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Abstract: We present a 10-Gb/s L-band reflective electro-absorption
modulator integrated with a semiconductor optical amplifier (REAM-SOA)
having improved transmission performance at very low input power of seed
light. To decrease the input power of seed light, the absorption
characteristics of the REAM are adjusted to reduce the amplified
spontaneous emission light returned into the SOA, suppressing the gain
saturation effect of the SOA. At a considerably low input power of —16
dBm, the REAM-SOA exhibits a low transmission penalty of about 1.2 dB
after 50-km SMF transmission. Over a wide input power range from —16
dBm to 5 dBm, a penalty of less than 1.6 dB is achieved at 50-km
transmission.
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1. Introduction

As the bandwidth demand continuously increases for high-quality broadband services such as
IPTV/OTT, high-definition multimedia, and advanced convergence applications, new access
network technologies are developed to provide the large transmission capacity. Time and
wavelength division multiplexed passive optical network (TWDM-PON) and point-to-point
wavelength multiplexed passive optical network (WDM-PON) technologies approved as the
standard of the next generation passive optical network stage2 (NG-PON2) under
Recommendation G.989.1 have been recognized as the most promising solutions to address
the bandwidth demand of 10-Gb/s-per-subscriber for next-generation access networks [1, 2].
Recently, the reflective electro-absorption modulator integrated with a semiconductor optical
amplifier (REAM-SOA) for 10-Gb/s operation or higher has drawn intensive attention as an
attractive solution to realize both high bandwidth and wavelength agnostics [3—7]. Practically,
the REAM-SOA can resolve many issues arising from the use of the tunable laser diode
(TLD) and the electro-absorption modulated laser (EML), which require wavelength
allocation and alignment as well as a complicated monitoring system. Therefore, many
investigations for the REAM-SOA have been carried out for the development of the upstream
transmitter even if it can suffer from Rayleigh back-scattering noise [8]. On the other hand,
the use of the REAM-SOA for the downstream transmitter, exploited at the optical line
terminal (OLT) of the central office, can significantly reduce system complexity and burden
due to the intrinsic support of the wavelength agnostics, which eliminates the need for
complicated equipment and procedures to monitor and align the operation wavelength to be
required in the tunable transmitter using the TLD or the fixed-wavelength transmitter using
the EML [9]. In addition, both EML and TLD require the elaborate and expensive fabrication
process such as E-beam lithography as well as the internal wavelength stabilizer or the
external wavelength alignment equipment in order to overcome the long-term wavelength-
drift problem. Additionally, the REAM-SOA is considered as a key enabler for the integrated
reflective multi-channel transmitter, which is capable of delivering reduction of size, energy,
and cost at the OLT [10]. As the external seed-light source for the reflective-type transmitter
can accommodate multiple OLTs, the reduction of the incident power into the transmitter can
considerable increase the number of shared OLTs, which leads to the decrease of the system
cost [11]. As illustrated in Fig. 1, the shared OLTs can be also applied to the TWDM-PON
system consisted of the reflective-type transmitters and the 4-wavelength CW seed light.

In this paper, we report the development of the L-band REAM-SOA for the 10-Gb/s OLT
transmitter that was designed and fabricated to achieve improved transmission performance at
low input power of seed light. It is realized by adjusting the absorption characteristic of the
REAM in order to reduce the amplified spontaneous emission (ASE) light returned into the
SOA, which leads to the suppression of the gain saturation effect in the SOA. This approach
results in a low power penalty during back-to-back operation as well as a negligible
transmission penalty at 25-km distance when the optical input power is greatly reduced. For
50-km long-reach transmission, a low transmission penalty is exhibited over a wide input
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power range. It is also found that the transmission distance is extended up to 75 km with
error-free performance when the input power is properly controlled.
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Fig. 1. TWDM-PON system diagram using the reflective-type transmitters.

2. Design and fabrication

Figure 2 shows the operation scheme and a photograph of the REAM-SOA chip. As shown in
Fig. 2(a), the SOA is operated by DC for signal amplification and the REAM is modulated by
RF voltage for the generation of a high-speed signal. As depicted in the schematic view of
Fig. 2(a), CW seed light is injected into the device and pre-amplified by the SOA, and then
modulated and reflected by the REAM. The reflected modulation signal is re-amplified by the
SOA and emitted out at the front facet. In addition, the CW ASE light generated from the
SOA is propagated into both directions of the SOA waveguide. Here, the ASE light toward
the front facet is directly emitted out through the front facet, but the ASE light toward the rear
facet is amplified and emitted out after modulation and reflection by the REAM. Thus, three
different output lights of the CW ASE light, the modulated ASE light, and the modulated
optical signal are emitted out through the front facet of the REAM-SOA. Here, the modulated
ASE light and the modulated optical signal could give rise to carrier-density modulation by
the gain saturation effect of the SOA. In particular, when the optical power of the modulated
ASE light is so high that the gain saturation occurs, the signal distortions and the degradation
of transmission performance can be taken place even though the power of CW seed light is
sufficiently low. Naughton et al. reported the influences of the modulated ASE power
reflected from the REAM by controlling the external optical attenuator between the SOA and
the REAM [12]. It was found that the eye pattern distortions were more clearly observed even
at very low input power when the ASE light returned into the SOA is increased by decreasing
the attenuation between the SOA and the REAM. Therefore, to overcome the performance
degradation of the optical signal when the optical input power is low, it is necessary to
decrease the modulated ASE light returned into the SOA by exploiting a suitable REAM
length and a proper wavelength deviation between the ASE center of the SOA and the
absorption peak of the EAM. Figure 2(b) shows the photograph of the REAM-SOA based on
an evanescent coupled double-core structure for a spot-size converter (SSC) [6]. All epitaxial
layers of the REAM-SOA are grown on an n-type InP substrate by metal organic chemical
vapor deposition (MOCVD). The monolithically integrated REAM-SOA was fabricated by
using a two-step butt-joint regrowth technique with low loss and residual reflections. The
REAM-SOA structure consists of a 600-um-long planar buried heterostructure (PBH) SOA
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with a width of 1.0 um, a 100-um-long high-mesa EAM waveguide with a width of 2.0 pm,
and a 550-pm-long SSC. In order to obtain a low polarization dependence gain, the SOA core
is fabricated by a tensile strained bulk InGaAsP layer [13]. The EAM active layer consists of
nine tensile strained InGaAsP wells and ten lattice-matched InGaAsP barriers, which can
decrease bias voltage and polarization dependence [14]. And the EAM mesa waveguide
achieves the planarization with a 3-um-thick benzocyclobutene (BCB) layer and the measured
total capacitance of the EAM section is less than 0.2 pF. The front facet of the REAM-SOA is
anti-reflection (AR) coated for ensuring low reflectivity of about 107 and the rear facet is
high reflection (HR) coated for high reflectivity of about 90%. The ASE center wavelength of
the SOA is positioned around 1520 nm and the absorption peak wavelength of the EAM is
located around 1540 nm. The wavelength deviation between the SOA ASE center and the
EAM absorption peak can increase the absorption of the ASE light emitted from the SOA as
well as preserve the gain characteristics at the L-band region of the REAM-SOA.

Df: %F
CW Seed mmmmm3p ¥ pobici
cwase €——— SOA EAM S

SOA |

Modulated Signal m «HR
+ Modulated ASE

(a) (b)

Fig. 2. REAM-SOA (a) schematic view and (b) chip photograph.

3. Result and discussion

Figure 3 shows the ASE spectra of the REAM-SOA when not injecting the CW seed light and
the fiber-to-fiber gain spectra when injecting the CW seed light. Figure 3(a) illustrates the
ASE spectra measured at the front facet with an AR coating and at the rear facet with an HR
coating when varying the bias voltage of the EAM from 0 V to 3 V in 1-V steps. The SOA
current is fixed at about 100 mA. The operation temperature of the REAM-SOA is fixed into
25 °C in order to confirm the design issues. And it is considered that the seed light power is
increased and the transmission distance is shorten due to thermal degradation of the REAM-
SOA if the operation temperature is increased, as reported in Ref [7]. As shown in Fig. 3(a),
the short-spectrum region of the ASE spectra measured at the rear facet is almost absorbed by
the EAM. With increasing EAM bias, the longer ASE spectrum is decreased owing to the
absorption-peak shift due to the quantum-confined Stark effect of the EAM. Through the ASE
spectra of the rear facet, it is considered that the ASE light not absorbed by the REAM is
returned into the SOA region after reflection by the rear facet. As shown in Fig. 3(a), the
returned ASE light generates the longer-region peak in the ASE spectrum of the front facet.
The longer-ASE peaks of the front facet gradually decrease with the increase of the EAM bias
voltage because the amounts of returned ASE light are reduced when EAM absorption
increases. On the contrary, the shorter-ASE spectra measured at the front facet are almost
maintained regardless of the variation of the EAM bias voltage. The invariance of the shorter-
ASE spectrum indicates that of the carrier density in the SOA. Accordingly, it is understood
that the carrier depletion of the SOA is barely occurs, because the optical power of the
returned ASE light is sufficiently low. It plays an important role in decreasing the input power
and mitigating the pattern effect in the SOA. Figure 3(b) shows the fiber-to-fiber gain of the
REAM-SOA as a function of the bias voltage of the EAM varying from 0 V to 3 V. The
optical input power is fixed as —20 dBm. The center of the REAM-SOA gain appears at
approximately 1585 nm, which is similar to the spectrum center of the retuned ASE light. The
REAM-SOA shows the 3-dB gain bandwidth of about 30 nm with the maximum gain of
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about 18 dB at the EAM bias voltage of 0 V. The static extinction ratio (ER) is greater than 15
dB between 0 V and -3 V over wavelengths ranging from 1560 nm to 1600 nm.
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Fig. 3. (a) ASE spectra at the front facet and rear facet of REAM-SOA and (b) fiber-to-fiber
gain spectra for different bias voltages of EAM.

Figure 4 shows the experimental setup used to measure the dynamic characteristics and
transmission performance of the REAM-SOA for the OLT transmitter at a 10-Gb/s data rate
with pseudorandom binary sequence 2°'~1. The TLD is used as a seed-light source. The
wavelength of the TLD is set to 1585 nm, which corresponds to the gain center of the REAM-
SOA. And it is estimated that the performances of the REAM-SOA over the whole L-band
region appear the similar characteristics with the C-band REAM-SOA [6]. The experiments
are performed with the peak-to-peak RF voltage of 1.8 V,,, at the bias of 1.5 V for the EAM
with the bias current of 100 mA for the SOA. The optical input power of the REAM-SOA is
changed from —18 dBm to 5 dBm. These operation conditions generate the optical signals
with the output powers of from —6.8 dBm to 1.8 dBm and dynamic ERs of from about 8.3 dB
to 9.5 dB.

Fig. 4. Experiment setup to measure the transmission performance of 10-Gb/s REAM-SOA.

Figure 5 displays the back-to-back (BtB) bit-error-rate (BER) curves and the receiver
sensitivity for varying input power. As shown in Fig. 5(a), error-free performance is achieved
over a wide input power range from —16 dBm to 5 dBm. At the low input power of —18 dBm,
an error-floor behavior due to the degradation of signal-to-noise ratio (SNR) is observed.
Figure 5(b) shows the BtB receiver sensitivity at a BER of 107 as a function of the optical
input power. According to the measurement results, the receiver sensitivity obtained is less
than —22 dBm with a variation of less than 2 dB over the input power range from —16 dBm
and to 5 dBm. The sensitivity increases due to the SNR degradation for low input power less
than —10 dBm and due to the pattern effect for high input power of —4 dBm. These
phenomena in the SOA have already been described by Watanabe et al. [15]. It is notable that
the receiver sensitivity decreases when the input power is increased above —2 dBm. The
sensitivity improvement at high input power is caused likely by the holding beam effect in the
SOA [16]. The holding beam effect leads to the reduction of the carrier lifetime, which
mitigates the pattern effect in the SOA and enhances the input power dynamic range. These
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phenomena are more apparently observed at the eye patterns shown in Fig. 6. As a result, the
minimum sensitivities of about —23.5 dBm are obtained at the two different input power
values of —10 dBm and 2 dBm. The eye diagrams for different values of input power are
shown in Fig. 6.
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Fig. 5. (a) BtB BER curves for various input power values and (b) BtB receiver sensitivity
versus input power.

Fig. 6. 10 Gb/s eye diagrams for various input power.

The eye pattern at the low input power of —16 dBm exhibits a thicker 1-level in terms of
the SNR degradation, and the eye pattern at the input power of —4 dBm shows the typical
overshoot due to the pattern effect. However, the clean eye openings are obtained at both the
input power values of —10 dBm and 5 dBm. The clean eye diagram at the high input power of
5 dBm can be explained by the holding beam effect in the SOA.

Figure 7 shows the measured results of BER performance for several transmission
distances at the input power of —16 dBm. At the transmission distance of 50 km, we
successfully demonstrated error-free operation with low power penalty of about 1.2 dB at 10~
BER. Previously, the L-band REAM-SOA exhibited the power penalty of about 1.5 dB for 25
km transmission when using mode-lock laser-based multiple-wavelengths seeding light [17].
And, in the C-band REAM-SOA, the power penalty greater than 2 dB at 30 km distance was
achieved with a considerably high input power of 0 dBm [5]. The BER curve at 75 km
transmission shows the error-floor characteristics with the power penalty of about 4 dB.
However, error-correction techniques such as forward-error correction are capable of
significantly extending the transmission distance as well as lowering the input power.

Figure 8 shows the measured penalty for the transmission distances of 25 km, 50 km, and
75 km as a function of the input power at a BER of 107°. The transmission penalty at 25-km
distance is negligible and is less than 0.3 dB, even exhibiting negative values resulting from
the negative chirp effect in the gain saturation region of the SOA [15]. It is found that the
penalty after 50-km transmission becomes less than 1.6 dB over the wide input power range
from —16 dBm to 5 dBm. Meanwhile, for the transmission distance of 75 km, the power
penalty rapidly increases at the input power range between —6 dBm and 2 dBm, which
corresponds to the input power range having the large pattern effect, as shown in Fig. 5(b).
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However, at the two different input power values of —10 dBm and 5 dBm, a low power
penalty of nearly 2.6 dB is observed. It seems that the SNR improves and the pattern effect
does not occur when the input power is increased to approximately —10 dBm. At a high input
power of about 5 dBm, the pattern effect can be mitigated by the holding beam effect.
Correspondingly, we observed the clean eye openings at the two input power values of —10
dBm and 5 dBm in the eye diagrams of Fig. 6.
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Fig. 7. BER curves for several transmission distances for an input power of —16 dBm.
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Figure 9 shows the measured BER performance of the REAM-SOA for various
transmission distances. At the input power of —10 dBm, as shown in Fig. 9(a), we achieve
error-free performance with the transmission penalty of 2.6 dB at 75-km distance. However,
the transmission over a 100-km distance shows an error-floor level of approximately 107, As
shown in Fig. 9(b), when the input power is increased to 5 dBm, the BER performance is
slightly improved and the error-floor level at 100-km transmission decreases to less than
107'°. 1t is understood that the improvement of BER performance for 100-km long reach
transmission results from the pattern-effect mitigation by the holding beam effect at high
input power.
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Fig. 9. BER curves up to 100-km transmission at (a) input power of —10 dBm and (b) input
power of 5 dBm.

4. Conclusion

We have successfully demonstrated a 10-Gb/s L-band REAM-SOA for the OLT transmitter
that extends the transmission distance with decrease of the optical input power. This extension
of the transmission distance has been achieved by the reduction of the modulated ASE power
returned into the SOA, which resulted from the proper wavelength deviation of the SOA ASE
center wavelength and the EAM absorption peak. As a result, error-free performance has been
achieved at transmission of 50 km with low penalty of 1.2 dB when lowering the input power
to - 16 dBm. The power penalty at 50-km transmission was observed to be less than 1.6 dB
over a wide input power range that extends from - 16 dBm to 5 dBm. Moreover, the long-
reach error-free transmission over a 75-km distance has been demonstrated with a power
penalty of 2.6 dB when the input power is appropriately adjusted around —10 dBm or 5 dBm.
Therefore, we believe that the 10-Gb/s L-band REAM-SOA can be applied to the realization
of the OLT transmitter for future long-reach access networks as it delivers reduction of size,
energy, and cost of the system.
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