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Abstract—We simulate the injection-locking performance of a
1% antireflection coated Fabry—Perot laser amplifier (AR-FPLA)
and demonstrate the 2.5-Gbit/s DWDM-PON application with
the directly modulated AR-FPLA based ONU transmitter under
side-mode injection-locking condition. The effect of the AR-FPLA
front-facet reflectivity on the injection locking range detuning
and the @QQ-factor are interpreted from theoretical simulations and
are experimentally characterized. A 25-channel locking capacity
is reported for such a side-mode injection-locked AR-FPLA with
corresponding wavelength locking range of 30 nm, the minimal
requested power of —7 dBm and gain extinction ratio of < 7 dB
by reducing its front-facet reflectivity to 1%. At bit rate of 2.5
Gbit/s, the BER of 1012 is achievable for the nearest 17 channels
of AR-FPLA at receiving power of —21 dBm, and all of the 25 in-
jection-locked channels with SMSR of > 35 dB can guarantee the
BER of < 10~° with their worst receiving sensitivity degrading
to —19 dBm.

Index Terms—Anti-reflection (AR) coating, DWDM channeliza-
tion, Fabry-Perot laser amplifier (FPLA), fiber-to-the-home, op-
tical network unit (ONU), passive optical network (PON), side-
mode injection-locking.

I. INTRODUCTION

N next generation, the wide-area broadband access net-
I works are required to offer high-speed connection services
between the central office (CO) and remote nodes (RNs).
The wavelength-division-multiplexed passive optical network
(WDM-PON) is a promising candidate of the low-cost sub-
scriber networks for the fiber-to-the-home systems due to its
large capacity and flexibility. For the deployment of practical
WDM-PONSs, the most critical issue is to develop the low
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cost WDM light sources for the optical network unit (ONU).
A multistage access network for bidirectional WDM trans-
mission using AWG-sliced ASE-injected Fabry—Perot laser
diode (FPLD) with simultaneous bidirectional 1.25-Gbit/s
transmission per channel up to 20 km has been reported [1],
[2]. The slave FPLDs used in these references were injected by
an ASE light source which is sliced by an AWG based wave-
length division demultiplexer. To solve the mode-selection
problem, a bidirectional WDM-PON based on gain-saturated
colorless reflective semiconductor optical amplifiers (RSOA)
was demonstrated for 1.25-Gbit/s upstream and 2.5-Gbit/s
downstream transmission over 20 km [3], [4].

One alternative approach is employing the FPLDs with
single-mode output under the injection-locking with a coherent
light source of a mutually injection-locked FPLD amplified by
an Erbium-doped fiber amplifier (EDFA) [5], [6]. In particular,
a broadband light source (BLS) emerged by mutual injection
between two antireflection-coated FPLDs is used to injec-
tion-lock the FPLDs for obtaining 125-Mb/s transmission with
50-GHz channel spacing limited by the FPLD cavity length
and the injection efficiency. Shin et al. have reported a hybrid
WDM/TDM PON with each WDM channel sharing by eight
subscribers to simultaneously accommodate 128 subscribers
[7]. However, this method requires the complicated media
access control, the high-cost burst mode receivers, and the
link-bandwidth sharing. All of these achievements meet the de-
mand of the rapidly increased capacity in the fiber-to-the-home
(FTTH) communication systems based on gigabit Ethernet pro-
tocol [8]-[10]. Currently, the proposed approaches are limited
by low bandwidth, power budget and high intensity noise when
applying to the optical link.

In this work, we theoretically analyze and experimentally
demonstrate the transmission performance of a side-mode in-
jection-locked antireflection coated Fabry—Perot laser amplifier
(AR-FPLA). By spectrally slicing and externally injecting the
side-mode of such an AR-FPLA, the parameters of the front-
facet reflectivity, the injection-locking range, the spontaneous
emission dependent Q-factor, the eye diagram and the bit error
rate (BER) are determined and discussed.

II. EXPERIMENTAL SETUP

Fig. 1 schematically illustrates a DWDM-PON system based
on the side-mode injection-locked AR-FPLAs. A standard
FPLD with an integrated optical isolator is employed as the
master laser for injection-locking the AR-FPLA with a longitu-
dinal mode spacing of 0.6 nm. The front-facet reflectivity of the
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Fig. 1. DWDM-PON system with an AR-FPLA based transmitter at the ONU end that is side-mode injection-locked by a wavelength-sliced master FPLD.

AR-FPLA was coated as low as 1%, and the rear-facet reflec-
tivity was increasing to 99%. Such a highly asymmetric coating
allows the efficient injection of ASE, which also reduces unde-
sirable backward reflection at front-facet and avoids the power
consumption at rear-facet. To facilitate the injection-locking
scheme, the design and fabrication procedures of the AR-FPLA
were modified from a conventional FPLD without significantly
increasing the production cost. The threshold current of the
AR-FPLA is 13 mA. A long-term test of the AR-FPLAs biased
at 80 mA and 85°C with output power of 5 mW for more than
4500 hrs was employed for the stable operation of 40 devices
used in our experiments.

At the ONU end shown in Fig. 1, each transmitter consists
of a polarization controller (PC) that is adjusted to maximize
the efficiency of injection from the master FPLD. At the central
office, the master FPLD can be replaced by a specially designed
long-cavity device with 50-GHz longitudinal mode spacing to
match the ITU-T defined DWDM channels. Before injecting
into each AR-FPLA at the ONU end, the master FPLD output
is channelized by a DWDM multiplexer built-in with the
DWDM-PON and amplified by a EDFA (SDO, OAS-1000)
with maximum output power of +18 dBm, which consequently
causes a reduction on threshold current of the slave AR-FPLA.
The external injection-locking condition is easily achieved by
matching the slave AR-FPLA wavelength with the incoming
master signal via a slight temperature and current detuning. The
side-mode injection-locked AR-FPLA acts like a single-mode
source with high side-mode suppression ratio (SMSR), which
is directly modulated by a 2.5-Gbit/s pseudo-random binary-
sequence (PRBS) data-stream for transmission performance
diagnosis.

The FPLD used in our experiment exhibits a long-cavity to
shrink its longitudinal mode spacing to 0.6 nm, which is not
coincident with the channel spacing of 50 GHz (or 0.4 nm)
set by the AWG based DWDM. The FPLD emits numerous
modes before passing through the DWDM, which is filtered into
a single-mode spectrum for injection-lock the AR-FPLA after-
wards. Technically, the DWDM channels with number of (3n-1)
were used in our case. Such a mismatch can be solved by pre-
cisely dicing the FPLD chip by the manufacturer.
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Fig. 2. DWDM-PON system with an AR-FPLA based transmitter at the ONU
end that is side-mode injection-locked by a wavelength-sliced master FPLD.

III. RESULTS AND DISCUSSIONS

In comparison with conventional FPLDs, the mode spacing
of the AR-FPLA is reduced to ensure that the injected narrow-
band ASE can spectrally overlap with at least one lasing mode of
the AR-FPLA. Such a design easily maintains the wavelength
locking regardless of the thermally drifting wavelength of the
AR-FPLA modes. The channel spacing of the arrayed waveguide
gratings (AWGs) based DWDM multiplexer and demultiplexer
nearly rectangular passband shape was chosen to fit the mode
spacing of the AR-FPLA. Fig. 3 shows the optical spectrum of
the free-running AR-FPLA at biases of 20, 30, and 40 mA. A
less distinct and broadened longitudinal mode response can be
observed from the AR-FPLA output when biasing below 30 mA.
The FWHM of the free-running AR-FPLA output spectrum re-
mains as large as 35 nm even at biased current up to 40 mA. Note
that there is still a weak Fabry—Perot effect in the AR-FPLA chip
but the major lasing peak is relatively hard to be built up without
externalinjection. Afterinjecting with the spectrally sliced master
FPLD signal, the AR-FPLA reveals a perfectly injecting-locking
peak with SMSR up to 40 dB (see Fig. 3).

The AR-FPLA exhibits a wide injected-locking range from
1510 nm to 1540 nm at low biased current, which can extend
to the S-band if the AR-FPLA bias further enlarges up to 40
mA. As the wavelength of one longitudinal mode in AR-FPLA
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Fig. 3. Output optical spectra of the free-running and injection-locking
AR-FPLA at different biased conditions.
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Fig. 4. Injection-locking power dependent wavelength lock-in range of one
longitudinal mode in the slave AR-FPLA transmitter at the ONU end.

exactly coincides with that of the incoming FPLD source, the
AR-FPLA output the largest peak power with lowest noise.
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 aresult, the wavelength locking range of the slave AR-FPLA
measured by adopting the modified delaying self-homodyne
(MDSH) scheme is shown in Fig. 4. The locking range was
defined as the wavelength tunable range needed for retaining
the SMSR of the AR-FPLA lasing mode at > 35 dB. The stable
lock-in region for injection-locking one longitudinal mode is
found to be bounded by two solid curves shown in Fig. 4.
Under a low-level injection condition, a broadened lock-in
range for each longitudinal mode is observed for the AR-FPLA
as compared to that of the standard FPLD with front-facet
reflectivity of 30%. A relatively weak injection-locked signal
with considerable noise has also been found even the injecting
wavelength is detuned away from the slave AR-FPLA’s lon-
gitudinal mode by 0.6 nm. The lock-in range of AR-FPLA
is greatly increased to be 7-8 times larger than that of a
standard FPLD at extremely high bias. Such a less tolerant
injection-locking performance essentially benefits the easier
lock-in of AR-FPLA from worse wavelength mismatching
condition. The wide lock-in range greatly release the need
of any restorable wavelength locker set for the commercial
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FPLD based up-stream transmitter. Moreover, the maximum
side-mode injected-locking range of up to 45 nm was limited
by the gain profile of the AR-FPLA.

In more detail, the injection-locking dynamics of the
AR-FPLD under external injection can be described with
the following rate equations. A traveling-wave rate-equation
model [12], [13] is constructed to simulate the gain profile of
AR-FPLA initiated from the amplified spontaneous emission
(ASE). In particular, the opposite-direction parts of the trav-
eling-wave equations are neglected due to the unidirectional
propagation of light in AR-FPLA with high reflectivity at
the rear facet. Both the ASE and injection locking induced
gain-depletion effects are considered, and the asymmetric gain
characteristic is also taken into account during simulation. The
differential rate equation of carrier density (denoted as dN/dt)
and the propagation equations which describe the time-varied
powers of the injection-locked AR-FPLA (denoting as d Py /dt
and dPy;/dt) are listed as below

dN I N
T A Tv,g(Ao)(N — No) P,
_ergg()\i)(N—No)P)\” (1)
dP hwnsg
7“ = T'vgg(Ao)(N — No) |:(Pint + Pext) + 2—p}
TTe
2
dPy, ‘ . hwng
It = F’Ugg(/\z)(N NO) |:P1nt + 271'7'@ :| (3)

where [ is the injection current, V' is the volume of AR-FPLA,
q is the electron charge, hw is the photon energy, v, is the group
velocity, w is the angular frequency, g () is the gain coef-
ficient, I" is the optical confinement factor, h is the Planck’s
constant, P, is the internal photon density, P.y; is the ex-
ternal injection photon density, and ng, is the photon number
of spontaneous emission. The spontaneous emission lifetime is
defined as 7. = (A + BN; + CN?)~! with A, B, and C co-
efficients denoting the nonradiative, bimolecular, and auger re-
combination coefficients, respectively. In (2), the last term of
Tv,g(A) (N — No)hwngp /277, denotes the spontaneous emis-
sion noises in AR-FPLA. The solution of these rate equations is
numerically solved by the fourth-order Runge—Kutta method.

A Lorentzian gain shape function is employed to describe the
spectral roll-off of the AR-FPLA gain profile by g(A, N) =
go(1 + (A = Xo)/ANg)?), where AN, = 40 nm is assumed
as the gain bandwidth. If we consider that only the free-run-
ning ASE and the external injection are propagated in the injec-
tion-locked AR-FPLA, the power gain of the AR-FPLA lasing
mode spectrum by involving the weak Fabry—Perot etalon effect
happened in the AR-FPLA can thus be modified as

ET = Eotlenggegd

Eyrot?e?9d
2gd _ 07201
+ Eotsze 9 + ce . — _1 _770#2@29(1@7?5’ (4)
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Fig. 5. Simulation of the normalized free-running spectra of AR-FPLA with
front-facet reflectivity of 30%, 10%, 1%, 0.1% and 0.01%.

where § = (2m/A\)2nL, A\, = A\?/2nL, Ry and R, are the re-
flectivity of the front and rear facets, respectively. The simulated
gain spectral profiles for the AR-FPLA with different front-facet
reflectivity are illustrated in Fig. 5, which are obtained by as-
suming the gain of AR-FPLA is equivalent to the loss of cavity
at threshold condition, the output power of AR-FPLA is 0.5 mW
under the injection, the cavity length (L) is 600 pm, and the re-
fractive index (n) is 3.5. The rear-facet reflectivity (R») is as-
sumed to be a 100% perfect reflection, whereas five AR-coated
front-facet reflectivity of Ry = 30%, 10%, 1%, 0.1% and 0.01%
are employed for simulation.

In our experiments, the AR-FPLA with end-face AR coating
reflectance is only 1%. To our best knowledge, the ultralow facet
reflectance below 0.1% cannot be reached by only implanting
an AR-coating on the facet of a FPLD. The extremely low
facet reflectance (R < 107°) has been demonstrated in com-
mercially available RSOA product (CIP, SOA-RL-OEC-1550)
[14], which is approached by concurrently designing an angled
facet SOA facet and depositing an AR coating to minimize
the end-face reflectance. In principle, a perfect RSOA with
an R; of < 0.01% can perfectly achieve color-free operation
due to its reflectless cavity and mode-free gain spectrum. As
compared with other simulated gain spectra, the ROSA with
a front-facet reflectivity of 0.01% and 0.1% exhibit similar
flattened gain profiles with a spectral linewidth of 39.5 nm
and a smallest gain extinction ratio of < 3.3 dB within 60 nm
range, as shown in Fig. 6. The simulation supports that the
AR-FPLA with front-facet reflectivity of < 0.5% benefits from
more injection-locked channels. The simulating results also
show that the longitudinal modes with a relatively large mode
extinction ratio (> 2 dB) occurs when coating the AR-FPLA
front-facet with 1% reflectivity. Without greatly sacrificing the
linewidth of gain spectrum, such an AR-FPLA benefits from a
weak Fabry—Perot etalon effect with a slightly larger efficiency
at the central gain peak in comparison with the standard RSOA
with front-facet reflectivity of 0.01%. As shown in Fig. 6, the
simulated gain-spectral linewidth and gain extinction ratio for
the 1% front-facet-reflectivity coated AR-FPLA are 32 nm and
7 dB, respectively.

Numerous WDM-PON works have previously emerged with
the spectral-sliced ASE injection-locking of RSOA transmitters.
However, the spectrum-sliced ASE injection is a detrimental
source to the RSOAs or FPLDs due to its relatively large in-
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Fig. 6. Gain spectral linewidth (solid squares) and the gain extinction (hollow
squares) versus the front-facet reflectivity of AR-FPLA.

tensity noise and randomized polarization characteristics. Al-
though the ASE injection-locking technique supplies a broad-
band incoherent light source for multi-channel injection, such
an approach usually exhibits high intensity noise to limit its
data rate at < 1.25 Gbit/s. To enhance the transmission per-
formance, we employ a master FPLD in front of the EDFA to
change the broadband light source from incoherent to coherent.
The FPLD-EDFA link plays the role of a multi-channel co-
herent source to avoid the drawback of an excessive intensity
noise generated from the ASE-ASE beating accompanied with
the broadband incoherent source. Typically, the spectrally sliced
ASE source contains a RIN of —100 dB/Hz to limit the modu-
lation bandwidth of the injection-locked FPLD or AR-FPLA.
In contrast, the filtered single-mode-sliced FPLD amplified by
EDFA can provide a RIN as low as —135 dB/Hz, which facil-
itates a lower BER and a better transmission performance in
WDM-PON system. In comparison with the spectrum-sliced
ASE source, the high-frequency intensity noise of the FPLD
injection-locked AR-FPLA can be efficiently suppressed, thus
providing a better signal-to-noise (SNR) performance than the
spectrum-sliced ASE source for gigabit data transmission in
WDM-PON. By modifying the signal-to-noise ratio (SNR) pre-
viously demonstrated for an optical transmitter [15], the SNR
of the AR-FPLA transmitted data-stream can be correlated with
the amplified spontaneous emission of the AR-FPLA by

PCX
SNR = G(\) ==L
noise 1_R1
(1- VR VRzes(\M))? ©
hwngp 4VR1\/Ryed(X:N) 2 Am
2/2nT, L+ (1—VRiv/Tzer ) ) S AN

With the modified SNR model, the measured BER of the data-
stream received by the AR-FPLA can also be accurately cal-
culated from the simulated Q factor of the received eye pattern
at a desired data rate. Fig. 7 shows the calculated Q factor and
locking range of the injection-locked AR-FPLA with different
front-facet reflectivity.

In order to evaluate the effects of optical signal performance,
intensity noise, and phase noise, the frequency detuning char-
acteristic of the 1% AR-FPLA and 30% FPLD were measured
and shown as below. By injecting the optical power of +3 dBm,
—3 dBm, and —9 dBm, the measured BER of the optical trans-
mitting eye diagram performance can be correlated with the
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recorded Q factor according to the calculation given by Bergano
et al. In principle, the signal-to-noise ratio can be measured
at the decision circuit of an optical transmission system [15],
which is described as Q = (I; — Ip)/(01 + 09) and BER =
0.5erfc(Q/2°%9), where I1 o denote mean amplitudes of on-level
and off-level bit-stream, o1 ¢ the corresponding standard devia-
tion of the marked optical signal rail, and erfc(x) the comple-
mentary error function. When comparing with a commercial
FPLD with 30% end-facet reflectance, the AR-FPLA shows a
great tolerance on the injection-locking wavelength range. Even
with an injection power of —3 dBm, the AR-FPLA still exhibits
a locking range as wide as 0.48 nm for maintaining the Q factor
higher than 7.2 requested for BER < 107!2. The injection
locking range is significantly reduced as 0.34 nm while the op-
tically injecting —9 dBm signal. The transmission performance
is not affected too much when attenuating the injection level
from +3 dBm to —3 dBm. With detuning injection wavelength
(frequency), the performances of the 2.5 Gbps data transmitted
by the AR-FPLA exhibits some degradation. For example, the
relative intensity noise (RIN) and the phase noise are inevitably
increased from —129 dB/Hz to —120 dB/Hz and from —103
dBc/Hz to —97 dBc/Hz, respectively, when offsetting the A\
from 0.1 nm to 0.3 nm. This results in the degradation on calcu-
lated Q factor from 8.5 to 8.1 at central wavelength, giving rise
to a receiving power penalty of 0.4 dB at BER of 10712,
According to the simulations, a higher front-facet reflectivity
could result in a larger -factor to guarantee the transmission of
good-quality data-stream at the expense of a narrower locking
range as well as a smaller side-mode quantity. The shrinkage on
locking range arises from the failure of gain competition when
detuning the injection wavelength away from the gain peak of
the etalon cavity with restrained optical confinement factor. The
front-facet reflectivity of the AR-FPLA should be slightly re-
duced in order to promote the side-mode injection-locking flexi-
bility of the AR-FPLA. With lowest front-facet reflectivity (R =
0.01%) and weak injection (—3 dBm), the worst Q factor can
still be as high as 7.2 to provide a theoretically predicted BER
reaching 1.1 x 10~!2 at a data rate of 2.5 Gbit/s. In practical
design of the AR-FPLA with R; = 1%, the error-free transmis-
sion with BER. < 1072 is easily obtainable since the evaluated
Q factor is already larger than 9.5 dB even at a low injection level

2929

2t —8— 1% +3dBm
- —@— 1% -3dBm
3 + 1% -9dBm
r —1-30% +3dBm
4r —0—30% -3dBm
= [ —A—BO% -9dBm
S st
Q
8t
ol
7L
8l
9 1 1 1 1 1 1 1 1 1 1
05 -04 -03 -02 -01 00 01 02 03 04 05 0.6

Wavelength Offset A A (nm)

Fig. 8. Q-factors of 1-% reflectivity AR-FPLA and 30-% reflectivity FPLD
with injection power of +3 dBm, —3 dBm, —9 dBm.

4

E —— for Best Q

o —m—forQ=7.2 |85

T 2+ T

= [

o

5 of

o 18.0

-c S
o
©

- w

s o

O 4l -

e 4 7.5

©

E 4L I I

£ | 1

= | | 47.0

-8 N 1 N un . 1 N 1 . 1 P B |
12 15 18 21 24 27 30

FPLA Biased Current (mA)

Fig. 9. Requested injecting power (red solid square), corresponding the mea-
sured best ()-factor (red hollow square), and the minimal requested injecting
power for Q = 7.2 (blue solid square) at different driving currents.

of —3 dBm. In Fig. 9, the Y axis of injecting power denotes the
requested optical power for the best Q factor and error-free eye
diagram. The best Q factor as high as 8.5 can only be reached
by operating the AR-FPLA at 22 mA with optical injection
level of —1 dBm at least. The maximum obtainable Q factor
and the requested injection power are shown as the hollow- and
solid-square curves, respectively. In a practical application, the
Q factor minimum requested for standard data-communication
with BER under 10712 is only 7.2, which greatly releases the
operating conditions of the AR-FPLA for approaching an ex-
tremely high Q factor. In order to keep the BER performance
at different biased conditions of the AR-FPLA, the minimum
injection power required to maintain the Q factor of transmis-
sion data above its marginal value (fixing Q = 7.2 at all bi-
ased condition) is measured and plotted as the blue-square curve
in Fig. 9. In comparison with the operating conditions for best
Q factor obtained at biased current of 22 mA, it is observed
that only an optical injection power of —6.9 dBm is required
to achieve the Q factor of 7.2.

As the bias current increases beyond 22 mA, the larger
intra-cavity carrier density forces the AR-FPLA to fix its lasing
wavelength at preferred mode, thus the injection-locking can
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only be achieved by externally feeding a higher photon density
into the AR-FPLA cavity. As a result, the AR-FPLA needs
a higher injection power to obtain single-wavelength output
and to optimize ()-factor and eye-diagrams. The minimum
requested power need to be increased at higher biased current at
a fixing Q of 7.2, which is a tradeoff between the gain depletion
and the noise suppression for the single-mode injection-locked
AR-FPLA or FPLD typically used in the WDM-PON archi-
tectures. Therefore, the power budget in our system could be
considered to allow an additional 11-dB loss for the whole
WDM-PON link, including the fiber loss of 5 dB, the AWG loss
of 15 dB, the WDM coupler loss of 2 dB, and the circulator loss
of 1 dB. As the minimum required injection power is as low as
—7 dBm (at I;,s = 21 mA), the required maser FPLD power
for such a 32-channel WDM-PON can be estimated to be about
16 dBm after EDFA. By taking the AR-FPLA with its farthest
side mode injection-locked by the incoming FPLD signal as
an example, the Q factor of the injection-locked AR-FPLA
transmitted data-stream can reach 8.5 under a biased current of
30 mA and an injection power below —1 dBm. Even setting
the dc biasing current of the slave AR-FPLA as low as 20 mA,
the data transmission of AR-FPLA with a (Q-factor > 6.0 at
data rate > 2.5 Gbit/s can be achieved by injection-locking
farthest side-mode, corresponding to a reachable BER of 10~°.
On the other hand, the actual injecting level requested for the
AR-FPLA injection-locked at different side-modes is strongly
dependent with the transient gain contribution of the side-mode
in the AR-FPLA. It is clearly seen that the requested injecting
power level for obtaining highest Q factor show an inverse hy-
perbolic function with increasing AR-FPLA bias. At AR-FPLA
bias higher than 24 mA, the requested injecting level oppositely
decreases from +1 to —1 dBm. That is, the optimized operating
current of the AR-FPLA for concurrently achieving high-Q
(> 7.2) and low-injection (< 0 dBm) are determined as 25 + 2
mA.

Atlast, the data transmitting performance of the directly mod-
ulated AR-FPLA with its side-mode injection-locked by a fil-
tered FPLD source in a simulated 2.5-Gbit/s WDM-PON system
is characterized. Previously, the FPLD wavelength-locked by
the spectrum-sliced incoherent light source has been investi-
gated for low-capacity WDM-PON realization, which unfor-
tunately exhibits a limited data rate at 622 Mbit/s for a single
channel due to its relatively high RIN. The similar WDM-PON
transmitter based on the directly modulated RSOA operating in
linear regime has also been proposed with allowable extinction
ratio (ER) less than 3 dB [3], [10]. In comparison, the clear
eye diagram of the AR-FPLA transmitted data with high ex-
tinction ratio (> 8 dB) can be obtained, as shown in the inset
of Fig. 10. The rising time and falling time (defined as the du-
ration between 20% and 80% of on-level amplitude) are 118 ps
and 125 ps, respectively. By injection-locking the central mode,
a nearly error-free (BER < 10712) back-to-back transmis-
sion of the AR-FPLA carried Pseudo Random Binary Sequence
(PRBS) data-stream with pattern length of a 23! — 1 can be de-
tected at receiving optical power of —24.4 dBm. In comparison
with a free-running AR-FPLA based transmitter, a negative re-
ceiving power penalty is observed for detecting the data-stream
with BER of less than 10~12, which is due to the relaxation on
the relaxation oscillation and the increasing bandwidth of the
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Fig. 10. BER analysis of wavelength injection locked 1% AR-FPLA at dif-
ferent longitudinal modes and measured eye diagrams (inset) with and without
injection.

AR-FPLA after injection-locking. Alternatively, if the farthest
side-mode (the 12th modes away from the central mode) of the
AR-FPLA is injection-locked, the receiving sensitivity at BER
of 10712 dramatically degrades to —17.4 dBm with a power
penalty of 7 dB, which is mainly attributed to the greatly re-
duced SNR of the side-mode injection-locked AR-FPLA. For
practical application of being the universal ONU transmitter in
the WDM-PON system, nearly 17 modes of the AR-FPLA can
be used to achieve a data communication with BER < 109 at
receiving power of larger than —22 dBm at 2.5 Gbit/s. At same
BER criterion, there are at least 25 side modes applicable for
data transmission with their maximum receiving sensitivity de-
grading to —19 dBm.

The overshooting effect on the rising edge of on-bit data can
be eliminated by stabilizing the gain of AR-FPLA via the as-
sistance of external optical injection. As the transient current
changes from bit “0” to bit “1”, the damping effect on photon
density of the injection-locked longitudinal mode diminishes
due to external injection-locking operation, since incoming pho-
tons are incorporated with those of the injection-locked longi-
tude mode to equivalently offset the biased point of AR-FPLA
beyond its threshold. The threshold current reduction phenom-
enon of a laser diode under externally optical injection was pre-
viously demonstrated by Chang et al. [16]. In principle, the
threshold current is a nonlinear function of the external injec-
tion power or photon density, as described by

v \% )
Ith,ui = q—nth,ui = a (gtl + ntr)
T mT N a
qV [ R 402
- = /s,
TN (SB + (1+a?) ¢
= Ith, free—running — AIinjection (7)

where q denotes the unit charge of a electron, V the volume
of the active region, 7); the internal quantum efficiency, 7ut1 the
carrier lifetime at threshold, N ¢, ,; the carrier number in the ac-
tive region, g}, the gain at threshold condition, a the differential
gain coefficient, n, the carrier density at transparent condition,
R, denotes the spontaneous emission rate, Sp the maximum
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photon number in the locked mode, « the linewidth broadening
factor, k. the coupling coefficient, and .S; the photon number in-
jected into the laser diode cavity. As a result, the P-I curves of
our AR-FPLA sample reduces threshold current obtained by in-
creasing the optical injection power. Obviously, the lower reflec-
tivity on the emitting face can improve the coupling efficiency of
optical injection and enhance the corresponding effect. On the
other hand, the threshold current reduction significantly affects
the damping and the relaxation oscillation of the laser which can
be described by modifying a set of regular rate equations with
external injection term as below

®)

G = — 2 —vg(N)(Sp + Si)
158 = T, g(N)Sp — E235) 4 g,
where I' denotes the optical confinement factor. By using the
nonlinear gain model of g(N) = 04,(N — N, )/(1 + &S), the
small signal frequency response of laser is given by

F’/gogSBiEI_Z)

(TS R CRS PURRREAN:
©)

where d denotes the thickness of active region. The normal-
ized transfer function, H(w) = [S(w)/I(w)]/[S(0)/I(0)], can
be numerically calculated. The (9) results in a proportionality
between the relaxation oscillation frequency and the externally
injected photon density or the effective bias current, that is,
wr < (S +5;)%% o (I — 141,)°5. The simulation of (9) reveals
that the damping effect on the H(w) is relatively significant with
increasing I/I;y,. Similar phenomenon was also observed by Z.
Xu et al. [11] Under the external injection with a photon den-
sity of S+ ;, the threshold current of the AR-FPLA is shrinking
from 13 mA to 8 mA by increasing the optical injection power
up to —3 dBm. The Tpias /It is dynamically increased from 2.3
to 3.75 to enlarge the relaxation frequency in this case, which ef-
fectively suppress the overshooting problem on the rising edge
of the optical eye-diagram.

In comparison with the results of ASE light source injected
FPLD, the incoherent light injection usually brings a relatively
high intensity noise to limit the achievable bit rate or trans-
mission distance. The WDM-PON transmitters based on such
an injection source can provide a highest data rate up to 1.25
Gbps with the minimum DWDM channel spacing of 100 GHz.
With the use of coherent light source injection, the AR-FPLA
based WDM-PON transmitter becomes a potential candidate for
achieving 2.5-Gbit/s transmission in DWDM-PON system with
channel spacing of 50 GHz. Although a 10-Gbps WDM-PON
injected by DFB laser diode was previously demonstrated by
Z. Xu et al.. [11], which only allows a wavelength-detuning
range of 3.6 GHz (0.029 nm) at BER of 10~Y. The wavelength
matching and temperature controlling circuitry is mandatory
for this approach. Since the temperature-dependent wavelength
shifting slope of a regular commercial FPLD is 0.06 nm/°C, and
the temperature of FPLD with locking range of 0.029 nm should
be maintained within +0.25°C. This is not an easy approach to
deal with the locking range and the BER performance within

S(w) =
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such a tiny temperature tolerance. There is always a tradeoff
between intensity noise and coherence of the injection-locked
FPLD or AR-FPLA based transmitters in the WDM-PON ar-
chitectures. In addition, a slight degradation on the eye-diagram
and BER when detuning the polarization state of the external
injection to be orthogonal to the preferred polarization state of
the AR-FPLA was observed. At free-running case, the requested
power of optical injection into the AR-FPLA could be greatly in-
creased due to the deviation of the injected polarization from the
preferred state of the AR-FPLA. In practical application, such a
problem relies on the self-restoration of the preferred polariza-
tion for the injection-locked AR-FPLA, which can be achieved
by feedback controlling an electronically tunable polarization
controller added prior to the AR-FPLA. Although such a pro-
posed scheme cannot eliminate the common problem on the
polarization sensitivity accompanied with the injection-locked
FPLD or AR-FPLA, the wavelength locking and polarization
matching can be designed within a feedback control loop to im-
plement a practical self-restorable injection locker.

IV. CONCLUSION

We theoretically and experimentally investigate the effect
of the front-facet reflectivity of the AR-FPLA on the injection
locking range, the spontaneous emission dependent SNR and
Q-factor, and the BER transmission response. The front-facet
reflectivity of AR-FPLA is theoretically analyzed to be smaller
than 1% in order to obtain a wide gain spectral linewidth and low
gain extinction ratio, which benefits from the largest number
of injection-lockable side modes. As a result, the 30-nm wave-
length-locking capacity of the directly modulated AR-FPLA
based ONU transmitter with 1% frontOfacet reflectivity under
side-mode injection-locking condition is demonstrated for
2.5-Gbit/s DWDM-PON application. The largest SMSR up
to 40 dB and a least Q factor of 9.5 dB is achieved when
injection-locking the central mode with a seeding power level
of —3 dBm, which provides a receiving sensitivity of —24.4
dBm at BER of 10~!2. Even injecting-locking the farthest
lockable side modes of the AR-FPLA can reach a SMAR
> 35 dB and a Q factor of 8.5. The maximum usable ONU
channels of the side-mode injection-locking AR-FPLA are
25, corresponding to a wavelength locking range of 30 nm.
A BER of < 107!2 is obtained for the nearest 17 channels
with worst receiving sensitivity of —21 dBm, and all of the
injection-locked side-modes in the AR-FPLA can reach a
BER of 107, providing a largest power penalty of 7 dB as
compared to the central-mode injection-locking condition. The
simulating and experimental results indicate the flexibility and
the limitation of the side-mode injection-locked AR-FPLA
based transmitter, which can still be a potential candidate of
the cost-effective universal ONU transmitter for 2.5 Gbit/s
DWDM-PON systems.
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