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Abstract. A flexible flat optical frequency comb (OFC) generator based on a single integrated polarization-
multiplexing dual-drive Mach-Zehnder modulator (PM-DMZM) and a single RF source is proposed and dem-
onstrated. Only one PM-DMZM is required, which guarantees the simplicity. Due to the additional controllable
parameter of the polarization as compared with conventional schemes, flat coherent OFCs can be obtained
with relatively small modulation indices. A theoretical model is established and an experiment is carried out.
Five-, 7-, 9-, 11- and 13-line OFCs with flatness of 0.5, 0.7, 1.2, 1.65, and 2.7 dB are experimentally demon-
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1 Introduction

Optical frequency combs (OFCs) with high coherence
among the comb lines are of great importance for a variety
of microwave photonic applications.'™ Laser mode-
locking,’ fiber nonlinearities,*® or external electro-optical
modulation® ' is generally applied to generate the coherent
OFCs, among which the methods using external electro-
optical modulators (EOMs) feature high flexibility, low com-
plexity, and high stability. Although cascaded EOMs can
generate coherent OFCs with a relatively large number of
comb lines,9‘10 the difficulty of controlling, insertion loss,
system footprint, and cost will be dramatically increased
with the number of modulators. In practice, however, an
OFC with a comb line number around 10 is sufficient for
many microwave photonic applications,'®!” so schemes
based on a single EOM become interesting due to its com-
pact configuration.''~!> But high modulation indices as well
as a number of RF drive signals with strictly controlled
frequencies or phases are always required, making the oper-
ation complicated. As an improvement, a 7-line OFC is
obtained using only one RF source based on a single polari-
zation modulator (PoIM).'> However, the optical signal
needs to be divided into two independent paths, and an
erbium-doped fiber amplifier is inserted in one path to flatten
the comb lines, which inevitably degrades the comb lines’
coherence. Another scheme to generate the flat OFC
based on a single PolM applies a Brillouin-assisted power
equalizer to achieve high flatness,'® where separated optical
paths are still needed. A standalone dual-parallel Mach—
Zehnder modulator (DPMZM) can also produce flat OFCs
with only one RF signal,'* but the maximum achievable
number of equal tones is 7. Based on a polarization-
multiplexing  dual-parallel Mach—Zehnder modulator
(PM-DPMZM) that consists of six sub-MZMs, flat OFC
can be generated.'> However, large modulation indices are
needed (for instance, a modulation index of 5.4 is required
for 7-line OFC generation), and up to six DC bias voltages
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need to be controlled precisely, which would suffer severely
from the well-known bias drift problem.

In this paper, we propose and demonstrate a flat coherent
OFC generator based on a single integrated polarization-
multiplexing dual-drive Mach—Zehnder modulator (PM-
DMZM) and a polarizer, which is similar to a DPMZM
but much simpler than a PM-DPMZM (i.e., the PM-DMZM
has only two sub-MZMs and one third of that of a PM-
DPMZM). As compared with the DPMZM, the PM-DMZM
has one more controllable parameter (i.e., the polarization),
which is utilized in the proposed OFC generator to increase
the number of the generated comb lines and to lower the
required modulation indices. A theoretical model is estab-
lished and analyzed and an experiment is carried out.
Five-, 7-, 9-, 11-, and 13-line OFCs with flatness of 0.5,
0.7, 1.2, 1.65, and 2.7 dB are experimentally generated,
respectively.

2 Principle

Figure 1 shows the schematic diagram of the proposed OFC
generator, which contains a laser diode (LD), a PM-DMZM,
and a tunable polarizer. The LD generates a lightwave with
an angular frequency of ., which is sent to the PM-DMZM.
The optical signal is split into two parts with equal powers in
the PM-DMZM?® and is modulated by an RF signal with
a frequency of w,,. In the upper branch, the modulated
RF signal has an amplitude of V,,, and the sub-DMZM
(sub-DMZM]1) is biased at Vi;,,;. The optical field at the
output of sub-DMZM1 can be written as

Egu (1) Eoej“’c’[ejﬁl cos(@nt) 1 pib Cos(wrut‘“ﬂl)gigl]’ (1)

where E, is the amplitude of the optical carrier,
P =nVi,/V is the modulation index, ¢; is the phase
difference between the two split RF signals in the upper
branch, 8, = V.1 / V1, and V; is the half-wave voltage
of sub-DMZM1. Based on the Jacobi—Anger expansions,
the optical field can be rewritten as
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where J,, is the n’th-order Bessel function of the first kind.
Similarly, in the lower branch, the optical field output from
sub-DMZM?2 can be expressed as

Eoua(1) o Ege™ [ S Jdu(Br)eimont - (14 e e,m)],

N=—00
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where f, = zV5,,/V »» is the modulation index, V,,, is the
amplitude of the modulated RF signal applied to sub-
DMZM2, 6, = nViuo/V s @o is the phase difference
between the two split RF signals in the lower branch, and
V. is the half-wave voltage of sub-DMZM?2. The 90-deg
polarization rotator in the lower branch makes the polariza-
tion states of the signals output from the two sub-DMZMs
orthogonal. The two signals are combined and sent to
a polarizer, of which the principal axis is tuned to have
an angle of a with the principal axis of the PM-DMZM.
Thus, the optical field at the output of the polarizer is
given by

Eout(t) & Eoutl (t) cos a + Eout2(t) sin a - e'i¢’ (4)

where ¢ is the static phase difference between the two
orthogonal polarization states, introduced by the polarizer.
From Eq. (4), the optical power of the n’th-order sideband
at the output of the polarizer can be written as

0
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As can be seen from the aforementioned equation, the rela-
tive amplitude of the sidebands can be adjusted to have the
same power by tuning S, 2, @1, @2, 01, 05, ¢, and a. A flat
OFC can be realized in this way. For the 5-, 7-, 9-, 11-, and
13-line OFC generations, typical power variation contour
plot calculated according to Eq. (5) is shown in Figs. 2(a)—
2(e), respectively. The corresponding used values of ¢, @,
0, (represented by Vi;,.1), 05 (represented by Vi.00), ¢, and
a are shown in Table 1. With f; and f3, being set to satisfy the
optimum regions marked as “A,” i.e., around “1.7 and 1.8,”
“1.5 and 2.2,” and “3.2 and 3.1,” for the 5-, 7-, and 9-line
OFC generations, respectively, the flatness of the generated
OFC is within 1 dB. For the generation of 11- and 13-line
OFCs with flatness of better than 2 dB, the requirements of
the modulation indices f; and f, are around “4.5 and 5.5”
and “5 and 5.7,” respectively, satisfying the optimum regions
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Fig. 1 Schematic diagram of the proposed coherent OFC generator
based on a PM-DMZM and a polarizer. LD, laser diode; DMZM, dual-
drive Mach-Zehnder modulator; PM-DMZM, polarization-multiplexing
dual-drive Mach-Zehnder modulator; PR, polarization rotator; Pol,
polarizer; PC, polarization controller; PBS, polarization beam splitter;
and OSA, optical spectrum analyzer.

marked as “B.” As such, based on the integrated polarization-
multiplexing structure of the PM-DMZM, flat OFCs can be
generated with relatively low modulation indices. Since the
comb lines are generated from the same optical carrier and no
physical path separation is introduced to the scheme, there
would be good coherence among the comb lines.

For the 7-line OFC generation, a group of typical simu-
lation parameters are selected, i.e., Vg =0 V,
Voiasz =7V, pr =15, p, =23, a=5.13, ¢, =0.89,
@, = 1.85, and ¢ = 0.01. The simulated output orthogonal
optical signals in the two branches and the obtained 7-line
OFC with a flatness of 0.6 dB are shown in Figs. 3(a)-
3(c), respectively. The simulation for the generation of 13-
line OFC is shown in Fig. 4. As can be seen, when the param-
eters are set to be Vi, =0V, Viuo =7V, =5,
pr =57, a=529, ¢, =497, ¢, =0.01, and ¢ = 0.01,
a 13-line OFC with a flatness of 2 dB is generated. The simu-
lated output orthogonal optical signals in the two branches
and the final obtained 13-line OFC with a flatness of 2 dB are
shown in Figs. 4(a)-4(c), respectively. As can be seen from
Figs. 3 and 4, due to the introduction of the additional con-
trollable parameter of the polarization, there is no need to
make each output optical components of sub-DMZMI1 or
sub-DMZM?2 have the same amplitude, so high modulation
indices are not required.

For OFC generation with 5-13 comb lines, the simulated
typical parameters are shown in Table 1. It can be seen that
OFCs can be generated with relatively low modulation indi-
ces due to the additional controllable parameter of polariza-
tion using the proposed scheme.

3 Experimental Results and Discussions

An experiment based on the scheme shown in Fig. 1 is car-
ried out. The CW light from the LD (TeraXion NLLO04) has
a wavelength of 1550.548 nm. The PM-DMZM (Fujitsu
FTM7980EDA) has a working bandwidth of 20 GHz and
a half-wave voltage of 3.5 V. The modulated RF signal is
generated by a microwave signal generator (Keysight
N5183B). The tunable polarizer is realized by connecting
a polarization controller (PC) to a polarization beam splitter
(PBS). An optical spectrum analyzer (OSA, Yokogawa
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Fig.2 Typical power variation contour plot versus #; and f3, calculated for (a) 5-, (b) 7-, (c) 9-, (d) 11-, and
(e) 13-line OFC generations.

Table 1 Simulated typical parameters for OFC generation with different comb line numbers.

Comb Flatness
numbers Vbiast (V) Viias2 (V) a (rad) @1 (rad) @2 (rad) ¢ (rad) P P (dB)
5 3.5 0 417 2.73 3.13 0.01 1.8 1.8 0.06
7 0 7 5.13 0.89 1.85 0.01 1.5 2.3 0.6
9 0.8 2.4 5.61 4.81 4.01 4.81 3.3 3.1 0.72
11 0 7 5.37 5.77 2.25 0.01 45 5.5 1.46
13 0 7 5.29 497 0.01 0.01 5 5.7 2
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Fig. 3 The simulated output spectra of (a) sub-DMZM1 and (b) sub- Fig. 4 The simulated output spectra of (a) sub-DMZM1 and (b) sub-
DMZM2, and (c) the generated 7-line OFC. DMZM2, and (c) the obtained 13-line OFC.
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Fig. 5 Experimental optical spectra of (a), (b) the two orthogonally
polarized signals split by a PBS connected to the PC following the
PM-DMZM for the 7-line OFC generation, and (c) the generated
7-line OFC.

AQ6370C) with a resolution of 0.02 nm is used to observe
the optical spectra.

To generate a 7-line OFC, the bias voltages are set to be
Viiast =437V, Vi =5.32 'V, and the powers of the
driven 10-GHz RF signal in the upper and lower branches
are set to be 18.6 and 21.65 dBm, respectively. The corre-
sponding modulation indices are 1.71 and 2.43, respectively.
The optical spectra of the two orthogonally polarized signals
at the outputs of sub-DMZM1 and sub-DMZM?2 are shown
in Figs. 5(a) and 5(b), respectively. By tuning the PC
following the PM-DMZM to make the principle axis of
the polarizer to have a proper angle with the principal
axis of the PM-DMZM, a flat 7-line OFC is successfully
generated with a flatness of 0.7 dB, as shown in Fig. 5(c).

The experimental results agree well with the theoretically
simulated results for 7-line OFC generation.

Figure 6 shows the experimental results for the 5-, 9-, 11-,
and 13-line OFC generations, respectively, including the two
orthogonally polarized signals at the outputs of sub-DMZM 1
and sub-DMZM?2, and the obtained flat OFCs. For the 9-line
OFC generation, the RF power is set to be 23.84 and
24.58 dBm, respectively, corresponding to modulation indi-
ces of 3.13 and 3.4. The flatness of the OFC is 1.2 dB. By
setting the RF power in the upper and lower branches to be
27.5 and 29 dBm, respectively, a flat 11-line OFC is gener-
ated with a flatness of 1.65 dB, while the corresponding
modulation indices are only 4.8 and 5.7. A flat 13-line
OFC with a flatness of 2.7 dB is also generated by setting
the RF power in the upper and lower branches to be 28.4 and
29.4 dBm, corresponding to modulation indices of 5.3 and
5.9, respectively.

Using the proposed scheme, a flat OFC generator is real-
ized with no need of high modulation indices, using only one
single modulator and one single RF source. In the proposed
work, using electrical controlled PCs and feedback controlling
circuits, the parameters of ¢y, ¢,, ¢, and a can be controlled
and adjusted precisely to further improve the system perfor-
mance. And the stability and performance of the system can
also be further improved using a DC bias controlling circuit to
control the parameters of @, and 6,. In addition, the static
phase difference ¢ between the two polarizations introduced
by the polarizer is theoretically simulated as a variable since
the polarizer is formed by combining a PC and a PBS. It can
be set to have a certain value to make the operation simpler.

4 Conclusion

In conclusion, a method to generate flat coherent OFCs using
only a PM-DMZM and a single-frequency RF source has

Optical power (5 dBm/div)

Wavelength (0.1 nm/div)

Fig. 6 Experimental optical spectra of the two orthogonally polarized signals split by a PBS connected to
the PC following the PM-DMZM and the final obtained OFCs for (a1), (a2), and (a3) the 5-line generation;
(b1), (b2), and (b3) the 9-line generation; (c1), (c2), and (c3) the 11-line generations; and (d1), (d2), and

(d3) the 13-line generation.
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been proposed and demonstrated. Flat OFCs with up to 13
lines have been generated experimentally. The simplicity is
guaranteed, and flat OFCs can be obtained flexibly with
relatively small modulation indices due to the additional con-
trollable parameter of polarization. The proposed scheme can
find applications in microwave photonic signal generation
and processing applications.
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