
JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 36, NO. 20, OCTOBER 15, 2018 4967

Optical Injection-Locked Directly Modulated
Lasers for Dispersion Pre-Compensated

Direct-Detection Transmission
Zhixin Liu , Senior Member, IEEE, Senior Member, OSA, Graham Hesketh, Brian Kelly , Member, IEEE,

John O’Carroll, Member, IEEE, Richard Phelan , David J. Richardson , Fellow, IEEE, Fellow, OSA,
and Radan Slavı́k , Senior Member, IEEE, Fellow, OSA

Abstract—The growing traffic demand in interdata center
and metro communications requires high-speed and low-cost
transceivers that can flexibly adapt to different transmission dis-
tances of up to a few hundred km. Ultimately low-cost transceivers
will use the simplest optical hardware, namely a directly modulated
transmitter and direct detection receiver. Using optical injection-
locked directly modulated lasers, we propose a transmitter that
can control the full field of the optical signal and achieve error-
free transmission over up to 300 km of dispersion uncompensated
SMF-28. We demonstrate such a transmission system and discuss
its potential for short- and medium-reach communication systems.

Index Terms—Data center interconnection, digital signal pro-
cessing (DSP), directly modulated laser (DML), metro networks,
optical injection locking, optical transmitters, pulse amplitude
modulation (PAM).

I. INTRODUCTION

THE unprecedented growth of data that needs to be stored
and transmitted in data centers (DCs) and metro networks

is driving the quest for fast and inexpensive optics to facilitate
high-speed communications over distances ranging from 70 km
to up to 300 km [1]. Although the requirements on data rate and
transmission distance can be readily achieved using sophisti-
cated coherent communication technologies, the cost and power
consumption of the coherent optical transceivers are inherently
higher than their direct-modulation direct-detection (DM-DD)
counterparts. Undoubtedly, metro-distance optical communica-
tions systems will be more cost and energy efficient if DM-DD
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transceivers can be developed to meet the data rate and trans-
mission distance requirements.

For this reason, there is a surge in research on transmit-
ter and modulation techniques for high-speed DD transmis-
sion systems, with a focus on mitigating or compensating for
the impairments caused by chromatic dispersion (CD) [2]–[4]
which normally severely limits the capacity-reach product of
DD systems. Using the single-sideband (SSB) discrete multitone
(DMT) modulation format in conjunction with Kramers-Kronig
digital signal processing (DSP), researchers have demonstrated
a single-wavelength net rate of 256 Gb/s over 125 km of stan-
dard single mode fiber (SMF-28) [2], [3]. In [4], a 4 × 112
Gb/s data rate over 240 km SMF-28 was demonstrated using
SSB subcarrier modulation (SCM) with Kramers-Kronig DSP.
Although the above-mentioned technologies only require a sim-
ple photodetector, their transmitters use a standard LiNbO3 In-
phase (I) and Quadrature (Q) modulator that is bulky, expensive,
and requires relatively high RF power at its input. Addition-
ally, the receiver-side Kramers-Kronig detection used requires a
high oversampling ratio analog-to-digital converter (ADC) and
a heavy DSP load that increases power consumption and cost.
This goes against the goal of employing direct detection for
low-cost and low power consumption transceivers.

The ultimate simplification (and thus cost, size, and
power consumption reduction) would be realized if DM-DD
transceiver could be used with a simple modulation format
such as 4-level pulse amplitude modulation (PAM4). Compared
to DMT and SCM formats, PAM4 can be demodulated using
pure analog electronics without DSP, which greatly reduces the
transceiver cost and power consumption. Such a solution has
been adopted for short-reach intra-DC interconnection [5]. Cur-
rently, researchers are actively developing PAM4 transmission
for >100 km transmission distance [6], [7].

As regards to DMLs themselves, recent advances have
demonstrated up to 55 GHz modulation bandwidth for 2-km
short reach communications [8]. The transmission distance
here, is limited by the fiber CD and its interplay with the
frequency chirp associated with the direct laser modulation.
Indeed, CD is the main challenge for DMLs in metro-distance
transmission systems that operate at the low-loss 1550 nm
wavelength region. To compensate for the CD, dispersion com-
pensating fiber (DCF) was employed in a 100-km 8 × 25 Gb/s
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PAM4 transmission experiment [6]. However, the use of DCF
increases the system cost, reduces the optical signal-to-noise
ratio (OSNR) after transmission, and most importantly, it limits
network flexibility (e.g., making signal re-routing through a
different path challenging). To minimize the adverse effect of
fiber CD, optical filtering has been explored to reshape the opti-
cal spectrum to generate vestigial sideband (VSB) or duobinary
signals [9], [10]. A data rate of up to 56 Gb/s has been achieved
for transmission over 100-km of SMF-28 by aligning the laser
wavelength to the filter edge of a delay interferometer [9]. The
chirp managed laser co-packages an optical filter in the laser
module and a maximum distance of 200-km has been achieved
using 10-Gb/s duobinary format signaling [10]. Nevertheless,
these techniques can only reduce the signal’s sensitivity to
CD. It would be more desirable if one could achieve full
compensation of CD rather than minimizing its effect.

In this paper, we report on a DML-based transmitter scheme
that allows for full-field optical modulation and full compen-
sation of CD for intensity-modulated signals. The proposed
transmitter employs two optically injection-locked directly-
modulated lasers (OIL-DML) to generate amplitude-modulated
signals with a controllable phase profile, i.e., modulation of the I
and Q components using independent lasers. With the capability
of full field modulation, the transmitter compensates for CD us-
ing transmitter-side DSP and enables error-free direct-detection
of 20-Gb/s PAM4 signals after transmission over up to 300-km
of SMF-28. The moderate data rate was due to the bandwidth
limitation of the low-cost Fabry-Perot laser diodes used in the
experiment. Researchers have experimentally demonstrated up
to 80 GHz modulation bandwidth using injection-locked lasers,
showing great potential for applying the proposed transmitter
scheme to high-speed transmission systems [11].

The concept of the proposed transmitter was first reported
at OFC 2017 [12]. This paper extends the conference abstract
by explaining the impact of residual chirp on an OIL-DML,
the method that we propose to characterize the amplitude-phase
response, and the digital signal processing approach that com-
pensates for the complex amplitude-phase distortion. The addi-
tional material included in this paper, in conjunction with the
more detailed description of our experimental setup and results,
give greater insight into the considerations and challenges of
OIL-DML based transceivers.

This rest of this paper is organized as follows. Section II
explains the operational principle of the proposed transmitter.
Section III describes the transmitter-side DSP with a focus on
the method we developed to compensate for the residual chirp
induced nonlinear amplitude-phase response of the OIL-DMLs.
Sections IV and V describes the proof-of-concept experiment
and results, respectively. Finally, we conclude this paper in
Section VI.

II. OPERATIONAL PRINCIPLE OF THE PROPOSED TRANSMITTER

A. Transmitter Schematic

Fig. 1(a) shows a schematic diagram of the proposed trans-
mitter. The principle of operation is explained using constella-
tion diagrams for PAM4 signal generation, in which the orange

Fig. 1. Operational principle of the proposed transmitter. (a) Schematic di-
agram; (b) constellation of the generated signal using PAM4 as the example;
(c) the spectrum of the generated signal (lower figure). The optical carrier is
represented by the blue arrow and the signal component (AC component) is
represented in orange.

points represent the constellation of the optical signals. Our
transmitter consists of two slave DMLs (Laser I and Laser Q)
that are injection-locked by the same master laser. Under OIL,
the chirp is suppressed and the DMLs become mutually co-
herent. Therefore, the outputs of the DMLs can be combined
orthogonally by introducing a 90° phase shift to the Q arm,
yielding a complex (amplitude and phase) modulated signal, as
indicated by the orange part of the constellation in Fig. 1(b).
Since direct laser modulation is essentially intensity modula-
tion, the constellation of the synthesized signal lies in the first
quadrant of the complex plane and its optical spectrum contains
a carrier component (the blue arrows in Fig. 1). This trans-
mitter configuration provides the capability to manipulate both
In-phase and Quadrature (I-Q) components of the synthesized
signal, thereby enabling the CD to be pre-compensated at the
transmitter side for an intensity-modulated signal. In principle,
this scheme allows for pre-compensation of any deterministic
impairment, such as chromatic dispersion, fiber nonlinearity in-
terference (e.g., self-phase modulation), and electronic signal
distortions including harmonic distortion in the RF amplifiers
and quantization interference in the digital-to-analog converters
(DACs). Thus, we can transmit DD PAM signals over long dis-
tance without using DCF. Besides, this transmitter also harvests
the various benefits of optical injection locking, including an en-
hanced modulation bandwidth [13], a reduced relative intensity
noise and laser linewidth [14]. Compared to our previously pub-
lished coherent transmitter in [15], the scheme here simplifies
the transmitter by removing the need to reflect the continu-
ous wave (CW) portion of the master laser radiation to provide
carrier suppression through destructive interference, offering a
full-field modulation with an optical carrier for DD of intensity
modulated signals.

B. Residual Chirp of Injection-Locked DML

Although the suppression of the modulation chirp using OIL
has enabled coherent synthesis of quadrature phase shift keying
(QPSK) and 16 quadrature amplitude modulation (16-QAM)
signals, the generated signal still experiences residual chirp that
causes additional phase modulation [15], [16]. In Fig. 2 we
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Fig. 2. Non-linear field response of an OIL-DML using PAM4 as the example.
Black points: constellation of the electrical driving signals; Orange points:
constellation of the generated optical signals.

explain the signal distortion caused by the residual chirp us-
ing a PAM4 constellation diagram. The black points on the
left represent the constellation of the 4-level electrical signal
that drives the OIL-DML. The output optical PAM4 signal has
four intensity levels with phase distortion as depicted using the
orange points on the right. After direct modulation, phase dis-
tortion is imparted on the optical signal leading to a distorted
constellation.

In a coherent transmission system, this field distortion can be
post-compensated using receiver-side digital equalizers [15]. In
a DD system, however, this nonlinear field distortion is detri-
mental because the CD-precompensated signals require a linear
mapping from the digital domain to the optical domain. There-
fore, the generation of CD pre-compensated signals requires
correction of this nonlinear field response to generate a rectilin-
ear constellation diagram in the optical domain.

III. DIGITAL SIGNAL PROCESSING

FOR IMPAIRMENT COMPENSATION

The residual chirp of an OIL-DML under strong light in-
jection was first explored by Yabre using numerical methods
[16]. Lau et al. conducted an analytical study that uses chirp-to-
power ratio (CPR) as a figure-of-merit and associates the CPR
to a number of laser parameters, including the injection ratio,
laser linewidth enhancement factor, photon and carrier lifetime,
gain coefficient, threshold density, gain compression factor, and
the phase and frequency deviation between the master and slave
light [14].

Although this analytical result reveals the physical origin of
the residual chirp, it is very challenging to implement the ana-
lytical model for the digital pre-distortion, because the required
laser parameters are extremely difficult to measure with suffi-
cient precision. In practice, accurate characterization of all the
parameters of each laser chip would significantly increase the
cost, which is against our goal of producing a simple and cost-
effective transceiver.

To efficiently compensate for the residual chirp, we propose
here to consider the amplitude-phase response of an OIL-DML
as a black box, and to employ a numerical approach instead
of the analytical model. Using this approach, the nonlinear
distortion can be effectively compensated without measuring
specific laser parameters. The proposed method contains three
steps: 1) measuring the full-field nonlinear response of the pro-
posed transmitter; 2) based on the measured data set, calculating
a 2-D mapping data set that compensates for the nonlinear field

Fig. 3. Experimental setup for transmitter amplitude-phase response charac-
terization. VOA: variable optical attenuator; DAC: digital-to-analog converter;
LO: local oscillator; Amp.: RF amplifier.

response; 3) generating pre-distorted electrical drive signals that
compensate for the CD and the nonlinear field modulation.

A. Measurement of the Amplitude-Phase Response

We employed homodyne coherent detection to measure the
nonlinear field response of the proposed transmitter. The exper-
imental setup is shown in Fig. 3. A 10-kHz narrow linewidth
laser emitting 13 dBm of laser power at 1556 nm was split into
two branches: one was used as the local oscillator (LO) and the
other as the master beam for the OIL. In the experiment, we
used a narrow linewidth laser to facilitate the homodyne coher-
ent detection that characterizes the amplitude-phase response.
In a practical transmitter, a relatively large linewidth laser can
be used with sufficiently good performance [17], allowing for a
potential fully integrated transmitter. A variable optical attenua-
tor (VOA) was used to set the injection power to 3 dBm. The two
slave DMLs were low-cost FP-LD packaged without isolators
to enable OIL. Both DMLs were biased at 45 mA, which is four
times higher than their threshold currents. Without OIL, their
modulation bandwidths were very small - merely 1.8 GHz. To
simultaneously enhance their modulation bandwidth and reduce
the chirp, the injected master light carrier frequency was tuned
about 10 GHz higher than the natural frequency of the slave
lasers [14]. After OIL, the FP-LDs lase at the master frequency
with an output power of 7 dBm. The OIL-DMLs were modu-
lated by training signals generated by two independent digital-
to-analog converters (DACs) operating at a fixed sampling rate
of 92 GS/s and a peak-to-peak voltage (Vpp) of 1.8 V. The output
signals from both lasers have an extinction ratio (ER) of about
2.5 dB. We employed 81-QAM as a training signal, whose con-
stellation diagram is shown in Fig. 4(a). 28000 training symbols
were used to calculate the nonlinear field response of the pro-
posed transmitter. In the upper branch, a short fiber was used to
minimize the difference in optical path length between the upper
and lower branches such that the signal and LO have sufficient
coherence for homodyne coherent detection. The optical fiber
and components in the setup are all polarization maintaining
(PM) for the use of a single-polarization coherent receiver for
signal detection. The DC component of the detected signal was
canceled using a balanced detector and the AC component was
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Fig. 4. Explanation of calculating the nonlinear pre-compensation coefficient
using constellation diagrams: (a) Constellation diagram of the training sym-
bols (81QAM); (b) The detected training signal using the homodyne coherent
receiver; (c) The calculated amplitude-phase response; (d) the calculated pre-
distortion coefficients assuming using 8-bit DACs.

subsequently digitized using an 80-GSa/s real-time oscilloscope
before the off-line DSP. It is worth noting that although in prin-
ciple intradyne detection could be used, it lacks practicality in
the experiment due to the limited number of bits of the analog-
to-digital converters (ADCs) in the real-time oscilloscope. The
carrier-LO beating in an intradyne receiver will generate strong
sinusoid terms that result in a limited SNR for the signal (AC)
components. The homodyne detection, however, cancels this
carrier-LO beating (the DC term of the detected signal) in the
balanced detectors and generates a high SNR AC component
for the characterization of the amplitude-phase response of the
OIL-DMLs.

The off-line DSP is shown in the dashed blocks in Fig. 3.
It downsamples the detected signal to one sample per symbol
and synchronizes it with the training symbols. We explain the
DSP process using the normalized constellation diagrams of the
synchronized signals in Fig. 4. Fig. 4(a) shows the constellation
diagram of the 81QAM training signals. We choose 81QAM
(9 levels for I and Q respectively) because it provides an appro-
priate trade-off between the computation complexity and accu-
racy of the field response characterization. Other constellations
such as 64QAM, which provides 8-level digital quantization in
the I and Q components, can also be used, which gives lower
complexity in the nonlinear pre-distortion process detailed be-
low, but at the expense of slightly lower accuracy.

Fig. 4(b) shows the constellation diagram of the detected
training signals using the homodyne coherent receiver. The cal-
culated nonlinear field response and the pre-compensation co-
efficient are shown in Fig. 4(c) and Fig. 4(d), respectively. Here
we use the constellation point –1 –1j as an example to explain
how we calculate the nonlinear field response. In the experiment,
the –1 –1j symbol corresponds to a drive voltage of –0.9 V for

both OIL-DMLs. After modulation, the detected symbols corre-
sponding to the –1 –1j symbol are shown as the lower left cluster
in Fig. 4(b) (highlighted with red circle) and were subsequently
averaged to get the nonlinear field response, as highlighted with
the red circle in Fig. 4(c). The field responses for the other
constellation points were obtained in the same way. Mathemati-
cally, the obtained 2-D constellation mapping R(I, Q) as shown
in Fig. 4(c) is the response of the square constellation points
S(I, Q) in Fig. 4(a), in which I and Q are the coordinates of the
constellation points. It can be seen that both the amplitude and
phase response of the complex field response R are nonlinear.
The amplitude response is nonlinear because the laser current
modulation changes the optical power (amplitude squared). The
phase distortion is caused by the residual chirp. We also observe
in Fig. 4(b) that the constellation clusters are more converged in
the lower left side (the 3rd quadrant) and become more diverged
with an increase in the drive voltage. This likely originates from
both the laser power modulation and the dynamic laser response,
which is governed by the OIL laser rate equation [18].

B. Digital Pre-Compensation

Based on the data set of the measured nonlinear field response,
we generate the corrected digital samples that compensate for
the nonlinear field response. The correction method is described
as follows:

Assuming (x, y) are the coordinates of the optical field in
Fig. 4(a) and (d), and (X, Y) are the coordinates in Fig. 4(b)
and (c). The coordinate (x, y) is mapped to (X, Y) by the nonlin-
ear field response R (as shown in Fig. 4(c)), which we approxi-
mate with a 2-D polynomial P, that is: (X, Y) = R(x, y) ∼ P(x,
y). Therefore, to achieve a desired output (X, Y) we can find
the appropriate input (x, y) (shown in Fig. 4(d)) by inverting the
map, obtaining: (x, y) = P−1(X, Y).

Using this method, the CD pre-compensated digial samples
are corrected with the nonlinear field response, and subsequently
generated by the DACs that were used to drive the OIL-DMLs.
The DACs used in our experiment have 8 bits resolution. There-
fore, we create a 28 × 28 data set for the response correction
coefficients as shown in Fig. 4(d). The resulting response cor-
rection coefficients can be efficiently implemented to correct for
the nonlinear field response using a look-up table approach.

Indeed, direct laser modulation is inherently pattern depen-
dent and is best described by the laser rate equation [16]. Simpli-
fying the field response as an instantaneous nonlinear mapping
process does not fully capture the pattern dependent effect. For
example, the pattern dependent thermal chirp [19] that governs
the low frequency amplitude-phase response may not be com-
pensated using the proposed method in this paper. Limited by
the memory size of the FPGA that drives the DACs, we were
unable to experimentally investigate pattern-dependent effects.
Nevertheless, the DSP technique proposed here proved to be
an effective method as to be discussed in Section IV. Com-
paring to the analytical method, it offers a simple and efficient
way to realize a reasonably linear mapping from the digital
domain to the optical domain, allowing CD pre-compensation
using the proposed transmitter. However, better performance
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Fig. 5. Experimental setup for the proof-of-concept transmission experiment.
CD: chromatic dispersion; EDFA: erbium-doped fiber amplifier; ADC: analog-
to-digital converter; BER: bit error ratio.

can be expected if a multi-tap equalizer is employed, such as
a Volterra filter, for the field pre-distortion. Commonly used
coding technologies such as 8B10B coding can be employed to
minimize the pattern-dependent effect.

It is also worth pointing out that the two slave lasers may
have different modulation characteristics even if they are manu-
factured in the same batch. The DSP pre-distortion method also
compensates for this difference in modulation response.

IV. SYSTEM EXPERIMENTAL SETUP

The experimental setup of our proof-of-concept transmission
experiment is shown in Fig. 5. The transmitter described in
Section III-A was driven by two 92-GSa/s DACs for In-phase
and Quadrature components. The 90° phase shift between the
two OIL-DML laser outputs was controlled via a piezoelectric
(PZT)-driven fiber stretcher placed at the output of the Q arm.
1% of the combined optical signal was detected and used as an
error signal that was fed back via a proportional-integral (PI)
controller to keep the two slave lasers in quadrature. In this
experiment, the relative phase was within 90 ± 3°, ensuring
sufficient orthogonality between the two OIL-DML outputs for
I-Q modulation. The future fully integrated devices will enable
simpler feedback control (due to short path lengths involved)
and allow for a more accurate 90° phase shift between the I-Q
components. In practice, a lower rate DAC would be sufficient
(e.g., 25 GS/s, corresponding to a 2.5-time oversampling rate)
for 20-Gb/s PAM4 transmission with negligible performance
degradation [20].

The transmitter output power was 7 dBm. A VOA was used
to change the power launched into the fiber link to control the
OSNR after transmission. The transmission link comprised four
spans of 75-km SMF-28 with an average CD coefficient of
16.8 ps/(nm·km). The link loss was compensated by in-line
erbium-doped fiber amplifiers (EDFAs) with a noise figure of
about 5 dB. After transmission, the signal was filtered by a 0.4-
nm optical bandpass filter before direct detection. The detected
electrical signal was captured by a 16-GHz, 80-GSa/s analog-
to-digital converter (ADC). Signal demodulation, receiver-side
equalization, and BER calculation were implemented using of-
fline DSP.

The driving waveforms for CD pre-compensated PAM4
signals were generated offline using a random bit sequence
of 213 − 1 length. The pattern length was limited by the

Fig. 6. Eye diagrams of the direct detected PAM4 signal and the OSNRs after
transmission over different length of SMF-28.

DAC memory. The generated digital PAM4 symbols were
oversampled to the DAC rate and projected onto the complex
plane to generate the corresponding I and Q components of
the synthesized signal, as shown in the conceptual diagram in
Fig. 1. A digital finite impulse response (FIR) filter was imple-
mented to compensate for the CD [21]. Afterwards, non-linear
field distortion of the transmitter response was compensated
using the amplitude-phase pre-distortion method described in
Section III-B. Finally, a digital pre-emphasis filter was applied to
compensate for the frequency roll-off of the signal path [22]. In
principle, a nonlinear equalizer such as the Volterra filter could
be used to realize the function of all the DSP pre-compensation
blocks above.

At the receiver side, both fixed-threshold symbol detection
and digital equalization were used to measure the bit error ratio
(BER). The digital equalizer contained a 2-sample-per-symbol
feed forward equalizer (FFE) and a 1-sample-per-symbol deci-
sion feedback equalizer (DFE) with 13 forward taps and 1 feed-
back tap. The BER was calculated by averaging 60 frames of dif-
ferent random bit sequences, which corresponds to 491460 bits.

V. RESULTS AND DISCUSSION

A. Experimental Results

Fig. 6 shows the eye diagrams of the direct-detected PAM4
signals after transmission over 75, 150, 225, and 300 km of
SMF-28, respectively. The corresponding OSNR values were
47, 44, 42, and 40 dB, respectively. The degradation of the eye
diagrams after long transmission distances are mainly due to the
reduced OSNR, residual chirp and dispersion. The RF spectrum
of the detected PAM4 signal after 300-km transmission is shown
as the solid line in Fig. 7. For comparison, we plot the simulated
RF spectrum of a chirp-free 20-Gb/s PAM4 signal generated by
a push-pull MZM using a dashed line. Without CD compensa-
tion, multiple dips are observed for the MZM generated PAM4
signal due to CD-induced frequency fading. No such fading was
observed in our experiment due to the pre-compensation of the
CD. Under injection locking, the use of optical injection lock-
ing enhanced the lasers’ modulation bandwidth from 1.8 GHz
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Fig. 7. RF spectrum of the detected signal after 300-km transmission. Solid
line: Our transmitter with CD pre-compensation; Dashed line: Simulated push-
pull MZM transmitter without CD compensation.

to about 7 GHz [14]. The frequency roll-off beyond 7 GHz was
due to both laser packaging and the FP-LD design, which was
not optimized for high-speed modulation.

Fig. 8(a) shows the BER obtained at different OSNR val-
ues using fixed-threshold detection. Error-free transmission (no
error bit measured for half a million bits) was achieved for trans-
mission up to 225 km and a BER of 1.3 × 10−3 was obtained
after 300-km transmission, which is below the hard-decision
FEC threshold of 3.8 × 10−3 . The required OSNRs for the BER
of 3.8 × 10−3 were 36, 38.5, 40, and 40.5 dB, for the trans-
mission distances of 75, 150, 225, and 300 km, respectively.
The BER results with the FFE-DFE equalizer are plotted in
Fig. 8(b). Using the simple equalizer, error-free transmission
was achieved for all distances. The inset shows the equalized
eye diagram after 300-km transmission. The required OSNRs
for the BER of 3.8 × 10−3 were 35.5, 37.3, 37.5, and 38 dB,
for the distances of 75, 150, 225, and 300 km, respectively. The
OSNR penalty is likely due to the different modulation depth,
residual chirp and CD, as the proposed DSP pre-distortion does
not fully capture the laser dynamics.

B. Discussion

The relatively high OSNR requirements in our experiment
primarily result from the relatively small extinction ratio (ER,
about 2.5 dB) that limited the SNR of the detected signal af-
ter transmission. This limitation was due to the availability of
components, i.e., the FP-LDs were not designed for high-speed
modulation and the RF voltage amplifiers have only 11 dB
gain. Driving the lasers with higher RF power than that used
in our experiment would increase the ER, which could in prin-
ciple reduce the required OSNR after transmission. However,
increasing the ER also introduces stronger modulation chirp that
distorts the constellation diagram [23]. This trade-off between
the ER and modulation chirp can in our view be unlocked by:
1) adding carrier via constructive interference of the data signal
and the unmodulated carrier, as we previously demonstrated in
[15], achieving >20 dB ER without increasing chirp; 2) em-
ploying a stronger equalizer with a longer memory length that
compensates for the higher chirp associated with increased ER;

Fig. 8. Measured BER after transmission over different lengths of fiber using
(a) threshold detection and (b) FFE(13)-DFE(1) equalizer. Markers in both
figures: Square: 75 km; Circle: 150 km; Triangle: 225 km; Diamond: 300 km.

3) exploiting low chirp semiconductor lasers such as quantum-
dot semiconductor lasers [24]. At the receiver side, performance
improvement could be obtained by using a stronger equalizer
such as the maximum-likelihood sequence equalizer (MLSE)
at the receiver side to compensate for the PMD and residual
CD [25]. The above-mentioned technologies for further perfor-
mance enhancement is outside of the scope of this paper.

The moderate data rate was primarily constrained by the lim-
ited bandwidth of the FP-LDs used in the experiment. However,
this does not preclude our conclusion that the concept of this
new transmitter design can be extended using high-speed DMLs
for high data transmission.

The proposed transmitter can be fully integrated and poten-
tially made at low-cost and to have low power consumption.
Compared to a conventional IQ modulator that contains two
push-pull operated Mach-Zehnder modulator in a nested struc-
ture, the proposed transmitter only requires the driving of the two
slave lasers, which significantly simplifies the photonic and elec-
trical design as well as the transmitter packaging. The proposed
simple transmitter will have a small chip size when produced
in a photonic integrated circuit, which would result in more
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chips per wafer which would further reduce cost under mass
production. Additionally, with a driving voltage of 1.8 Vpp, the
proposed transmitter requires much less power than the conven-
tional LiNbO3 IQ modulator.

The proposed transmitter inherently has higher output power
than other transmitter schemes because it directly combines laser
outputs without introducing extra insertion loss. For example, in
our experiment, the proposed transmitter outputs 7 dBm power
with 6 dBm master laser power, which is 6–8 dB higher than
using a LiNbO3 IQ modulator. Besides, the OIL simultaneously
enhances the modulation bandwidth and reduces the relative
intensity noise (RIN), achieving high-performance transmitters
using low-cost lasers [14]. The OIL condition including the
injection power, temperature, and master-slave frequency de-
viation can be controlled and stabilized by a simple feedback
control [26].

To compensate for the residual chirp induced amplitude-phase
modulation, we measured the amplitude-phase response of OIL-
DMLs and proposed a data set based method to compensate for
the nonlinear field response for the first time. This approach
can be applied to other semiconductor modulators such as InP
IQ modulator [27] to compensate for residual amplitude-phase
modulation, as we have demonstrated in [28].

VI. CONCLUSION

We have proposed and demonstrated an OIL-DML based op-
tical transmitter that operates in the first quadrant of the complex
signal plane. The proposed transmitter can fully compensate for
the CD in a direct detection system. Our proof-of-concept ex-
periment achieved a 300-km transmission distance for a directly
modulated 20-Gbit/s PAM4 signal. We believe the data rate can
be improved to beyond 100-Gb/s using higher modulation band-
width lasers, which are now available [8] and the transmission
distance could be further increased through improved transmit-
ter engineering. The proposed transmitter has all the benefits of
direct laser modulation including high optical signal-to-noise
ratio (OSNR), reduced power consumption, a small footprint,
and ease of integration.

Although the experiment in this paper focuses on DD trans-
mission, the proposed transmitter is naturally suitable for co-
herent systems. This would provide short and medium reach
optical communications with a flexible transmitter that can be
used reliably for both DD and coherent systems.
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