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ABSTRACT

We experimentally demonstrate a directly modulated 1% AR-FPLA based ONU under side-mode injection-locking
for 1.25Gbits/s DWDM-PON application. With side-mode injection of this device, the characterizes of 34-channel
detuning capacity under self seeding and its corresponding to a wavelength locking range of 30 nm is a potential
candidate to achieve the cost effective and high capability 1.25 Gbits/s DWDM-PON systems. The effects of the
front-facet reflectivity in the AR-FPLA on injection locking range, spontaneous emission, and Q-factor are interpreted
from our results. A BER of <10"' is obtained for the nearest 17 channels and a 10" error rate can be achieved for all

of the 34 injection-locked channels with SMSR >35dB, providing a negative power penalty of -0.7 dB.
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1. INTRODUCTION

Recently, the wavelength division multiplexed-passive optical network (WDM-PON) has attracted great
attention as one of the solutions for future broadband subscriber networks because WDM-PON is point-to-point
connected through the dedicated wavelength without sacrificing bandwidth. How to obtain a low-cost and
wavelength-stable light source is the key point for WDM-PON. The WDM-PON based on amplified spontaneous
emission (ASE) injection-locked FP-LD does not need to maintain assigned wavelength and decrease management and
installation costs simultancously. WDM-PON is promising as low-cost subscriber networks to fiber-to-the-home
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systems by reason of far greater capacity and flexibility, which is one possible solution for access networks over 1
Gbit/s. Recently, lots of efforts have been focused on a cost effective and high performance transmitter in every
optical network unit (ONU) including spectral slicing of light-emitting diodes [1, 2] or amplified spontancous emission
(ASE), wavelength-seeded reflective semiconductor optical amplifiers (RSOA) [3, 4], and ASE-injected Fabry—Perot
laser diodes (FPLDs). Especially, the most promising approach in an economical point of view is employing FPLDs
under injection locking, where single-mode output is achievable from an FP-LD by externally injected FPLD with
EDFA amplified [5, 6]. In low-cost transmitters termed “colorless,” optical light originating from the OLT is fed into
the ONUs to injection-lock Fabry—Perot laser diodes (FPLDs) [7-10] or to wavelength-seed reflective semiconductor
optical amplifiers (RSOAs). The injection-locked wavelength-seeding light may be furnished by spectrally sliced light
from a centralized broadband source located at the CO. The scheme of injection-locking FPLD succeeds in removing
the need for centralized broadband sources to provide the injection locking light, but it does not tolerate a wavelength
drift between the FP-LDs, FBGs, and AWGs. The self-seeding RSOAs as colorless upstream ONU transmitters were
achieved by using AWG spectrally sliced ASE in the RN and fed back via a passive reflective path to seed itself
without requiring centralized broadband sources. However, these approaches have trade-off with wavelength tolerate
of FPLD scheme and high cost of RSOA. In this work, we propose a 1.25-Gbit/s DWDM-PON light source of the
novel anti-reflection coated FP laser amplifier (AR-FPLA) with self-seeding injection lock. The including injected
locking performance, eye diagram, and bit error rate (BER) of the AR-FPLA with a cost-effective TO-56 can-package

are determined.

2. EXPERIMENTAL SETUP

Figure 1 schematically illustrates a DWDM-PON system based on the selfseeding injection-locked AR-FPLAs.
The reflectivity of the front facet was lowered to below 1% using antireflection coating, while reflectivity of the rear
facet was enhanced to about 85% using high-reflection coating. This highly asymmetric cavity allowed efficient
injection of ASE into the chip and reduced undesirable backward reflection at the front facet and power waste to the
rear. The F-PLD was modified for an injection-locking scheme without significant increase in cost. The measured

threshold of the AR-FPLA is 12.5 mA.
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Fig. 1 Setup of the experiment of self-seeding AR-FPLAs as upstream transmitters in a WDM-PON.

Each ONU transmitter comprised an AR-FPLA, a polarization controller (PC) that was adjusted to maximize the
seeding efficiency of the AR-FPLA. The broadband ASE of AR-FPLA is sent upstream toward the RN in initiation.
The AWG in the RN spectrally slices the ASE of AR-FPLA from each ONU into a narrowband spectrally sliced light
which is reflected back to the RSOA to initiate injection lock. When the externally injection-locking condition
between the self-seeding source and slave FPLD is matched, the slave one can be operated as high side-mode
suppression ratio (SMSR). Each slave AR-FPLA is directly modulated by a 1.25 Gbit/s PRBS data stream for

transmission performance diagnosis.

3. RESULTS AND DISCUSSIONS

Compared to conventional FPLDs, the mode spacing was reduced to ensure that at least one lasing mode can spectrally
overlap with the injected narrowband ASE to maintain wavelength locking regardless of the thermally drifting lasing
wavelengths.  Since the passband of the arrayed waveguide gratings (AWGs) was nearly rectangular and 0.6 nm wide,
the mode spacing of the FPLD was chosen to be 0.6 nm. Figure 2 shows optical spectrum of the AR-FPLA with
threshold of 14 mA at free-run condition of 20, 30, 40 mA and injection locking condition of 30 mA. At around
threshold current, the luminance spectrum from thin and thick wells merges and becomes broad. At above threshold
current, the FWHM of the luminance spectrum is above 35 nm and no significant peaks can be obtained. Note that
there is only one high reflectivity of the rear facet was enhanced to about 90%, and the Fabry—Perot effect in the chip

exhibits but it can not build the major wavelength peak.
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Fig. 2 Optical spectrum of the AR-FPLA at free-run condition of Ith+ 5 to Ith+25mA and
injection locking condition of Ith +15mA.

In our approach, the AR-FPLA exhibits wide injected-locking range which can cover 1510 nm to 1540 nm by
using an AR-FPLA. As the wavelength of the filtered and amplified FPLD light source exactly matches that of a
longitudinal mode in AR-FPLA, the AR-FPLA exhibits the largest peak power and the lowest noise, the slave
AR-FPLA exhibits the largest peak power and the lowest noise. The maximum SMSR of the master light source
injected FPLD is up to 40 dB when the wavelengths of master light source and AR-FPLA mode are coincident each
other. The detuning wavelength is the wavelength shift of the injected signal from the master FPLD with respect to
the free-running wavelength of one longitudinal mode of the slave AR-FPLA. As a result, the wavelength locking
range of the slave AR-FPLA measured by the adopted modified delayed self-homodyne (MDSH) scheme is shown in
Fig. 3. The locking range was defined as the wavelength tunable range for remaining the SMSR of the AR-FPLA
lasing mode at >35 dB. Narrower locking ranges were measured for the AR-FPLA with lower injection power and
the injection power is required maintaining the AR-FPLA within the locking range. The injection ratio is defined as
the power ratio of the injected signal to the free-running optical signal inside AR-FPLA cavity. The stable
injection-locking region is found to be bounded by two solid curves. Under such conditions of injection larger than that
of the AR-FPLA, the AR-FPLA is operated at larger injection ratio and has larger locking range. In addition, a
relatively weak signal with considerable noise has also been found as the injection wavelength is detuned away from
the slave AR-FPLA’s longitudinal mode by 0.6 nm. The injected-locking cover range was limited by the gain profile
of its material inside the chip of AR-FPLA. Almost the other longitudinal mode had been restrained and the selected
wavelength was raised as the black line of Fig. 3. Most gain of the AR-FPLA was been cached by the selected
wavelength and the SMSR can be obtained up to 40 dB. The directly current-modulated AR-FPLA controls the
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upstream signal from the ONU. As comparing with the commercial FPLD, our AR-FPLA provides an up to 10-times

flexible locking range.
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Fig. 3 Wavelength locking range of a side-mode in the slave AR-FPLA at ONU end as a
function of injection-locked power.
The dynamics of an AR-FPLD with the external injected light can be described with the following rate equations.
A traveling-wave rate-equation model [11, 12] is constructed to simulate the AR-FPLA initiating from the amplified
spontaneous emission. However, the opposite-direction parts of the traveling-wave equations are neglected since the
unidirectionally propagated AR-FPLA has high reflectivity at the rear facet. Both the ASE and injection locking
induced gain-depletion effects are considered during simulation. The asymmetric gain characteristic was taking into
account and the differential rate equation of carrier density and the propagation equations which describe the
time-varied powers of the injection locked AR-FPLA and the injected signals. The measured BER of the data-stream
received by the AR-FPLA can be accurately calculated from the recorded Q factor of the received eye pattern at a
desired data rate. Figure 4 shows the calculated Q factor and locking range of the injection locking AR-FPLA with
different reflectivity. The figure shows that high reflectivity bring good quality transmission signal, but the expense
is the narrow locking range. As detuning the injection wavelength near the FP-etalon gain peak, the injected can not
get much gain because the etalon restrains the optical confinement factor in the cavity. In order to drop this effect, the
reflectivity of the front facet should be reduced. Previously, the wavelength-locked FP-LD by the spectrum-sliced
incoherent lights had been usually adopted for a low capacity WDM PON. They have shown great cost-effective
performance to any other components in terms of practical WDM-PON realization, but the data rate of a single channel

is limited at the data rate of 622 Mbits/s due to its high RIN. The performance of the directly-modulated,
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wavelength-locked AR-FPLA based DWDM PON operating at a data rate of 1.25 Gbits/s was been investigated. As
comparing with spectrum-sliced ASE source, the intensity noise of wavelength-locked AR-FPLA was suppressed
efficiently at high frequency. The spectrum-sliced ASE injection is a detrimental source to FPLDs due to its random

polarization characterizes.
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Fig. 4 Injected power (hollow markers) and measured Q (solid markers) of the driving
current at a wavelength locked longitudinal mode.

The wavelength-locked AR-FPLA could provide better performance than the spectrum-sliced ASE source for
above gigabit signal transmission. ~ With optimized injection, the measured Q factor can be as high as 9.2, providing
a reachable BER of 1.8x10 at the data rate of 1.25 Gbits/s. By increasing the dc biasing current of the slave
AR-FPLA to 20 mA, the wavelength locking at the data rate of >2.5 Gbits/s can be achieved, which is eventually
limited by the transient gain contribution of ever longitudinal mode of the FPLD. Effective transmission is obtainable
within blue-shaped region of an estimated Q > 7 corresponding to a BER of about 10" as shown in the Fig. 6. On
the other hand, the red-shaped region represents the practical implementation of such an injection-locked FPLD system
at an injecting power below -1 dBm. That is, the optimized operating parameters for concurrently achieving high-Q

and low-injection are determined with at a FPLD driving current between 16 mA and 25 mA.
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Fig. 6 BER analysis of wavelength injection locked FPLD at different
longitudinal modes and measured eye diagrams (inset) with
The other structure of WDMPON is based on the directly modulated SOA which operating in gain-saturation
regime, but it requests of using extra optical amplifier. An RSOA operating in the linear regime has been proposed as
a low-cost ONU [3,10], but the allowable extinction ratio (ER) in the downstream transmission is limited to be less
than around 3 dB even with higher optical gain in the linear regime. As comparing with RSOA, our proposed with
better ER and adaptable driving region. The AR-FPLA also provides slight gain to injection source, and this helps
low injected locking power of master source. To characterize the data transmitting performance of directly
modulated FPLD with wavelength locking in a simulated 1.25-Gbits/s WDM-PON fiber-optic network, the eye
diagram analysis at 1.25 Gbits/s is also performed. A well-opened eye pattern can be obtained with a relatively large
dynamic range as shown in inset of Fig. 6. The rising time and falling time (defined as the duration between 20% and
80% of on-level amplitude) are 118 ps and 125 ps, respectively. The nearly error-free (BER < 107'?) back-to-back
with and without optical injection can be detected at received optical power of larger than -24.4 and -23.7 dBm with
the pattern length of Pseudo Random Binary Sequence 23'-1 (PRBS), respectively. A negative power penalty of -0.7
dB as comparing with non-injection is measured at a BER of 107", which is attributed to the reduction of the relaxation
oscillation of the FPLD and increasing bandwidth by the competition of every longitudinal mode. As the transient
situation of carrier density changing from the bit 0 to bit 1, the photon density of this desired longitudinal mode gets a
stable gain by external optical injection. The carrier density was depleted continuously by external optical injection,

which can not form the relaxation oscillation with photon density.

4. CONCLUSION

We experimental demonstrate and theoretically analyze the effect of the front-facet reflectivity in the AR-FPLA
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on injection locking rage, spontaneous emission, and Q-factor. In order to obtain wide gain spectrum width and low
gain extinction ratio, the effect of front-facet reflectivity of AR-FPLA is theoretically analyzed. A 30 nm cover-range
capacity of a directly modulated 1% AR-FPLA based ONU under side-mode injection-locking for 1.25Gbits/s
DWDM-PON application is experimentally demonstrated. Such a wavelength injection-locked 1% AR-FPLA can be
operated at a data rate up to 1.25 Gbits/s to show a largest SMSR of 40 dB and a Q factor ranging from 9.2 to 7.5 as the
injection-locked channel extends to the 12th side-mode with respect to the central carrier. The maximum usable ONU
channels of the side-mode injection-locking AR-FPLA are 34, corresponding to a wavelength locking range of 30 nm.
A BER of <10"? is obtained for the nearest 17 channels and a 10™'" error rate can be achieved for all of the 34
injection-locked channels, providing a negative power penalty of -0.7 dB due to the reduction on relaxation oscillation
of the AR-FPLA. These results indicates that the demonstrated side-mode injection-locked AR-FPLA is a potential
candidate to achieve the cost effective and high capability 1.25 Gbits/s DWDM-PON systems for low operation and

maintenance cost.
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