs of a TL to an optical system with dynam-
ically controlled laser wavelengths. We also demonstrated a
λ-switching subsystem with an SOA-RTF laser operating as 8ch
λ-switching and a fixed-wavelength monitor laser. We confirmed
hitless λ-switching in the subsystem; namely, the dynamic BER
of the monitor-laser channel is not degraded even at the timing
of λ-switching of the SOA-RTF laser with SOA-shuttering oper-
ation. The results prove that, in addition to speeding up optical
systems, the ns-scale tuning response of the electro-optically
tunable RTF laser is also advantageous for suppressing λspurious

with accurate laser frequency.

APPENDIX 1
DERIVATION OF (1)

When a beam propagates in a waveguide with a refractive
index n and a length L, we define an optical phase φ, taking the
wavelength dispersion of n account into, as follows:

φ = −2π

λ
nL = −2π

λ

(
dn

dλ
λ + ng

)
L (A.1)

Here, λ and ng are the beam wavelength and the group refrac-
tive index of the waveguide, respectively. So, a phase difference
(Δφ) between beams with two different wavelengths (Δλ) are

expressed as follows:

Δφ = −2πng

(
1

λ +Δλ
− 1

λ

)
L = 2πΔf

ng

c
L (A.2)

In (A.2), c and Δf represent the speed of light in vacuum and
an optical frequency difference corresponding to Δλ. Note that,
in this paper, Δf is defined so that sings of Δλ and Δf are the
same. Namely, for Δλ>0 (increase in the optical wavelength),
the corresponding optical frequency change is −Δf (<0). When
one needs to discuss a “relative” phase change between beams
propagating in lengths L and L0 (reference length), L in (A.2) is
replaced with L-L0 (= dLx), resulting in (1).

APPENDIX 2
DEFINITION OF C IN (2)

The feedback parameter C in (2) for a laser cavity with an
external reflection is discussed in [38]. The definition is as
follows.

C ≡
(
1− r2c

)
rm

rc

τext
τc

√
1 + α2 (A.3)

Here, rc and rm are reflection coefficients at a main cavity
output facet and an external facet. τc and τext are roundtrip
times of lightwave propagating in the main and the external
cavity, respectively. And α is a linewidth enhancement factor,
whose typical value is 3-5 for general MQWs. Note that the
relation of (A.3) is valid when τext is shorter than a coherence
time of the laser. In the SOA-RTF laser described in this paper, rc
corresponds to the reflectance at the gap mirror which is designed
to be 0.30.5 (rc2 = 0.3) which is the same as a reflectance at a
cleaved facet of our conventional RTF laser without SOA. When
it comes to rm, we need to consider the SOA roundtrip gain
(10 dB × 2) in addition to the reflectance of the SOA facet
(–40 dB) with an AR coating as described in the paper. So, the
“effective” reflectance is 20 dB–40 dB = −20 dB, resulting in
rm=10–20/20 =0.1. If we assume the group velocities in the main
and the external cavity are the same, τext/τc in (A.3) becomes a
ratio between two cavity lengths. As shown in Fig. 2, the main
cavity length of the SOA-RTF laser is ∼1200 μm. And as also
described in the paper, the external cavity length (namely, SOA
length) is 600 μm, resulting in τext/τc = 0.5. Therefore, if we
assume α = 4, we obtain C = ∼0.26. With the same scheme,
C = ∼0.08 for an SOA-facet reflectance of –50 dB.

REFERENCES

[1] K. Sato, “Realization and application of large-scale fast optical circuit
switch for data center networking,” J. Lightw. Technol., vol. 36, no. 7,
pp. 1411–1419, Apr. 2018.

[2] K. Suzuki, K. Yonenaga, N. Takachio, T. Tanaka, O. Moriwaki, and H.
Onaka, “Device response time reduction for large-scale and fast optical
switching systems,” in Proc. IEEE Opt. Fiber Commun. Conf., 2021,
pp. 1–3.

[3] A. S. Raja et al., “Ultrafast optical circuit switching for data centers using
integrated soliton microcombs,” Nature Commun., vol. 12, no. 1, pp. 1–7,
2021.

[4] M. Glick et al., “PINE: Photonic integrated networked energy efficient
datacenters (ENLITENED program),” J. Opt. Commun. Netw., vol. 12,
no. 12, pp. 443–456, 2020.



UEDA et al.: HITLESS WAVELENGTH SWITCHING OF SOA-INTEGRATED RTF LASER WITH SUPPRESSED FREQUENCY ERROR 2773

[5] M. P. Arroyo and R. K. Hanson, “Absorption measurements of water-vapor
concentration, temperature, and line-shape parameters using a tunable
InGaAsP diode laser,” Appl. Opt., vol. 32, no. 30, pp. 6104–6116, 1993.

[6] M. G. Allen, “Diode laser absorption sensors for gas-dynamic and com-
bustion flows,” Meas. Sci. Technol., vol. 9, pp. 545–562, 1998.

[7] O. Witzel et al., “VCSEL-based, high-speed, in situ TDLAS for in-cylinder
water vapor measurements in IC engines,” Opt. Exp., vol. 21, no. 17,
pp. 19951–19965, 2013.

[8] Y. Ueda et al., “2-µm band active distributed Bragg reflector laser for CO2

gas sensing,” Appl. Phys. Exp., vol. 12, no. 9, 2019, Art. no. 092011.
[9] T. Shindo et al., “2.0-µm wavelength superstructure-grating-(SSG-) dis-

tributed Bragg reflector laser with tuning range of over 50 nm,” IEEE
Photon. Technol. Lett., vol. 33, no. 13, pp. 641–644, Jul. 2021.

[10] T. Shindo et al., “51-nm uniform-intensity tuning of superstructure grating
active-DBR laser for 2-µm wavelength band,” IEEE Photon. J., vol. 14,
no. 3, Jun. 2022, Art. no. 1529708.

[11] C. V. Poulton et al., “Coherent solid-state LIDAR with silicon photonic
optical phased arrays,” Opt. Lett., vol. 42, no. 20, pp. 4091–4094, 2017.

[12] H. Ito et al., “Wide beam steering by slow-light waveguide gratings and a
prism lens,” Optica, vol. 7, no. 1, pp. 47–52, 2020.

[13] K. A. Clark et al., “Synchronous subnanosecond clock and data recovery
for optically switched data centres using clock phase caching,” Nature
Electron., vol. 3, pp. 426–433, 2020.

[14] Y. Ueda, T. Fujisawa, S. Kanazawa, W. Kobayashi, K. Takahata, and
H. Ishii, “Very-low-voltage operation of Mach-Zehnder interferometer-
type electroabsorption modulator using asymmetric couplers,” Opt. Exp.,
vol. 22, no. 12, pp. 14610–14616, 2014.

[15] Y. Ueda et al., “Low driving voltage operation of MZI-type EA modulator
integrated with DFB laser using optical absorption and interferomet-
ric extinction,” IEEE J. Sel. Topics Quantum Electron., vol. 21, no. 6,
Nov./Dec. 2015, Art. no. 1501306.

[16] N. Kikuchi et al., “80-Gb/s low-driving-voltage InP DQPSK modulator
with an n-p-i-n structure,” IEEE Photon. Technol. Lett., vol. 21, no. 12,
pp. 787–789, Jun. 2009.

[17] Y. Ueda, Y. Ogiso, and N. Kikuchi, “InP PIC technologies for high-
performance Mach-Zehnder modulator,” Proc. SPIE, vol. 10129, 2017,
Art. no. 1012905.

[18] J. Ozaki et al., “500-Gb/s/λ operation of ultra-low power and low-
temperature-dependence InP-based high-bandwidth coherent driver mod-
ulator,” J. Lightw. Technol., vol. 38, no. 18, pp. 5086–5091, Sep. 2020.

[19] K. Morito, “Optical switching devices based on semiconductor optical
amplifiers,” in Proc. IEEE Int. Conf. Photon. Switching, 2009, pp. 1–2.

[20] G. Nakagawa et al., “Ultra-high extinction ratio and low cross talk char-
acteristics of 4-array integrated SOA module with compact-packaging
technologies,” in Proc. IEEE Eur. Conf. Exhib. Opt. Commun., 2011,
pp. 1–3.

[21] L. Ponnampalam et al., “Dynamic control of wavelength switching and
shuttering operations in a broadband tunable DS-DBR laser module,” in
Proc. Opt. Fiber Commun. Conf. Expo./Nat. Fiber Optic Eng. Conf., 2005,
Paper OTuE3.

[22] B. Puttnam et al., “Burst mode operation of a DS-DBR widely tunable laser
for wavelength agile system applications,” in Proc. Opt. Fiber Commun.
Conf./Expo. Nat. Fiber Optic Eng. Conf., 2006, Paper OWI86.

[23] T. Segawa, S. Matsuo, T. Kakitsuka, T. Sato, Y. Kondo, and R. Takahashi,
“Semiconductor double-ring-resonator-coupled tunable laser for wave-
length routing,” IEEE J. Quantum Electron., vol. 45, no. 7, pp. 892–899,
Jul. 2009.

[24] T. Kanai, N. Nunoya, T. Yamanaka, R. Iga, M. Shimokozono, and H.
Ishii, “High-accuracy, sub-µs wavelength switching with thermal drift
suppression in tunable distributed amplification (TDA-) DFB laser array,”
in Proc. Opt. Fiber Commun. Conf. Nat. Fiber Optic Eng. Conf., 2013,
pp. 1–3.

[25] T. Gerard et al., “AI-optimised tuneable sources for bandwidth-scalable,
sub-nanosecond wavelength switching,” Opt. Exp., vol. 29, no. 7,
pp. 11221–11242, 2021.

[26] M. C. Larson et al., “Narrow linewidth high power thermally tuned
sampled-grating distributed Bragg reflector laser,” in Proc. IEEE Opt.
Fiber Commun. Conf./Nat. Fiber Optic Eng. Conf., 2013, pp. 1–3.

[27] J. Wesström, G. Sarlet, S. Hammerfeldt, L. Lundqvist, P. Szabo, and P.
Rigole, “State-of-the-art performance of widely tunable modulated grating
Y-branch lasers,” in Proc. Opt. Fiber Commun. Conf., 2004, Paper TuE2.

[28] Y. Ueda et al., “Nanosecond-scale hitless λ-switching of SOA-integrated
electro-optically tunable RTF laser with +/-2.5-GHz dynamic frequency
accuracy,” in Proc. IEEE Opt. Fiber Commun. Conf., 2022, pp. 1–3.

[29] H. L. R. Lira, S. Manipatruni, and M. Lipson, “Broadband hitless silicon
electro-optic switch for on-chip optical networks,” Opt. Exp., vol. 17,
no. 25, pp. 22271–22280, 2009.

[30] Y. Ueda, T. Shindo, S. Kanazawa, N. Fujiwara, and M. Ishikawa,
“Electro-optically tunable laser with ultra-low tuning power dissipation
and nanosecond-order wavelength switching for coherent networks,” Op-
tica, vol. 7, no. 8, pp. 1003–1006, 2020.

[31] Y. Ueda, T. Fujisawa, K. Takahata, M. Kohtoku, and H. Ishii, “InP-based
compact transversal filter for monolithically integrated light source array,”
Opt. Exp., vol. 22, no. 7, pp. 7844–7851, 2014.

[32] Y. Ueda, T. Fujisawa, and M. Kohtoku, “Eight-channel reflection-type
transversal filter for compact and easy-to-fabricate InC-based optical
multiplexer,” J. Lightw. Technol., vol. 34, no. 11, pp. 2684–2691, Jun. 2016.

[33] Y. Saito, Y. Ueda, T. Shindo, S. Kanazawa, H. Matsuzaki, and M. Ishikawa,
“Burst-tolerant tuning of reflection-type transversal filter laser with single
active region,” IEEE Photon. Technol. Lett., vol. 34, no. 1, pp. 23–26,
Jan. 2022.

[34] J. S. Roberts, J. P. R. David, L. Smith, and P. L. Tihanyi, “The influence
of trimethylindium impurities on the performance of InAlGaAs single
quantum well lasers,” J. Cryst. Growth, vol. 195, no. 1–4, pp. 668–675,
1998.

[35] Y. Ueda et al., “Partial regrowth of optical-gain section for improved wafer
process flexibility of InP photonic integrated circuits,” J. Lightw. Technol.,
vol. 40, no. 8, pp. 2465–2473, Apr. 2022.

[36] Y. Ueda, Y. Hashizume, T. Yamada, H. Matsuzaki, and M. Ishikawa,
“Theoretical and experimental investigation of external-stress effect on
quantum-well-based semiconductor interferometer performance,” Appl.
Phys. Exp., vol. 14, 2021, Art. no. 091005.

[37] ITU-T G.694.1 Telecommunication Standardization Sector Of ITU, “Se-
ries G: Transmission Systems And Media, Digital Systems And Net-
works,” Tranmiss. Media Opt. Syst. Characteristics Opt. Syst., Oct. 2020.

[38] G. Agrawal, “Line narrowing in a single-mode injection laser due to
external optical feedback,” IEEE J. Quantum Electron., vol. 20, no. 5,
pp. 468–471, May 1984.

[39] “Integrable tunable laser assembly multi-source agreement,” Optical In-
ternetworking Forum, OIF-ITLA-MSA-01.3, Jul. 2015.

[40] T. Baba et al., “Silicon photonics FMCW LiDAR chip with a slow-light
grating beam scanner,” IEEE J. Sel. Topics Quantum Electron., vol. 28,
no. 5, Sep./Oct. 2022, Art. no. 8300208.

Yuta Ueda (Member, IEEE) received the B.E., M.E., and Ph.D. degrees in
electrical engineering and bioscience from Waseda University, Japan, in 2007,
2008, and 2011, respectively.

From 2010 to 2011, he was a Research Fellow of the Japan Society for the
Promotion of Science. In 2011, he joined NTT Photonics Laboratories, NTT
Corporation, Japan. Since 2020, he has been a Visiting Associate Professor with
Kyushu University, Fukuoka, Japan. He is currently a Distinguished Researcher
with the NTT Device Technology Laboratories. His research interests include
semiconductor photonic integrated circuits including tunable lasers and modu-
lators for optical communications and remote sensing systems. He is a Member
of the Japan Society of Applied Physics (JSAP) and the Institute of Electronics,
Information, and Communication Engineers (IEICE) of Japan.

Yusuke Saito received the B.S. degrees in applied physics from the Tokyo
University of Science, Tokyo, Japan, in 2016, and the M.E. degree in electrical
and electronic engineering from the Tokyo Institute of Technology, Tokyo, in
2018. In 2018, he joined NTT Device Innovation Center, Japan. His research
interests include InP-based photonic integrated devices. He is a Member of the
Institute of Electronics, Information, and Communication Engineers of Japan.

Takahiko Shindo (Member, IEEE) received the B.E., M.E., and Ph.D. degrees
in electrical and electronic engineering from the Tokyo Institute of Technology,
Tokyo, Japan, in 2008, 2010, and 2012. After receiving his Ph.D. degree, he
worked as a Research Fellow with the Japan Society for the Promotion of
Science. In April 2013, he joined NTT Photonics Laboratories (now NTT Device
Innovation Center), NTT Corporation, Japan, where he is currently engaged in
research on optical semiconductor devices. Dr. Shindo is a Member of the IEEE
Photonics Society, Japan Society of Applied Physics (JSAP), and Institute of
Electronics, Information and Communication Engineers (IEICE). From 2010 to
2012, he was the recipient of research fellowship for young scientists from the
Japan Society for the Promotion of Science.



2774 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 41, NO. 9, MAY 1, 2023

Shigeru Kanazawa (Senior Member, IEEE) received the B.E., M.E., and Ph.D.
degrees in electronic engineering from the Tokyo Institute of Technology, Tokyo,
Japan, in 2005, 2007, and 2016, respectively. In April 2007, he joined Nippon
Telegraph and Telephone (NTT) Photonics Laboratories (now NTT Device
Innovation Center), Japan. He is engaged in the research and development of
optical semiconductor devices and integrated devices for optical communica-
tions systems. Dr. Kanazawa is a Senior Member of Photonics Society and
Institute of Electronics, Information and Communication Engineers of Japan,
and a Member of the Japan Society of Applied Physics and Japan Institute of
Electronics Packaging.

Wataru Kobayashi received the B.S. and M.E. degrees in applied physics
and the Dr. Eng. degree in nanoscience and nanoengineering from Waseda
University, Tokyo, Japan, in 2003, 2005, and 2011, respectively. In 2005, he
joined NTT Photonics Laboratories. He is currently with NTT Device Innovation
Center, Japan. His research focuses on the development of optical semiconductor
devices. He is a Member of the Institute of Electronics, Information, and
Communication Engineers.

Hideaki Matsuzaki (Senior Member, IEEE) received the B.S. and M.S. degrees
in physics from Kyoto University, Kyoto, Japan, and the Ph.D. degree in
engineering from Toyama University, Toyama, Japan, in 1993, 1995, and 2019,
respectively. In 1995, he joined Nippon Telegraph and Telephone Corporation
(NTT)’s Atsugi Electrical Communications Laboratories, Japan. He is currently
a Senior Research Engineer, Supervisor with NTT Device Technology Labo-
ratories Japan, and engages R&D of compound semiconductor devices, such
as InP-HEMTs, HBTs, photo-diodes, and laser-diodes. He is a Senior Member
of the Electron Device Society, and Institute of Electronics, Information, and
Communication Engineers of Japan, and a Member of the Institute of Electrical
Engineers of Japan.

Mitsuteru Ishikawa (Member, IEEE) received the B.E. and M.E. degrees
in applied physics from the University of Tokyo, Tokyo, Japan, in 1995 and
1997, respectively. In 1997, he joined NTT Opto-Electronics Laboratories,
Japan. Since then, he has been involved in development and research on
semiconductor-based optical devices for WDM optical communication systems.
He is a Member of the Japan Society of Applied Physics and the Institute of
Electronics, Information, and Communication Engineers of Japan.



<<
  /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 true
  /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 false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /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 false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /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 false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /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


