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Abstract—A synthesizer-free return-to-zero on–off-keying
(RZ-OOK) data generator is demonstrated by gain-switching
a Fabry–Perot laser diode (FPLD) and driving a data-stream
generator with a self-started opto-electronic oscillator (OEO).
By self-feedback triggering the FPLD with the OEO, the FPLD
with a modulation bandwidth of only 4 GHz can be self-pulsating
to generate clock signal and return-to-zero (RZ) carrier at a
repetition frequency of 10 GHz. The self-pulsated FPLD exhibits a
pulsewidth of 19 ps associated with a pulse on/off extinction ratio
of 7.7 dB and a timing jitter as low as 424 fs. Under self-started
pulsation, the spectral linewidth enhancement factor of such a
gain-switching FPLD is 12.8, which induces a dynamic frequency
chirp ranging from �6 to 5 GHz within 30-ps duration. The
corresponding chirp parameter of 0.22 is reported for such an
OEO driven FPLD based RZ-OOK data generator. The lowest
phase noise of 131.8 dBc/Hz at 10-MHz offset from 10-GHz
carrier, and the maximum output power of 23 dBm is obtained
after amplification. The generated RZ pulsed carrier exhibits a
carrier-to-noise ratio of 53 dB and a harmonic suppression ratio
up to 52 dB. Such a self-started OEO triggered FPLD is a new
approach to the synthesizer-free optical clock and RZ-OOK data
generation.

Index Terms—Chirp and jitter, Fabry–Perot laser diode (FPLD),
on–off-keying (OOK), opto-electronic oscillator (OEO), return-to-
zero (RZ), self-started pulsation, synthesizer free.

I. INTRODUCTION

T HE stabilized optical pulse clock at a high-repetition rate
with ultra-low timing jitter is mandatory to enhance the

transmission performance and to promote the optical network
flexibility, which essentially helps to realize the high bit-rate and
error-free transmission in optical-time-division-multiplexing
(OTDM) networks. In addition to the commercially available
synthesizers, the self-starting opto-electronic oscillator (OEO)
is an alternative to create the high-purity signals and high
repetition-rate optical pulse clock without using any signal
generator for versatile applications [1]–[4]. The concept of the
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OEO was originally proposed by Kersten [5] in 1978. The first
experimental demonstrations were reported by Schlaak et al.
[6] using a waveguide modulator and by Damen et al. [7] using
a laser diode in 1980. Thereafter, numerous investigations focus
on developing versatile OEO architectures by using a electrical
comb generator [8], a dual RF drive Mach–Zehnder intensity
modulator (MZM) [9], an electroabsorption modulator [10], a
broadband polymer electrooptic modulator [11], an LiNbO
phase modulator [12], and an injection-locked dual loop [13].
Recently, Nakazawa et al. also proposed an OEO ring cavity
consisting of a gain-switched vertical-cavity surface-emitting
laser (VCSEL) at 850 nm and a single-mode photonic crystal
fiber, which generated a 10-GHz optical pulse-train with timing
jitter as low as 1.2 ps [14]. In comparison with the conventional
nonreturn-to-zero (NRZ) data format, the pulsed return-to-zero
on–off-keying (RZ-OOK) is a preferable data format with im-
munity to linear and nonlinear dispersion during high-speed and
long-haul transmission. Traditionally, the RZ-OOK stream was
demonstrated by modulating the optical pulse-train with the
pseudorandom binary sequence (PRBS) data generator driven
with additional microwave clock at punishments of increasing
cost and complexity [15], [16]. The use of a self-feedback OEO
for generating an RZ-OOK data stream has never been reported
previously.

Without using any external microwave frequency source
in this work, we combine a self-feedback OEO configura-
tion with a 1550-nm fiber-pigtailed Fabry–Perot laser diode
(FPLD) packaged in a 5.6-mm transistor outline can (TO-56
can) [17], where the FPLD incorporated OEO forces its
gain-switched pulsation self-started at 10 GHz to demonstrate
the synthesizer-free RZ-OOK data generator at 10 Gbit/s. The
self-pulsating technique effectively overcomes inherent limi-
tation on direct-modulation bandwidth of the FPLD packaged
with a TO-56 can, such that the self-started gain-switching
FPLD can easily exceed the intrinsic bandwidth of 4 GHz
set by the bonding wires of the TO-can module. We discuss
the linewidth enhancement factor and chirp parameter of the
OEO self-started gain-switching FPLD and also investigate
the self-starting threshold at versatile feedback conditions,
which facilitates to promote the sub-picosecond timing jitter
and to enhance the on/off extinction ratio of gain-switched
pulse. The shortening on OEO driven gain-switching FPLD
pulsewidth at extremely low-power amplified output is demon-
strated. Moreover, the single-sideband (SSB) phase noise, the
carrier-to-noise ratio (CNR), and the second-order harmonics
suppression ratio are also elucidated.
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Fig. 1. Schematic diagram of the self-starting OEO with gain-switching FPLD
based synthesizer-free RZ-OOK data generator. Bandpass filter: BPF. Low-
noise amplifier: LNA.

II. EXPERIMENTAL SETUP

Fig. 1 illustrates the experimental setup of an OEO con-
structed using a 1550-nm FPLD without microwave signal
generator for synthesizer-free RZ-OOK data generation. The
gain-switching FPLD can only be self-started by the opto-elec-
tronic feedback from the FPLD, which is directly modulated
at nearly or above threshold current condition. To assist the
pick-up of 10-GHz feedback from FPLD noise, a -band er-
bium-doped fiber amplifier (EDFA) is used to amplify the weak
output of FPLD before gain switching. There is no additional
loss occurred on the OEO driven FPLD except the 50% coupler
used for self-feedback triggering the OEO itself. The EDFA
amplified in the OEO loop is for amplifying the FPLD output
to initiate self-oscillation process, but not for compensating the
insertion loss.

An ultrafast photodetector (New focus 1434 with a cutoff
frequency of 25 GHz) with associated pre-amplifier (New
focus 1422), two sets of low-noise amplifiers, and microwave
bandpass filters (Filtronic W5258) at a central frequency of
9.953 GHz is configured to extract the 10-GHz feedback, and
a 35-dB gain power amplifier is employed to drive the FPLD
for gain-switching operation via a bias-tee circuit. When the
bias current of the FPLD is below threshold, even a weak
gain-modulation cannot be triggered by the OEO, as no clock
signal is filtered for the optical pulsation. By increasing the
FPLD bias beyond threshold, the continuous-wave output of
the FPLD transfers into the small-signal oscillation due to a
sufficient gain-modulation via the feedback from OEO. The
weak 10-GHz signal in the self-feedback OEO loop turns to
gain-switch the FPLD itself eventually. Two sets of the mi-
crowave bandpass filters and amplifiers are mandatory to build
up the feedback loop for self-starting and re-modulating the
FPLD. The stabilized gain-switching FPLD pulse-train is ob-
tained when the gain of the 10-GHz clock in the feedback OEO
loop is sufficiently large and is coincident with the relaxation
oscillation frequency of the FPLD.

By using the microwave clock extracted from the OEO be-
fore driving the gain-switched FPLD, the PRBS data generator
can be trigged to deliver the electrical NRZ data stream with a
pattern length of 2 1. The optical NRZ data stream is sim-
ulated by externally encoding the optical pulse-train from the

Fig. 2. Frequency response and power-current curve of the FPLD at 1550 nm.

OEO driven gain-switching FPLD with an amplified PRBS pat-
tern at 10 Gbit/s through an MZM. Fig. 2 shows the frequency
response of FPLD with bias currents of 9.2 and 15 mA, and the
modulation bandwidth of about 4 and 6 GHz is originating from
the FPLD bandwidth, the cutoff frequency set by the TO-56 can
package, and the other parasitic components. However, a vis-
ible relaxation oscillation is still observable at around 10 GHz.
The inset of Fig. 2 depicts that the power-current response of
the FPLD with threshold current is nearly 9.2 mA.

III. RESULTS AND DISCUSSIONS

The OEO is self-started by increasing the bias current of
FPLD beyond 12 mA, such that the gain-switching operation
is automatically triggered to deliver the return-to-zero (RZ)
pulsed carrier. The PRBS data generator is concurrently trigged
by the microwave clock extracted from the OEO to deliver the
electrical NRZ data stream at 10 Gbit/s. Fig. 3 illustrates the
RZ-OOK data trace output from the PRBS driven MZM with a
specific pattern of 10101110. Such an RZ-OOK data generator
is completely synthesizer free; however, there is an intrinsic
limitation on switching the gain characteristics of the FPLD.
Typically, such an RZ-OOK generation cannot be automatically
turned on when the bias current of the FPLD is close to the
threshold condition. In the experiment, the gain-switching
FPLD fails to self-start at a bias current less than 12 mA
since there is no 10-GHz feedback signal picking up from
the FPLD noise spectrum by the OEO circuitry. Although an
inline EDFA has been inserted to enlarge the output power
of the FPLD, the OEO driven gain-switching FPLD must be
operated beyond threshold to trigger a sufficiently short RZ
pulsed clock. Apparently, such an operation is contrary to the
optimized condition for gain switching a free-running FPLD at
slightly below threshold current. Nevertheless, the OEO driven
gain-switching FPLD can respond to the incoming “on” bits
consecutively, thus providing the RZ-OOK data with a greater
modulation depth and a sharper bit-shape. Some parameters of
the generated RZ clock due to such an extraordinary operation
is found to strongly correlate with the bias current, which are
discussed below.

First of all, the red-shifted spectrum of the OEO driven gain-
switching FPLD self-started is observed by detuning the inline
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Fig. 3. Specific 10101110 RZ-OOK data stream obtained after the PRBS
driven MZM.

EDFA gain and the FPLD bias, which is mainly attributed to the
dependence between the transient carrier concentration and the
temporally changed refraction index. The correlation between
the wavelength variation and the instantaneous change on the
refractive index is described as , where

and are the refractive indices at time and 0, respec-
tively. In a gain-switched FPLD, the carrier-induced refractive
index change and the wavelength variation can generally be cor-
related by [18]

- - (1)

Typically, the is 2 3 10 for a general In-
GaAsP FPLD [21]. As predicted by (1) with a carrier density
variation of and the negative ,
the FPLD spectrum red shifts toward longer wavelength after
gain-switching, as shown in Fig. 4. In comparison with a free-
running FPLD, the OEO-driven gain-switching FPLD exhibits a
red-shifted wavelength up to 3.2 nm, and the linewidth enhance-
ment factor can be rewritten as

(2)

With (2), the linewidth enhancement factor of the OEO
driven gain-switching FPLD is calculated by assuming the
cavity length as 600 m, the width , and the depth
of the active region in FPLD as 1.5 and 0.2 m, respectively,
the differential gain as 2.5 10 m , the
electron charge as 1.6 10 , and the carrier lifetime

as 2 ns, respectively. The linewidth enhancement factor of
OEO driven gain-switching FPLD at a bias current of 15 mA is
determined as 12.8, which is obtained under a transient current
of , where is the bias current of FPLD

Fig. 4. Optical spectrum and mode spacing of OEO-driven gain-switching
FPLD.

Fig. 5. Pulsewidth and output waveform of the OEO driven gain-switching
FPLD at 10 GHz.

and is the modulated current at an angular frequency of .
Due to the band-filling effect, the OEO driven gain-switching
FPLD reveals a optical spectrum with a 3-dB linewidth broad-
ening by at least 12.5 times when changing the operation con-
dition from a free-running (36 pm) to gain-switching (0.46 nm)
mode.

The pulsewidth of the OEO driven gain-switching FPLD
shown in Fig. 5 is obtained by the digital sampling oscilloscope
(Agilent 86100 A 86116 A with a detecting bandwidth of
63 GHz). When enlarging the gain-switching FPLD output
power up to 1.5 dBm by setting the inline EDFA gain as 11
dB, the OEO driven gain-switching pulsewidth is greatly short-
ened from 24 to 19 ps as the bias current increases from 12 to
15 mA. The inset of Fig. 5 depicts the oscilloscope trace for the
perfect OEO-driven gain-switching FPLD pulse-train self-trig-
gered at 10 GHz. In the following, we further discuss the
relationship between pulsewidth and bias current of the OEO
driven gain-switching FPLD. In general, the gain-switching
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FPLD output can be carried out by a set of nonlinear rate
equations in (3) [18]

(3)

where and denote the carrier and photon densities in the
gain-switching FPLD cavity , the transparency carrier den-
sity , the differential gain , the spontaneous coupling factor
, the electron charge , the active layer volume , the tran-

sient bias current , the group velocity , the optical confine-
ment factor, and and , the carrier and photon lifetimes,
respectively. For the gain-switching FPLD, the current density

is described by an electric pulse-train, and the photon life-
time is given by , where and
denote the mirror and internal losses, respectively.

In principle, the pulsewidth of the OEO driven gain-switching
FPLD can be roughly estimated by using two combined expo-
nential curves with time constants of and on rising and
trailing edges of , respectively. Theoretically, the rise time
can be obtained by deriving the following equation:

such that the rise time can be described as
.

In general, is approximately and the OEO driven gain-
switching FPLD pulsewidth is given as (4)

(4)

Only when increasing the FPLD bias current from 9.2 to 12 mA,
the gain-switching FPLD can be self-started to deliver an op-
tical pulse-train at 10 GHz. A further reduction on pulsewidth
relies strictly on increasing the bias current, and the minimum
requested bias current is 1.2 times the threshold current. To func-
tion as a synthesizer-free optical clock, it is mandatory to char-
acterize the spectral purity of the 10-GHz microwave clock ex-
tracted from the OEO driven gain-switching FPLD. After am-
plification, the maximum output power at the FPLD bias current
of 15 mA is 23.2 dBm.

Under a spectral analysis with a resolution bandwidth of
10 Hz, the CNR and second-order harmonic suppression ratio
of the extracted 10-GHz microwave clock are 53 and 52 dB, re-
spectively, which shows an SSB phase noise of 131.8 dBc/Hz
at 10-MHz offset from the carrier. The CNR can be enhanced
up to 60–65 dB by setting the resolution bandwidth as 1 Hz.
The SSB phase noises measured at different nodes in the
OEO feedback loop were shown in Fig. 6 to understand the
noise-suppressing performance of each OEO element. In addi-
tion, the related timing jitter is calculated from the integral of
the SSB phase-noise spectrum versus frequency measured at a
specified node using the following equation [20]:

(5)

Fig. 6. Calculated timing jitter from gain-switching FPLD (15-mA bias) at dif-
ferent nodes in the OEO feedback loop. The A–G checking points are defined
as the different nodes shown in Fig. 1.

Fig. 7. Measured timing jitter of optical pulse-train at different driving currents
and optical injection powers.

where is the repetition rate, is the SSB phase noise of
the th harmonic frequency component of the OEO triggered
gain-switching FPLD, is the harmonic number of the SSB
phase noise, and and are the lower and higher limits of in-
tegration. With an integrating range from 10 Hz to 100 MHz, the
minimized timing jitter of 352 fs can be obtained. The inset of
Fig. 6 also shows the bandpass filtered spectrum with a quality
factor of , where the passband
of 7.5 MHz is still too wide to restrict the noise in the OEO
feedback loop and inevitably degrades the phase-noise perfor-
mance. Such a shortcoming can be improved if a high- filter
and a high-gain and low thermal-noise amplifier are available.

The measured timing jitter of the self-started gain-switching
pulse is plotted as a function of the injection current and is
shown in Fig. 7. The OEO feedback circulating loop plays
an important role on suppressing the phase noise and corre-
sponding jitter. Therefore, the timing jitter is greatly reduced
with increasing bias current of the OEO driven gain-switching
FPLD. If the output power by tuning the EDFA gain is enlarged,
the timing jitter further indicate a decreasing trend as a larger
10-GHz feedback signal filtered from noise can be provided by
increasing the EDFA gain, such that the self-starting oscillation
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Fig. 8. Pulse on/off extinction ratio in OEO dependence on the bias current and
optical injection power.

is easier to be established. Nonetheless, the EDFA is also an
active device with considerable noise figure up to 5–6 dB, which
somewhat degrades the noise performance of the self-started
gain-switching FPLD even with high-gain amplification. A
minimized timing jitter of 424 fs is achieved at the FPLD bias
current of 15 mA and at the EDFA output power of 1.5 dBm.

Obviously, the cavity gain in the self-started OEO feedback
loop must be appropriately enlarged to minimize the timing
jitter of the RZ pulsed carrier for a further RZ-OOK data-stream
generation. On the other hand, the pulse on/off extinction ratio
(defined as the ratio of pulse amplitude to dc offset level) of the
optical pulse-train generated from such a self-started OEO is
also a key parameter for estimating the intensity noise perfor-
mance of the RZ-OOK data stream. For obtaining a high on/off
extinction ratio in our case, the precise control on the EDFA gain
is mandatory to avoid additional spontaneous emission noise ac-
companied with the generated RZ pulsed carrier. However, such
an issue on the optimization of the pulse on/off extinction ratio
was seldom discussed in previous reports.

The pulse on/off extinction ratio at versatile operating condi-
tions shown in Fig. 8 reveals an increasing trend with enlarging
FPLD bias, which is attributed to the larger microwave signal
feedback into the OEO loop for clock extraction. By selecting
the EDFA gain as 7, 9, and 11 dB, the pulse on/off extinction
ratio increases from 5.5 to 7.7, 5.4 to 7.1, and 5.3 to 6.7 dB, re-
spectively. The increasing EDFA gain essentially enhances the
optoelectronic conversion to reduce the self-staring threshold
current effectively. However, the spontaneous emission of the
EDFA dominates to distort the gain-switching pulse, in which
the induced dc level inevitably suppresses the pulse on/off ex-
tinction ratio by 1.4 dB at least.

Subsequently, the EDFA gain is appropriately decreased and
the FPLD bias is increased accordingly to promote the ampli-
fication on the gain-switched pulse-train. As the EDFA gain
decreases from 11 to 7 dB, the pulse on/off extinction ratio is
greatly enhanced from 6.8 to 7.7 dB. We conclude that the op-
timization on EDFA gain is more pronounced than the bias for
adjusting better pulse quality. As mentioned above, we have in-
creased the bias current to suppress the timing jitter. Assuming
that the optical confinement factor is 0.5, the internal loss is
1000 m , and the facet reflective R is 30%, the calculated mod-
ulation bandwidth and output power [21] from the self-starting

Fig. 9. Calculated modulation bandwidths of the free-running and self-pulsated
gain-switching FPLD, and their corresponding output powers and timing jitters
as a function of the FPLD bias current.

Fig. 10. Optical pulses (blue line in online version) and corresponding peak-to-
peak chirps (red line in online version) of the pulse-train at bias current of 12
(dashed line) and 15 mA (solid line).

OEO under gain-switching operation as a function of the FPLD
bias and the timing jitter are shown in Fig. 9. The simulated
laser modulation bandwidth is increased from 13.9 to 16 GHz,
whereas the timing jitter concurrently decreases due to the en-
hanced carrier accumulation in the gain-switching FPLD.

Fig. 10 illustrates the optical pulse-train shapes and corre-
sponding frequency chirps at bias current of 12 and 15 mA. The
chirped frequency deviation of the OEO driven gain-switching
FPLD pulse-train is positive at the rising edge
and is negative at the falling edge , thus leading
to a negative chirp parameter . Assuming the optical field of
the gain-switching FPLD, at exhibits a linearly
chirped Gaussian shape as given by [21]

(6)
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(7)

where is the phase of and represents the gain-
switching FPLD pulsewidth. The frequency change is related
to the phase derivative given by

(8)

With a chirp parameter analyzer, the maximum deviation of
the chirped frequency (defined as ) are 10.7 and 11.8 GHz
within the pulse durations of 24 and 19 ps at bias currents of 12
and 15 mA, which corresponds to an increment on the negative
chirp parameter by 10%. In principle, the frequency chirp of the
FPLD is
[22], where is the phase of the output electric field and
is the output power of the gain-switching FPLD, respectively.
Since the pulse on/off extinction ratio is positively proportional
to the bias current of the gain-switching FPLD, the dynamic
chirp of the OEO-driven gain-switching pulse therefore shows
a similar trend. Nonetheless, the linewidth enhancement factor
concurrently decreases with increasing bias, which plays a
less pronounced role than the pulse on/off extinction ratio for
chirp degradation. Under a constant gain-switching FPLD bias
of 15 mA, the chirp can be reduced by increasing the output
power of the EDFA in the OEO feedback loop from 4.9 to

1.5 dBm. In brief, both the pulsewidth and timing jitter are
decreased by increasing the bias current and by the remaining
constant EDFA gain, whereas the pulse on/off extinction ratio
and chirp parameter arise accordingly.

In view of previous reports, most research was focused on
either the optical pulse-train or the microwave signal generated
from such kinds of self-started OEOs using different methods.
There are only two groups simultaneously discussing the
parametric performances of optical pulse-train and microwave
signals [10], [14], but neither one discussed the possibility of
the RZ-OOK data generation in reports. To compare, Table I
lists the parameters regarding the performance of the optical
pulse-train and the microwave clock generated using different
methods. At the same repetition rate of 10 GHz, our proposed
approach shows a shorter pulsewidth (19 ps), a lower timing
jitter (0.424 ps), a higher CNR (53 dB), and a better SSB phase
noise ( 131.8 dBc/Hz) than previous studies. Moreover, the
on/off extinction ratio of the RZ pulsed carrier generated from
such a self-started OEO driven gain-switching FPLD is prelim-
inarily reported. Up to now, there is no demonstration on the
RZ-OOK data-stream generation by using the synthesizer-free
OEO driven gain-switching FPLD beyond 10 GHz.

In contrast to the FPLD based all-optical NRZ-to-RZ data
format conversion technology reported previously [23], [24],
the proposed optical RZ-OOK data generator is not only a com-
pletely synthesizer-free and self-pulsating architecture, but also
an electrical-to-optical OOK transmitter without the need of
addition injection from the dropped optical NRZ data stream.

TABLE I
PARAMETRIC COMPARISON ON THE OPTICAL PULSE-TRAIN AND THE

MICROWAVE CLOCK GENERATED USING DIFFERENT METHODS

No matter the data format generator or convertor requires a
microwave clock for driving the PRBS data generator, which
is bulky and cost ineffective. The proposed RZ-OOK scheme
is exempt from the use of a synthesizer, electrical RZ gener-
ator, and external optical injection in current optical NRZ-to-RZ
converters. Future development on such kinds of self-started
OEO triggered FPLDs will offer a new approach to the synthe-
sizer-free optical clock and RZ-OOK data generation.

IV. CONCLUSION

Without using any external signal generators, we have
demonstrated the self-started microwave clock and RZ pulsed
carrier from a gain-switching FPLD at 1550 nm, which is
achieved by using a self-feedback configured OEO to function
as a synthesizer-free RZ-OOK data generator at 10 Gbit/s.
Such a self-feedback gain-switching operation essentially over-
comes the electrical modulation bandwidth of the commercial
FPLD below 4 GHz. With continuous feedback and large gain
in the feedback loop, the OEO driven gain-switching FPLD
pulse-train repeated at 10 GHz is generated with shortened
pulsewidth, timing jitter, and pulse on/off extinction ratio of
19 ps, 424 fs, and 7.7 dB, respectively. The chirp param-
eter and linewidth enhancement factor of the OEO driven
gain-switching FPLD pulse are 0.22 and 12.8, respectively.
The timing jitter in terms of laser modulation bandwidth in
the OEO feedback loop is analyzed, and the self-started pulse
on/off extinction ratio can be promoted by decreasing the
EDFA gain and increasing the FPLD bias. For the OEO driven
gain-switching FPLD, the measured output power can be as
high as 23 dBm, and the SSB phase noise at 10-MHz frequency
offset is as low as 131.8 dBc/Hz. The related CNR and the
harmonics suppression ratio are determined as 60–65 and
52 dB, respectively. The OEO triggered gain-switching FPLD
can generate RZ pulsed carrier with the lowest phase noise
and jitter comparable to a commercial synthesizer in which the
pulse on/off extinction ratio is greatly enhanced and the chirp
can be minimized concurrently.
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