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We propose a novel scheme for optical frequency-locked multi-carrier generation based on a directly modu-
lated laser (DML) and a phase modulator (PM) in cascade through synchronous sinusoidal radio frequency
(RF) signal. The optimal operating zone for the cascaded DML and PM scheme is determined via theoreti-
cal analysis and numerical simulation. We demonstrate 16 optical subcarriers can be successfully generated
based on the cascaded DML and PM scheme in the optimal zone. The generated 16 optical subcarries have
frequency spacing of 12.5 GHz and power difference of less than 3 dB. These results agree well with those of
the numerical simulation. We also demonstrate intensity modulation and direct detection (IM-DD) based
on one of the 16 generated optical subcarriers. After 20-km single-mode fiber-28 (SMF-28) transmission,
the bit-error ratio (BER) of 1x10™° can be attained for both 3.125- and 12.5-Gb/s bit rates.
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Optically coherent and frequency-locked multi-carrier
generation has been intensively studied because it can
offer several remarkable applications, such as wavelength
-division-multiplexing (WDM) source in optical commun-
ication! =%, reconfigurable optical pulse generator[® and
optical signal processingl®. Several methods are used
in realizing optical frequency-locked multi-carrier gener-
ation. The method based on in-phase/quadrate (I/Q)
modulator combined with recirculating frequency shifter
(RFS)["=13] has the advantages of flexible control and
accurate frequency spacing with lower driving voltage.
However, the structures is relatively complicated. The
method based on cascaded intensity modulator (IM)
and phase modulator (PM) can generate multiple flat-
tened optical subcarriers with a large tone-to-noise ra-
tio (TNR). However, a large insertion loss (usually more
than 10 dB) is observed because of the adoption of IM
and the stability is also weak due to direct current (DC)
bias!'*1%, We have demonstrated flattened comb gener-
ation using only PMs driven by fundamental frequency
sinusoidal sources with small frequency offset[!617], Rel-
ative to IM or PM, directly modulated laser (DML) has
the advantages of compact size, low power consumption,
and easy integration[!8:19],

In this letter, we propose a novel scheme for optical
frequency-locked multi-carrier generation based on one
DML and one PM in cascade through synchronous si-
nusoidal radio frequency (RF) signal. The optimal op-
erating zone for the cascaded DML and PM scheme is
determined based on theoretical analysis and numerical
simulation. We demonstrate that 16 optical subcarriers
with frequency spacing of 12.5 GHz and power difference
less than 3 dB can be successfully generated based on
the cascaded DML and PM scheme in the optimal zone.
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This result agrees well with that of numerical simulation.
We also arrive at intensity modulation and direct detec-
tion (IM-DD) based on one of the 16 generated optical
subcarriers. After 20-km single-mode fiber-28 (SMF-28)
transmission, the bit-error ratio (BER) of 1x10~? can be
attained for both 3.125- and 12.5-Gb/s bit rates.

Sinusoidal phase modulation of a narrow-band
continuous-wavelength (CW) laser can create a frequency
comb with high repetition rate, tunable frequency spac-
ing, and stable optical central frequency. As shown in
Fig. 1(a), when one PM driven by a sinusoidal RF sig-
nal at fs is used to modulate the CW lightwave at f,
the output electrical field of the PM can be expressed as
relatively complicated

Eout(t) = Ep exp(j2m fct) exp[jR sin(27 fst)]
=K Y Ja(R)explizn(fe +nf)tl, (1)

where Fjy is the amplitude of the electrical field; J,
is the first kind of Bessel function of order n; R is the
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Fig. 1. Schematic diagram of comb generation based on (a)
PM only and (b) cascaded DML and PM.
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modulation index of the PM. The disadvantage of comb
generation based only on PM is poor spectral flatness.
Furthermore, the limited driving voltage of PM and
the limitation of electrical amplifiers (EAs) significantly
limit the modulation index of PM and the number of the
generated optical subcarriers.

To overcome the disadvantages of the PM-only scheme,
we propose the novel cascaded PM and DML scheme, as
shown in Fig. 1(b). When biased at a large DC and
driven by a sinusoidal RF signal at fs, the output elec-
trical field of a DML at f. can be expressed as

Eout1(t) =~ Ep[l + Ry sin(27 fst)] exp(j2m fet), (2)

where R; is the modulation index of the DML and
defined by the ratio of the RF driving amplitude to the
bias current for the DML. The inherent chirp from the
DML is largely removed and can be neglected because of
the adoption of the large DC bias/??). Other benefits
of the large bias of the DML are high output power,
wide modulation bandwidth, stable single-mode opera-
tion, and low timing deviation. Thus, the output electri-
cal field of the PM driven by the synchronous sinusoidal
RF signal at fs can be expressed as

Eout2(t) =~ Ep[l + Ry sin(27 fst)] exp(j27 fct)
exp|jRe sin(27 fst)]

=Eo Y Ju(Ra)expli2n(fe + nfot]

n=—oo

o0

— B0~ Y Tu(Re) exp{i2nfe+(n+1) £t}

n=—oo

HiB 3 Ja(Ra) exp{ialfet (- ),
o )

where Rs is the modulation index of the PM and defined
by the ratio of the RF driving amplitude to the half-
wave voltage Vp; for the PM. Compared with Eq. (1),
the right second and third terms of Eq. (3) can flatten
the amplitude of the generated optical subcarriers spaced
at fs. Furthermore, the advantages of DML, such as low
cost, compact size, and low power consumption, make
the cost and integration of our proposed scheme much
more efficient.

To determine the optimal operating zone for the cas-
caded DML and PM scheme, numerical simulation is
performed based on a typical single-mode dynamic laser
model (LaserSM_RE module in VPI). The laser model is
based on standard rate equations and can simulate the
dynamics and noise characteristics of a directly modu-
lated single-mode laser driven by an electrical current
waveform. Table 1 shows the settings for the intrinsic
parameters of the laser model. The RF driving frequency
fs is 12.5 GHz, the sampling rate is 1024 GHz, and the
time window is 16 ns. As indicated in the aforementioned
theoretical analysis, the optimal operating zone mainly
depends on the values of R; and Ro, as well as the laser
bias current. Thus, in our simulation, the optimal op-
erating zone is determined by sweeping the RF driving
amplitude for both the laser and the PM when the laser
bias current is sufficiently large.

In the absence of RF driving signal for the laser, Fig. 2
shows the calculated subcarrier number and the subcar-
rier power difference versus the PM driving amplitude
when the laser bias current is 0.07, 0.075, and 0.08 A,
respectively. The subcarrier number increases along with
PM driving amplitude. The subcarrier power difference
is always more than 3 dB. Therefore, optical multi-carrier
generation based on phase modulation has relatively poor
spectral flatness.

Figure 3 shows the variation of the calculated subcar-
rier number and subcarrier power difference when we
simultaneously change the driving amplitude for both
the laser and the PM in case of different laser bias cur-
rents (0.07, 0.075, and 0.08 A). The increase of the PM
driving amplitude can enhance the subcarrier number,
whereas the increase of the laser driving amplitude can
not only increase the subcarrier number but also effec-
tively decrease the subcarrier power difference. Optimal
zones are marked as A, B, and C in Figs. 3(b), (d), and
(f), respectively, in which the cascaded DML and PM
scheme can generate 16 or more subcarriers with a power

Table 1. Intrinsic Parameters of the Laser Model

Parameters Values Units
Emission Frequency 193.1 THz
Reference Power 8.5 mW
Laser Chip Length 20 x 1076 m
Linear Material Gain Coefficient 9 x 10720 m?
Transparency Carrier Density 1.5 x 10%* m~3
Confinement Factor 0.3
Group Effective Index 4.0
Material Linewidth Enhancement 3.5
Factor
Left Facet Reflectivity 0.3
Right Facet Reflectivity 0.3
Carrier Lifetime 2.1 x107° S
Spontaneous Emission Factor 1.0 x 1074
Nonlinear Gain Coefficient 3.0x 1072
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Fig. 2. Calculated subcarrier number and subcarrier power
difference versus the PM driving amplitude without laser driv-
ing signal.
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Fig. 3. Variation of calculated subcarrier number and sub-
carrier power difference when the driving amplitude is si-
multaneously changed for both the laser and the PM. (a)
and (b): bias=0.07A; (c) and (d): bias=0.075A; (e) and (f):
bias=0.08A.

difference of less than 3 dB. When the laser driving am-
plitude is further increased near the laser bias current,
additional subcarriers with better spectral flatness can
be generated, but with lower TNR.

When the laser bias current is 0.075 A and the PM
driving amplitude is 2.4 V};;, the calculated subcarrier
number and subcarrier power difference versus the laser
driving amplitude are shown in Figs. 4(a) and (b). The
increase of the laser driving amplitude can enhance the
subcarrier number and the subcarrier spectral flatness.
When the laser bias current is 0.075 A, the PM and the
laser driving amplitudes are 2.4 V; and 0.05 A, respec-
tively. Figures 4(c) and (d) show the calculated optical
spectra of the laser and the PM, respectively. The opti-
cal spectrum of the laser is asymmetrical because of the
residual chirp. Seventeen optical subcarriers exhibit a
power difference of 2.56 dB after the PM.

Figure 5 shows the experimental setup for the flattened
optical multi-carrier generation and linewidth measure-
ment based on the cascaded DML and PM scheme. For
optical multi-carrier generation, a 12.5-GHz sinusoidal
RF signal is equally divided into two branches by a
power divider. Next, one branch is power amplified to
24 dBm and used to drive the DML, whereas the other
is power amplified to 30-dBm and used to drive the
PM. The DML is a commercially available distributed-
feedback (DFB) laser containing 74-mA DC bias and
9.3-dBm average output power. The half-wave voltage
V,i of the PM at 12.5 GHz is 4.2 V and the RF driv-
ing amplitude for the PM is approximately 10 V when
the input resistance of the PM is 50 ohms. Thus, the
modulation index R is 2.4. The phase shifter (PS) be-
fore the PM is used to synchronize the two branches.
The polarization-maintaining erbium-doped fiber am-
plifier (EDFA) between the cascaded DML and PM is
used to compensate for the modulation loss. The sub-
sequent polarization-maintaining tunable optical filter
(TOF) with tunable bandwidth and wavelength is used
to suppress the amplified spontaneous emission (ASE)
noise from the polarization-maintaining EDFA. The
12.5/25-GHz optical inter-leaver (IL) together with the
polarization-maintaining TOF with tunable bandwidth
from 0.1 to 9 nm is used to choose the desired optical sub-
carrier from the generated multiple optical subcarriers.

After power has been amplified by an EDFA, the selected
optical subcarrier with 25-GHz bandwidth is sent into
the linewidth measurement system. This system includes
two polarization-maintaining optical couplers (OCs), a
high-speed photo detector (PD), and a spectral analyzer.
Figure 6(a) shows the output optical power versus the
input current for the DML. The threshold current of
the DML is almost 15 mA. Figure 6(b) shows the out-
put optical spectrum (0.01-nm resolution) of the DML
without driving signal. The side mode suppression ratio
(SMSR) of the DML is more than 40 dB. Figure 6(c)
shows the output optical spectrum (0.01-nm resolution)
of the DML with 24-dBm driving signal. The optical
spectrum is asymmetrical at 1537.7-nm central wave-
length because of the inherent chirp from the DML8],
Figure 7(a) shows the optical spectrum (0.02-nm reso-
lution) after the PM when the DML is without driving
signal. The power difference is approximately 8 dB for
12 subcarriers, which is similar to that shown in Fig. 2.
With 24-dBm laser driving signal, Figs. 7(b) and (c)
show the optical spectra (0.01-nm resolution) after the
PM and TOF with 3-dB bandwidth of ~1.7 nm, respec-
tively. Accordingly, 16 optical subcarriers with 12.5-GHz
frequency spacing are generated with a power difference
of less than 3 dB, which agrees with and demonstrates
the theoretical analysis and numerical simulation.
Figure 8(a) shows the optical spectrum (0.01-nm res-
olution) of the selected optical subcarrier by the TOF
with 3-dB bandwidth of 0.1-nm and 12.5/25-GHz optical
IL. Figure 8(b) illustrates the output electrical spectrum
(300-kHz resolution) of the spectral analyzer when the
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Fig. 4. (a) Calculated subcarrier number and (b) subcarrier
power difference versus the laser driving amplitude; calculated
optical spectra of (c) the laser and (d) the PM.
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Fig. 5. Experimental setup for optical multi-carrier genera-
tion and linewidth measurement.
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selected optical subcarrier by the TOF with 3-dB band-
width of 0.1-nm and 12.5/25-GHz optical IL is sent into
the linewidth measurement system. The linewidth of
the selected optical subcarrier is almost 25 MHz. Af-
ter measurement, we confirm that the linewidth of the
CW lightwave directly generated from the DML is also
25 MHz. Therefore, the linewidth of the generated sub-
carrier is not increased. The DML has short laser chip
length for large modulation bandwidth, so the linewidth
of the DML is wide.

Figure 9 shows the experimental setup for the flattened
optical multi-carrier generation and IM-DD demonstra-
tion based on the cascaded DML and PM scheme. The
optical multi-carrier generation is identical to that shown
in Fig. 5. The selected optical subcarrier by the TOF
with 3-dB bandwidth of 0.1-nm and 12.5/25-GHz optical
IL is modulated by an IM. The IM is driven by a 12.5/
3.125-Gb/s electrical binary signal, which is gener-
ated from the pulse pattern generator (PPG) with
a pseudo-random binary sequence (PRBS) length of

2231021 After 20-km SMF-28 transmission, the optical
signal is directly detected by a PIN receiver with 3-dB
bandwidth of 7.5 GHz. The power launched into the fiber
is 4 dBm. Figure 9(a) shows the optical spectrum (0.01-
nm resolution) after the IM. Figures 9(b) and (c) show
the eye diagrams (20 ps/div) after the PM and the sec-
ond EDFA with 55-GHz oscilloscope (OSC) bandwidth,
respectively. The pulsewidth from the DML laser after
modulation is approximately 15 ps. Figures 9(d) and
(e) show the eye diagrams (20-GHz OSC bandwidth, 100
ps/div) for the detected 3.125-Gb/s signal without and
with 20-km SMF-28 transmission, respectively. Figures
9(f) and (g) show the eye diagrams (20-GHz OSC band-
width, 20 ps/div) for the detected 12.5-Gb/s signal with-
out and with 20-km SMF-28 transmission, respectively.
The extinction ratio before transmission is more than 10
dB for both 3.125-and 12.5-Gb/s bit rates. The eye di-
agram amplitude after transmission is smaller than that
without transmission for both 3.125-and 12.5-Gb/s bit
rates. This difference is due to the lack of pre-EDFA
at the receiver side and the reduced optical power after
transmission.

§ ol after TOF and 12.5/25 GHz IL, 0.01 nm e L L =
E System, Ragnments, Rgn Now, Al reque ed
~
— _20 L
:
9]
2-40r
)
g
2 -60F
S AL @

1536 1537 1538 1539 | et

Wavelength (nm) ®)

Fig. 8. (a) Optical spectrum after TOF with 3-dB bandwidth
of 0.1-nm and 12.5/25 GHz IL. (b) Output electrical spectrum
(300-kHz resolution) of the spectral analyzer.
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Fig. 9. Experimental setup for optical multi-carrier genera-
tion and IM-DD demonstration. (a) Optical spectrum (0.01-
nm resolution) after the IM; eye diagrams (55-GHz OSC
bandwidth, 20 ps/div) after (b) the PM and (c) the second
EDFA; eye diagrams (20-GHz OSC bandwidth, 100 ps/div)
for the detected 3.125-Gb/s signal (d) without and (e) with
20-km SMF-28 transmission; eye diagrams (20-GHz OSC
bandwidth, 20 ps/div) for the detected 12.5-Gb/s signal (f)
without and (g) with 20-km SMF-28 transmission.
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Figures 10(a) and (b) show the measured BER ver-
sus the optical power launched into the PIN receiver for
3.125- and 12.5-Gb/s bit rates, respectively. The BER of
1x107 can be attained. The optical power penalty of al-
most 0.5 dB because of 20-km SMF-28 transmission can
be discounted for both 3.125- and 12.5-Gb/s bit rates.
At the BER of 1x107?, the required optical power for
the 12.5-Gb signal is almost 8-dB larger than that for the
3.125-Gb/s signal. Theoretically, the difference should be
only 6 dB. A penalty of approximately 2 dB is charged
for the detection of the 12.5-Gb/s signal because the PIN
receiver with 3-dB bandwidth of 7.5 GHz is designed for
10-Gb/s signal. After measurement, we confirm that all
the other generated optical subcarriers perform similarly.
Therefore, our proposed cascaded DML and PM scheme
for optical multi-carrier generation is feasible.

In conclusion, we propose a novel scheme for optical
frequency-locked multi-carrier generation based on one
DML and one PM in cascade through synchronous si-
nusoidal RF signal. The optimal operating zone for the
cascaded DML and PM scheme is determined via the-
oretical analysis and numerical simulation. We demon-
strate 16 optical subcarriers can be successfully gener-
ated based on the cascaded DML and PM scheme in the
optimal zone. The generated 16 optical subcarries have
frequency spacing of 12.5 GHz and power difference of
less than 3 dB. This result agrees well with the numeri-
cal simulation. IM-DD demonstration is also performed
based on one of the 16 generated optical subcarriers. Af-
ter 20-km SMF-28 transmission, the BER of 1x10~? can
be attained for both 3.125- and 12.5-Gb/s bit rates. This
result demonstrates the feasibility of the cascaded DML
and PM scheme for optical multi-carrier generation.
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