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Using a L-Band Weak-Resonant-Cavity FPLD for
Subcarrier Amplitude Pre-Leveled 16-QAM-OFDM

Transmission at 20 Gbit/s
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Abstract—A directly modulated and coherently injection-locked
WRC-FPLD transmitter is preliminarily employed to perform the
16-QAM-OFDM data transmission by using an OFDM subcarrier
amplitude pre-leveling technique. The maximum transmission
bit-rate of 20-Gbit/s is reported by fusing the OFDM subcarrier
pre-leveling with the coherent injection-locking techniques in
such a directly modulated WRC-FPLD. Without pre-leveling
the OFDM subcarrier, the coherently injection-locked L-band
WRC-FPLD suppresses its mode-partition noise to improve the
EVM of the 16-QAM-OFDM data only from 13.52% to 10.2%.
The OFDM subcarrier pre-leveling effectively compensate the
finite bandwidth and unflattened modulating response of the in-
jection-lockedWRC-FPLD to improve the transmission EVM and
SNR performances. The received constellation plot reveals that the
EVM and SNR of the back-to-back transmitted 16-QAM-OFDM
data are significantly improved to 5.58% and 17 dB, respectively.
With the use of both injection-locking and pre-leveling techniques,
the directly 16-QAM-OFDM modulated WRC-FPLD transmitter
can reach the FEC limited BER of at a receiving
power sensitivity of dBm. The OFDM subcarrier pre-lev-
eling technique helps the WRC-FPLD to reduce the overall BER
of 16-QAM-OFDM data by one order of magnitude, providing a
minimum BER of at a receiving power of dBm.

Index Terms—Amplitude pre-leveling, coherent injection-
locking, direct modulation, FPLD, QAM-OFDM, subcarrier,
transmission, weak-resonant-cavity.

I. INTRODUCTION

S INCE 2006, the coherent optical orthogonal frequency
division multiplexing (OFDM) [1], [2] has already

emerged as a new-class of high capacity data transmission
format to enable the high spectral usage within a finite band-
width [3]–[5]. Versatile data modulation schemes based on
different transmitters and modulators to facilitate the carry
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of optical OFDM were considered and successively demon-
strated [6]–[10]. At an early stage, the direct modulation of
single-mode laser sources including the distributed feedback
laser diodes (DFBLDs) [6], [7], the vertical-cavity surface
emitting laser diodes (VCSELs) [8], [9], and the self-feed-
back controlled Fabry-Perot laser diodes (FPLDs) [10], etc.
have been investigated to carry the optical OFDM formatted
data-stream. Later on, the tunable laser injection-locked re-
flective semiconductor optical amplifiers (RSOAs) were also
demonstrated to be the down-stream reusable optical OFDM
transmitters [11], [12]. With the electronic data format using
the M-ary quasi-amplitude-modulation (QAM) integrated
with multi-subcarrier OFDM, some remarkable milestone
works have been reported to achieve high-data-rate optical
OFDM transmission within the past few years, such as the
32-QAM-OFDM (128 subcarriers) transmission based on a
tunable laser injection-locked RSOA transmitter with a total
data-rate as high as 10 Gbit/s demonstrated by Duong and
co-workers [12], and the 16-QAM-OFDM (64 subcarriers)
transmission carried by using a DFBLD with a total bit rate
of up to 30 Gbit/s reported by Mori et al. [13], [14]. Lin et
al. have demonstrated radio-on-fiber (ROF) OOK/OFDM
system [15] and established the 60-GHz radio-over-fiber sys-
tems employing the 16-QAM-OFDM transmission of up to
28 Gbit/s [16]. More recently, the hybrid cable television and
16-QAM-OFDM in-building networks over SMF and GI-POF
have also been reported [17].
In particular, some new data bit-loading or pre-scaling

[18]–[20] techniques have also been considered to modify
the formats carried by different subcarriers of the original
M-QAM-OFDM data-stream. In view of previous works,
most implementations were emphasized on the single-mode
coherent sources, whereas the study on using the wavelength
injection-locking transmitters made by partially coherent
multi-mode sources was seldom discussed. Nowadays, these
kinds of sources including the reflective semiconductor
optical amplifier (RSOA) [21], [22] and the multi-mode
Fabry-Perot laser diodes (FPLDs) [23]–[25] under wave-
length injection-locked have been applicable to the broadband
dense-wavelength-division-multiplexing (DWDM) passive op-
tical networks (PON). Owing to the gradually increasing need
on both data and channel capacities for local access networks
in next-generation communication architecture, the technical
fusion of potential transmitter candidates like the wavelength
injection-locked FPLDs and new-class of data-formats like the
M-QAM-N-OFDM is urgent. Some remarkable achievements
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were reported by research peers, such as using the optical car-
rier suppression and separation technique to generate upstream
and downstream channels for a bi-directional WDM-PON [26],
and a novel transmission system that seamlessly integrates
the ROF with centralized optical OFDM based WDM-PON
transmission was reported by Chang’s group [27], [28]. Not
long ago, a new class of FPLD with weak resonant cavity
(WRC) and dense longitudinal mode features has emerged to
be a potential candidate for the future WDM-PON applica-
tions [29], [30]. In comparison, the RSOA with broadband
gain spectrum can serve as a colorless source for WDM-PON
transmission after injection; however, the output coherence and
modulation bandwidth of the RSOA based injection-locked
transmitter is lower than that of the WRC-FPLD. In contrast,
the WRC-FPLD further benefits from a higher SNR from its
suppressed spontaneous emission noise when comparing with
the RSOA output. These results facilitate the WRC-FPLD for
noise-sensitive modulation such as the OFDM.
According to the definition of WDM-PON architecture with

bi-directional down- and up-stream channels [31], [32], each
channel utilizes different wavelength and the total channel
bandwidth at C- and L-band is limited at around 30–35
nm. For a preset channel number of up to 32 with WDM
channel spacing of 100 GHz, the limited gain bandwidth of
the WRC-FPLD inevitably causes a band separation deaign
for down- and up-stream WDM channels. In practical, the
C-band WRC-FPLD is selected for down-stream and the
L-band WRC-FPLD is selected for up-stream transmission in
WDM-PON. However, most of the cost-effective FPLDs and
WRC-FPLDs are packaged with TO-can module with a finite
modulation bandwidth of less than 4–5 GHz [33], [34]. Unless
the special designs on the package of the WRC-FPLD [35]
can be performed to greatly improve the impedance mismatch
and to release the effect from the parasitic circuitry [36], the
modulation bandwidth cannot be easily enhanced to meet the
demand of current M-QAM-N-OFDM with requested band-
width of more than 4 GHz. The problem of finite modulation
bandwidth for the TO-can packed FPLD has left as a bottleneck
to be overcome at current stage. Currently, the WRC-FPLD
is packaged in the cost-effective TO-46-can with its modula-
tion bandwidth limited at 4–6 GHz. Even using a high-speed
TO-can package with frequency bandwidth larger than 10
GHz, the inherent modulation bandwidth of the long-cavity
WDC-FPLD could also induce another bottleneck for directly
on-off-keying modulated PON application up to 40 Gbit/s.
Nevertheless, with the combination of the directly 16-QAM
OFDM modulation in a greatly reduced bandwidth of 10 GHz,
the WRC-FPLD is no doubt a potential candidate for the next
generation WDM/OFDM hybrid PON architecture.
In this work, a directly modulated and coherently injection-

locked L-band FPLD with weak resonant cavity and dense lon-
gitudinal mode features (hereafter named as WRC-FPLD) is
employed to carry the 16-QAM-OFDM data transmission at a
total bit-rate of up to 20 Gbit/s. By individually pre-leveling the
data-stream amplitude in each OFDM subcarrier to enhance the
M-QAM-OFDM (N subcarriers) transmission, we demonstrate
a breakthrough on promoting the allowable encoding bandwidth

as well as the total data bit-rate of the M-QAM-N-OFDM trans-
mission carried by the L-band WRC-FPLD with a limited di-
rect modulation bandwidth. The principles of the OFDM pre-
leveling and the coherently wavelength injection-locking tech-
niques in the WRC-FPLD with specific operating parameters
are elucidated in detail, and the error vector magnitude (EVM)
and the transmitted bit-error-rate (BER) responses of the L-band
WRC-FPLD are demonstrated.

II. EXPERIMENTAL SETUP

ATO-can packaged L-bandWRC-FPLDwith a typical ridge-
waveguide structure consisting of a multi-quantum-well based
active layer was employed as the transmitter, as shown in Fig. 1.
In comparison with a traditional FPLD, the L-bandWRC-FPLD
cavity length was lengthened to 600 m so as to increase the
mode spectral density, enabling at least one mode to be injec-
tion-locked within one DWDM channel with spacing as small
as 200 GHz [37]. In particular, the front-end facet reflectance of
the L-bandWRC-FPLDwas reduced to 1% such that the L-band
WRC-FPLD remained a partial coherence with dense and weak
longitudinal modes. Such a design also ensured that the power
budget of the injection-locking operation can be greatly reduced
[37], [38]. In experiment, the L-band WRC-FPLD exhibited a
threshold current of 17 mA and a longitudinal mode spacing of
0.6 nm, which was wavelength injection-locked near its gain
spectral peak at 1581 nm by using a single-mode wavelength-
tunable laser (ANDO AQ4321D). The injection-locking with a
power level of dBm was implemented through an optical
circulator (JDSU, CIR-3-P-CL-2-1-FA) with an insertion loss
of 0.7 dB. A polarization controller (PC) was used to control
the polarization state injected into the L-band WRC-FPLD. The
temperature of the L-band WRC-FPLD was controlled at 25 C
with a residual fluctuation of smaller than 0.1 C to prevent the
loose locking from wavelength drift of the longitudinal mode.
To enhance the modulation bandwidth and reduce the fre-

quency chirp, such an injection-locked L-band WRC-FPLD
was biased at 2 times the threshold and was directly modulated
with the electrical 16-QAM-OFDM data with 108 subcar-
riers. The well beyond threshold operation of the L-band
WRC-FPLD also helped to suppress the relative intensity
noise (RIN) induced signal-to-noise ratio (SNR) degradation.
The Fig. 2 illustrates the experimental setup of a coherently
injection-locked and directly modulated L-band WRC-FPLD
for 16-QAM-OFDM transmission. The 16-QAM-OFDM
waveform in time domain was created by using a homemade
MATLAB program with an inverse fast-Fourier transform
(iFFT) size of 512, an OFDM subcarrier spacing of 46.8 MHz,
a 16-QAM data bit of 187.4 Mbit/s, and a sampling rate of 24
GS/s. The 16-QAM-OFDMdata streamwas sent to the arbitrary
waveform generator (AWG, Tektronix, 7122B) to generate the
electrical 16-QAM-OFDM data stream with the same symbol
rate of 24 GS/s. The output 16-QAM-OFDM data-stream with
peak amplitude of 1.2 at central frequency of 3 GHz was
used to directly modulate the L-band WRC-FPLD through a
bias-tee (Mini-Circuits ZX85–12G-S ). Moreover, the allow-
able subcarrier number, spacing and amplitude of the OFDM
data were preset by the MATLAB program. After determining
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Fig. 1. The ridge-waveguide structure (left) and device configuration parameters of the WRC FPLD with 1% front-facet AR coating.

Fig. 2. The optical 16-QAM-OFDM data transmission set by using a directly
modulated and coherently injection-locked L-band WRC-FPLD.

the frequency response of the L-band WRC-FPLD, the central
frequency of the OFDM format can be decided around half
modulation bandwidth of the L-band WRC-FPLD.
The lower output power of the L-band WRC-FPLD obtained

at higher modulated frequency region was mainly attributed to
the finite bandwidth of the TO-can package used to mount the
L-band WRC-FPLD. An OFDM subcarrier pre-leveling tech-
nique was proposed to compensate the significant power decay
beyond 3-dB frequency bandwidth. In contrast to optical OFDM
data carried by the directly modulated L-band WRC-FPLD
without any data processing, the optical 16-QAM-OFDM
data used in this experiment was modified with its OFDM
subcarrier peak pre-leveled by an exponential function of

in which “ ” denoting the rising
coefficient that effectively compensated the beyond-bandwidth
attenuation to give a flattened signal in frequency domain.
The “ ” factor represents the power-to-frequency slope of
OFDM spectrum set from subcarrier number to

. Owing to enlargement on the negative power-to-fre-
quency slope in the modulation throughput power spectrum of
the WRC-FPLD, the “ ” factor is employed to pre-level the
OFDM subcarriers at different frequency for compensation.
Both the performances of back-to-back and short-distance
(through a 25-km single-mode-fiber) transmissions were char-
acterized. The optical 16-QAM-OFDM data-stream carried

by the injection-locked L-band WRC-FPLD transmitter was
received by a 10-Gbit/s p-i-n photodetector with a pre-amplifier
(Nortel, PP-10 G). The optical receiver exhibited a relatively
smooth modulation response and a cutoff frequency at 11 GHz.
The received signal was linearly amplified by a 12.2-Gbit/s
microwave amplifier (JDSU, H301) with a noise figure of
11 dB. Such a selected set of receiver and amplifier aimed
to maintain the flattened gain response within a 3-dB fre-
quency bandwidth ranged between 75 kHz and 10 GHz for the
16-QAM-OFDM data. Currently, a distributed sinusoidal-wave
clock at frequency of 10 MHz is employed to the whole
system including the carrier frequency generator, the arbitrary
wave-form generator, and the real-time oscilloscope for clock
synchronization. A frequency synchronization clock and carrier
may be considered if RF up-conversion is needed. At last, the
received 16-QAM-OFDM data was captured by using a digital
oscilloscope (DSO, Tektronix, 71254) with a sampling rate of
50 GS/s, and was demodulated by using a MATLAB program
to analyze the EVM and BER performances.

III. RESULTS AND DISCUSSIONS

The selection of injection-locking power for the WRC-FPLD
is mainly according to the relative intensity noise spectra of
the WRC-FPLD injection-locked at different power levels, as
shown in the following figure (see Fig. 3). The RIN peak of the
injection-locked WRC-FPLD is up-shifted from 5.1 to 7.5 GHz
with injection-locking power increasing from to dBm,
which helps to improve the SNR within the OFDM modulation
bandwidth of 5 GHz used in experiment.
After injection-locking, the threshold current of the L-band

WRC-FPLD reduces from 17 to 12 mA, as shown in Fig. 4.
The optical spectra of the L-band WRC-FPLD under free-run-
ning and injection-locking are shown in Fig. 5. The side-mode
intensity of the L-band WRC-FPLD output is significantly sup-
pressed by up to 40 dB after single-mode injection-locking at
1581 nm.
Although the difference between the biased and threshold

currents of the L-band WRC-FPLD effectively increases to
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Fig. 3. RIN spectra of the WRC-FPLD injection-locked under different power
levels.

Fig. 4. P-I curves of the L-band WRC-FPLD without (black) and with (red)
injection-locking.

up-shift the relaxation oscillation frequency, the direct modu-
lation bandwidth slightly reduces due to the enlarged negative
slope of the modulation response decaying in
frequency domain under strong injection-locking case.
As a result, the frequency responses of the directly mod-

ulated L-band WRC-FPLD without and with external in-
jection-locking shown in Fig. 6 reveal that the modulation
bandwidth slightly is increased from 6 to 6.5 GHz. In addition,
the injection-locking further induces a small frequency dip of
the L-band WRC-FPLD at 4–5 GHz. Not only the negative
slope of the injection-locked L-band WRC-FPLD frequency
response slightly increases, but also the output power of the
directly modulated L-band WRC-FPLD attenuates to degrade
the throughput. That is, the effects of the increased bias current
and the enlarged injection level on the modulation bandwidth
broadening of the WRC-FPLD could compensate each other.
This is mainly attributed to the strong injection-locking which

Fig. 5. Optical spectra of the L-band WRC-FPLD without (black) and with
(red) injection locking.

Fig. 6. Frequency response of the L-band WRC-FPLD without (black) and
with (red) injection-locking.

Fig. 7. The constellation plots of the 16-QAM-OFDM data carried by the free-
running (left column) and injection-locked (right column) L-band WRC-FPLD
transmitter.

preserves the wavelength and coherence but degrades the
throughput of the L-band WRC-FPLD. To improve the trans-
mission quality of the 16-QAM-OFDM data-stream, such a
decayed throughput with an unexpected frequency dip should
be compensated to make the L-band WRC-FPLD modulation
response flattened.
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Fig. 8. The corresponding RF spectra of back-to-back and 25-km transmitted 16-QAM-OFDM data carried by the free-running (left column) and injection-locked
(middle and right columns) L-band WRC-FPLD transmitter.

In experiment, each OFDM subcarrier demands to carry and
transmit the maximal data rate, therefore the whole OFDM
bandwidth is requested to occupy by the OFDM subcarriers
as few as it can. Owing to the subcarrier spacing equation de-
fined as arbitrary waveform generator (AWG) sampling
rate/FFT size, the AWG sampling rate was increased to its upper
limitation of 24 GS/s with a slightly non-integer resampling
during demodulation. With a specified iFFT size of 512 set in
our MATLAB program, the maximum data sampling rate to be
hold in one OFDM subcarrier is 46.875 MS/s. After testing the
capability of the WRC-FPLD transmitter, one OFDM subcar-
rier can expand its bandwidth to carry the 16-QAM data with a
bit rate of up to 187.4 Mbit/s. In this case, the WRC-FPLD can
hold up to 108 OFDM carriers with 16-QAM format in each
subcarrier. Besides, the 16-QAM-OFDM data was captured by
using a real-time oscilloscope (DSO, Tektronix, 71254) with
the sampling rate fixed at 12.5, 25, 50, or 100 GS/s. The sam-
pling rate of AWG and DSO are set identical to prevent from
non-integer resampling. In this work, a Corning manufactured
SMF (SMF-28™) with attenuation of dB/km at 1550
nm is employed for 25-km long transmission. The required
bandwidth of the 20 Gbit/s 16-QAM-OFDM signal is 5 GHz.
The cyclic prefix (CP) ratio is 1/32 without any pilot subcar-
riers. The resolution (bits) of the DAC in the AWG (Tectronix,
7122B) is 8 bit with a sampling rate of 24 GS/s. The resolution
of the ADC is 8 bit in the DSO with a sampling rate of 25 GS/s.
Under direct modulation, the constellation plots and cor-

responding RF spectra of the transmitted 16-QAM-108-sub-
carrier-OFDM signal carried by the L-band WRC-FPLD at
free-running and injection-locking cases are depicted in Figs. 7
and 8. In contrast to the EVM of 13.52% observed from
the received 16-QAM-108-subcarrier-OFDM data carried by
the L-band WRC-FPLD at free-running case, the relatively
clear constellation plot with an EVM of 10.2% for the same
data carried by the injection-locked L-band WRC-FPLD is
obtained. Although the slope of the 16-QAM-OFDM signal
carried by the L-band WRC-FPLD under injection-locking
is tilted as compared to that under free-running case (see
Fig. 8), the injection-locking induced noise suppression effect
is positively contributed to the transmission performance of the

Fig. 9. The operating principle of the L-band WRC-FPLD directly modulated
with a pre-leveledM-QAM-OFDM data for improving the transmission quality.

16-QAM-OFDM data. That is, the injection-locking essentially
suppresses the phase incoherence and the intensity fluctuation
of the L-band WRC-FPLD output, thus reducing both phase
and amplitude errors to provide a clear constellation plot with
decreasing EVM. However, the decayed and dipped response of
the directly modulated L-band WRC-FPLD at high frequency
region is clearly seen in Fig. 8, which still plays an important
role to constrain the SNR as well as BER performance of the
received 16-QAM-OFDM data. To improve this drawback, an
OFDM subcarrier pre-leveling technique is proposed, which
is introduced to compensate the imperfect direct modulation
response inherently accompanied with the injection-locking
L-band WRC-FPLD.
The operation principle of the L-band WRC-FPLD directly

modulated with a pre-leveled M-QAM-OFDM (with N sub-
carriers) data for improving the transmission performance is
illustrated in Fig. 7. In comparison with the traditional com-
pensation scheme for properly decoding the M-QAM-OFDM
data, the proposed OFDM subcarrier pre-leveling technique
only take into account the analog modulation response of the
L-band WRC-FPLD transmitter, which flattens the modulation
response by multiplying with a rising exponential function

. The OFDM subcarrier pre-leveling
technique emphasizes on maintaining the higher SNR of the
transmitted M-QAM-OFDM data via the amplitude compensa-
tion of the transmitter response. This approach remits the need
of the pre-transmission and post-compensation procedures,
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Fig. 10. The constellation plots (upper) and corresponding RF spectra (lower) for the 16-QAM-108-subcarrier-OFDM signal carried by the directly modulated
L-band WRC-FPLD at free-running and pre-leveling (left), injection-locking and pre-leveling (middle), injection-locking and over-amplitude pre-leveling (right)
cases.

and the M-QAM-OFDM transmission performance can be
optimized when the analog modulation response is flattened.
As illustrated in Fig. 9, each of the OFDM subcarrier am-

plitude is pre-leveled in the MATLAB program according to
the measured frequency response curve and slope of the L-band
WRC-FPLD shown in Fig. 6. By directly modulating the L-band
WRC-FPLD with such a pre-leveled M-QAM-OFDM data, the
degraded frequency response is fixed so as to improve EVM and
SNR of the 16-QAM data transmitted in all 108 OFDM sub-
carriers. The corresponding RF spectra for the directly modu-
lated L-band WRC-FPLD at the free-running and pre-leveling
case, the injection-locking and pre-leveling case, and the injec-
tion-locking and over-amplitude pre-leveling case are shown in
Fig. 10. Among them, the injection-locked L-bandWRC-FPLD
modulated with a subcarrier pre-leveled OFDM data exhibits
the most flattened response (see middle of Fig. 10).
By using the OFDM subcarrier pre-leveling technique on

the directly modulated L-band WRC-FPLD even without
injection-locking, the constellation plot of the transmitted
16-QAM-OFDM data shown in Fig. 13 significantly reduces its
EVM from 13.52% to 9.1%. After wavelength injection-locking
and directly modulated with a subcarrier pre-leveled 16-QAM
and 108-subcarrier OFDM data, the L-band WRC-FPLD not
only exhibits a coherently single-longitudinal-mode behavior
with an enlarged side-mode suppressing ratio, but also provides
an EVM as low as 5.58% for the transmitted 16-QAM-OFDM
data. The corresponding SNR remains as high as 17 dB,
which is already beyond the criterion of dB
for obtaining a BER of (leading to the error-free
data communication standard after forward error correction
process). The BER is calculating by using the formula of

according to the related [39].
The subcarrier-to-subcarrier intermixing interference (SSII)

[40] at high frequency is much higher than that at lower
frequency, which leads to a requirement on the higher SNR
for the high frequency subcarriers as compared the low
frequency subcarriers. In our case, the SNR obtained at
different OFDM subcarriers under injection-locking and
injection-locking pre-leveling conditions are compared in
Fig. 11. Although the SNR of low frequency subcarriers after

Fig. 11. SNR of 16-QAM data stream carried at each subcarrier after trans-
mission by WRC-FPLD under injection-locking (black) and injection-locking
+ pre-leveling (red) conditions.

pre-leveling is lower than that without pre-leveling, the SNR
of high frequency subcarriers is significantly improved. The
average SNR obtained under injection-locking pre-leveling
operations are above 21 dB. Moreover, the theoretical BER
of each subcarrier is calculated from SNR, which is shown
in Fig. 12. Under pre-leveling, the maximum BER is further
reduced from to . The pre-leveled OFDM
modulation enables the injection-locked WRC-FPLD based
transmitter to send data at higher bit rates over the subcarriers
at frequencies near the bandwidth limitation, so as to improve
the throughput and ensure an reduced BER of data transmitted
by each subcarrier simultaneously.
In addition, the slope of the pre-leveled 16-QAM-OFDM

data must be properly controlled to avoid the over compensa-
tion. In right part of Fig. 13, the over compensation inevitably
leads to a noisy constellation plot with a degrading SNR
observed at high-frequency RF spectrum of the transmitted
M-QAM-OFDM data. As a result, the directly modulated
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Fig. 12. Calculated BER of 16-QAM data stream carried at each subcarrier
after transmission byWRC-FPLDunder injection-locking (black) and injection-
locking pre-leveling (red) conditions.

Fig. 13. The constellation plots for the 16-QAM-108-subcarrier-OFDM signal
carried by the directly modulated L-band WRC-FPLD at free-running and pre-
leveling (left), injection-locking and pre-leveling (middle), injection-locking
and over-amplitude pre-leveling (right) cases.

L-band WRC-FPLD greatly improves its capability and trans-
mission performance after injection-locking and pre-leveling
processes, which can carry the 16-QAM-OFDM data with a
total bit rate of up to 20.25 Gbit/s, as shown in Fig. 14. Under
back-to-back transmission, the directly 16-QAM-OFDM mod-
ulated L-band WRC-FPLD without injection-locking reveals
a BER as large as at receiving power of dBm. The
BER is saturated at even by increasing the power
level of up to dBm. Without employing the OFDM sub-
carrier pre-leveling, the coherent inject-locking of the L-band
WRC-FPLD further reduces the BER to at same receiving
power sensitivity. The BER of the QAM-OFDM transmission
is improved because the intensity fluctuation is minimized by
reducing the mode-partition noise in the L-band WRC-FPLD,
and the phase noise reduction is also enhanced by the coherent
injection-locking.
With the use of both injection-locking and pre-leveling

techniques, the receiving power sensitively for obtaining a
FEC limited (BER) of 2.4 (or a BER of ) [41],
[42] can be significantly reduced to dBm, and the BER
of can be observed from the directly 16-QAM-OFDM
modulated L-band WRC-FPLD at a receiving power of
dBm. The lowest BER of is reached by increasing the
receiving power to dBm. With pre-leveling, the receiving

Fig. 14. Back-to-back and 25-km transmitted BER analyses of the original
(dashed) and pre-leveled (solid) 16-QAM-108-subcarrier-OFDM data-streams
carried by the directly modulated L-band WRC-FPLD at free-running (square)
and injection-locking (circle) conditions.

power improved by dB at the same BER set by FEC
limit. Even with pre-leveling and injection-locking, the lowest
achievable BER of achieved with a receiving power
enlarged to dBm is observed after 25-km transmission. An
overall improvement on the BER performance by one order
of magnitude can be obtained with the use of the OFDM sub-
carrier pre-leveling technique. Note that the OFDM subcarrier
pre-leveling technique plays a more important role than the
injection-locking technique on improving the transmission
EVM and SNR performances of the 16-QAM-OFDM data
carried within the modulation frequency bandwidth of the
L-band WRC-FPLD.
The chirp value of the directly on-off-keying modulated

WRC-FPLD at different injection-locking powers has been
reported previously [37]. Owing to the linear dispersion com-
pensation by single-mode fiber, the peak-to-peak chirp after
25-km transmission can be reduced from 11 to 9 GHz by
enlarging the injection-locking power from to dBm.
Nevertheless, it is relatively difficult to real-time measure the
chirp dynamics of transmitters under the direct modulation
of OFDM format. Therefore, the aforementioned results may
provide a comparable chirp data (assuming that the maximum
frequency chirps for OOK and OFDM are comparable except
their different duration in time domain). In comparison with
the commercial laser diode which is biased at same condition
of twice the threshold current, the WRC-FPLD could result
in a relatively low chirp with maintained on/off extinction
ratio. That is, the further chirp reduction relies strictly on
either the high bias or the intense injection-locking [43] of
the WRC-FPLD. For the unified colorless transmitters such
as WRC-FPLDs, the wavelength injection-locking is manda-
tory to provide a coherent single-mode transmitter [44] for
future DWDM application. Even though, the injection-locking
inevitably tilts the modulation response in frequency domain
to degrade the throughput of the L-band WRC-FPLD, which
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needs to be effectively compensated via the proposed OFDM
subcarrier pre-leveling technique. The experimental results
elucidate that the fusion of wavelength injection-locking and
subcarrier pre-leveling techniques can essentially preserve the
SNR and improve the BER of the transmitted 16-QAM-OFDM
data located at nearly the marginal frequency bandwidth region
of the directly modulated WRC-FPLD.

IV. CONCLUSION

By pre-leveling the data-stream amplitude in each OFDM
subcarrier, a coherently injection-locked and directly mod-
ulated WRC-FPLD has been demonstrated to perform
the16-QAM-OFDM transmission at a total bit-rate of up
to 20 Gbit/s. The principles of the OFDM subcarrier pre-lev-
eling and the wavelength injection-locking techniques for the
L-band WRC-FPLD with specific operating parameters are elu-
cidated. The EVM, SNR, and BER performances of the directly
modulated L-band WRC-FPLD transmitter without and with
the OFDM subcarrier pre-leveling and coherent wavelength
injection-locking techniques are compared. Although the nega-
tive slope of the modulation response for the injection-locked
L-band WRC-FPLD is enlarged as compared to that of the
same device under free-running case, the EVM of the received
16-QAM-OFDM data is improved from 13.52% to 10.2%,
because the intensity fluctuation is suppressed by reducing
mode-partition and phase noises of the L-band WRC-FPLD
under coherent injection-locking condition.
With the aid of OFDM subcarrier pre-leveling, the decayed

and dipped response of the directly modulated and injection-
locked L-band WRC-FPLD at high frequency region can be
effectively compensated. This provides the further improved
EVM and SNR of 5.58% and 17 dB, respectively. It is manda-
tory to address that the OFDM subcarrier pre-leveling tech-
nique plays a more important role than the injection-locking
technique on improving the transmission EVM and SNR per-
formances. Under back-to-back transmission with the coher-
ently injection-locked and directly modulated L-band WRC-
FPLD, the receiving power sensitivity required for decoding the
16-QAM-OFDM data at a FEC limited BER of is
significantly reduced to dBm. The combination of both in-
jection-locking and pre-leveling techniques essentially helps to
obtain a BER of smaller than at a receiving power
of dBm. No matter free-running or injection-locking case,
an overall improvement on the BER performance by one order
of magnitude can be obtained with the use of the OFDM sub-
carrier pre-leveling technique. The fusion of wavelength injec-
tion-locking and subcarrier pre-leveling techniques is manda-
tory for the directly 16-QAM-OFDMmodulated L-band WRC-
FPLD, which can effectively preserve the SNR and improve the
BER performance of the carried M-QAM-OFDM data located
at nearly themarginal frequency bandwidth region of the L-band
WRC-FPLD transmitter.
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