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We have experimentally observed a new operating state of a regular pulse train in a narrow-band optoelectronic oscil-

lator (OEO) system, where the direct-current (DC) bias of the Mach-Zehnder modulator is set at the maximum value

of the transmission transfer function instead of the usual quadrature point. The observed quasi-steady-state pulse train

is distinctly periodic, with a period of 10.5 pus and a center frequency of 10 GHz, and resembles a mode-locked OEO

in its waveform. The formation of regular pulses here may arise from the dynamic balance of nonlinearity and nar-

row-band filter effects, with the transient characteristics of the pulses arising mainly from instabilities between the

gain and cavity loss. Our results are of great importance for deepening the understanding of the nonlinear dynamical

processes in OEO systems.
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Optoelectronic oscillators (OEOs) have received a lot of
attention since their introduction because of the superior
phase noise level of the generated microwave signals.
For some time, the focus of OEOs’ research has been on
how to obtain continuous microwave signals with ul-
tra-low phase noise. However, this means that the system
needs to have a longer fiber length and smaller mode
spacing. Therefore, pre-OEOs research mainly consid-
ered how to better achieve single-mode selection and
system stability through oscillator improving topological
architecture or new methods, including coupled-loop!"),
multi-loop structures'®, parity-time symmetry™ injec-
tion locking!!, phase-locked control™, and other meth-
ods!*7.

Until recently, attention has not been paid to multi-
mode control and manipulation in OEOs. In terms of
multimode coherent control, two different schemes of
multimode time-domain control and Fourier-domain
mode control have been studied and implemented, re-
spectively. For the time-domain mode-locking aspect has
caused a research boom, successively through the pas-
sive® and active way!™'”! to achieve a coherent superpo-
sition of multiple longitudinal mode oscillations in the
resonant cavity of OEOs, thus generating a new type of
low-noise microwave pulse signal in the form of solitons
in the time domain waveform. At the same time, rational
harmonic mode-locked OEOs!'! and self-regenerative
mode-locked OEOs!'? further reveal new phenomena
and new methods of multimode control, and continu-

ously expand the direction of OEOs’ research. Fou-
rier-domain mode-locking!"*'*! can be considered as a
frequency-domain mode-locking technique, which has
the advantage of breaking the limitation of the mode es-
tablishment time and greatly improving the frequency
scanning speed of OEOs.

On the other hand, OEOs belong to a time-delayed
nonlinear dynamical system, in which there are complex
nonlinear processes such as bifurcation, stability solu-
tion, chaotic behavior”'*'"), and other phenomena. The
study of complex nonlinear processes will contribute to
practical applications, such as high-performance micro-
wave pulse generation, radar ranging, chaotic communi-
cation and ranging!”. But until now, there are still many
physical problems in this area that have yet to be studied.
A typical example is the recently proposed microwave
photon soliton in OEOs!"™® with spontaneous frequency
hopping, which is thought to be a new type of soliton
caused by the oscillatory mode of interaction. However,
the solitons found there are not solitons in the conven-
tional sense, because it is not an envelope of a soliton
shape in the time domain, nor is it a frequency comb
distribution in the frequency domain. Therefore, it would
be very interesting to realize the conventional soli-
ton-like state in OEO systems by using the nonlinear
phenomenon.

In conventional OEOs, the direct-current (DC) bias
voltage of the Mach-Zehnder modulator (MZM) is gen-
erally fixed in the linear region for reliable operation and
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system simplicity, thus avoiding the complex effects of
nonlinear processes. Nevertheless, in this work, we set
the DC bias point near the maximum point of the MZM
transfer function, which will produce a severe nonlinear
gain mechanism and exhibit a special function similar to
the pulse compression of saturable absorbers. At the
same time, the narrow bandwidth microwave filter in the
OEO loop compresses the frequency spectrum, which is
equivalent to the dispersion effect of pulse broadening in
the time domain. In this work, by carefully adjusting the
balance of gain and loss of the system, we succeeded in
observing the regular pulse waveforms of fundamental
and harmonics regular pulse states experimentally. The
OEO is a test bed for studying time-delayed nonlinear
dynamics, and our experimental work studied here will
stimulate more relevant theoretical studies that will con-
tribute to further understanding of nonlinear dynamical
effects in narrow-band OEOs.

The schematic diagram of the OEO experimental setup
is illustrated in Fig.1(a), which is a positive time-delay
feedback loop consisting of a laser diode (LD), a variable
optical attenuator (VOA), an MZM, a long polariza-
tion-maintaining (PM) fiber, a photodetector (PD), a
bandpass filter (BPF), two electronic amplifiers (EA1
and EA2), and an electrical power divider. For the opera-
tion of OEO, a continuous-wave light with a power of
20 dBm at 1 550 nm is generated by a narrow linewidth
laser (EM650, Gooch & Housego) and is sent to an
MZM (MXAN-LN-20, iXblue) with V,ge=5 V biased at
a fixed DC level after being attenuated by a VOA (VOA
50PM-APC, Thorlabs). Then, the intensity-modulated
light passes through a spool of PM single-mode fiber
(PM1550-XP, Thorlabs) with a length of 2.2 km and is
converted into the microwave signal by a 20 Gbit/s PD
(DSC50S, Discovery Semiconductors) based on InGaAs
PIN photodiode. After being filtered by a home-made
BPF with a center frequency of 10 GHz, the signal is
amplified by a home-made EA1 with a gain of 25 dB, a
3 dB amplification spectrum of 8—12 GHz. Then, the
output signal of the EA1 is amplified by another com-
mercial driver EA2 (DR-AN-20-MO, iXblue) and is fed
back into the MZM through a three-way power divider.
Finally, the outputs of the divider are used for measuring
the time and frequency domains of generated signal, re-
spectively.

The MZM and BPF are two very important compo-
nents for our experiment, so we first measured their
characteristics respectively. Fig.1(b) shows the measured
transfer function curve of our MZM with V; pc=6 V, from
which it can be seen that there is a sinusoidal oscillation
of the transmittance with the DC bias voltage. So, the
system will accordingly display a variety of different
dynamical behaviors depending on the setting point of
MZM. Generally, for the operation of OEO, the MZM is
biased at the quadrature point g but not extreme value
points as denoted by min or max in Fig.1(b). In the latter
case, the MZM may promote the generation of pulses or
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chaos-like states’™®"). And the measured S, parameter of
the BPF using a vector network analyzer is shown in
Fig.1(c). We found that the BPF has a very narrow 3 dB
bandwidth of about 8§ MHz and about 3 dB insertion loss.
Physically, the filter has the effect of compressing the
frequency spectrum, thus broadening the pulse from the
time domain. Therefore, a regular pattern pulse state can
be expected when the gain and loss as well as nonlinear
gain and linear filtering effect of the OEO cavity balance
simultaneously.
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Fig.1 (a) Schematic diagram of the OEO; (b) Measured
intensity modulator transfer function; (c) Measured

frequency response of 10 GHz microwave band filter

Firstly, we started by setting the DC bias of 6.1 V
around the ¢ point, where we observed a continuous mi-
crowave signal generation with a center frequency of
10 GHz and phase noise of =131 dBc/Hz at 10 kHz off-
set. This indicates that the narrow BPF results in only a
single longitudinal mode in the OEO loop. Despite the
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narrow filter bandwidth, the center frequency of the gen-
erated microwave signal is slightly different each time
due to mode competition. After that, the biased voltage is
changed to about 8.5 V, where the signal transmission of
the MZM is close to its maximum value as denoted by
max in Fig.1(b). At this time, by tuning the power of the
light via the VOA, a transient burst train appears on the
high-speed real-time oscilloscope (DPO75902SX, 200
GS/s, 59 GHz, Tektronix). The experimentally observed
waveforms in time domain with periodicity of the dif-
ferent pulses are clearly shown in Fig.2. These time do-
main signals vary over time and we captured some pulses
with narrow widths as depicted in Fig.2(a), some pulses
with wider width as shown in Fig.2(b) and some with
multiple pulses as displayed in Fig.2(c) as well as in
Fig.2(d). However, they all have the same period 10.5 ps,
which matches well with the 2.2 km fiber length of the
loop.
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Fig.2 Experimental results of the regular pulse trains:
(a) Regular time-domain pulse train with narrow pulse
width; (b) Regular time-domain pulse train with wide
pulse width; (c) and (d) Regular time-domain mul-

ti-pulse trains
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In order to study the phenomenon of regular pulses
more clearly, we carefully adjusted the optical power via
the VOA while keeping an eye on the oscilloscope. This
adjustment is equivalent to finely tuning the balance be-
tween the gain and cavity loss in the oscillation loop.
Through constant adjustment over time, we observed a
very regular pulse train as depicted in Fig.3(a). The time
domain waveform is like a soliton pulse train with a time
interval of 3.5 pus, which is very similar to the results of
mode-locked OEO of our previous work!'"'?. Fig.3(b)
presents the corresponding spectrum measured using a
spectrum analyzer (FSWP50, 1 MHz—50 GHz, Rohde
& Schwarz) in 200 Hz resolution bandwidth (RBW) with
a center frequency of 10 GHz and a 3 dB bandwidth of
0.57 MHz. The inset indicates the mode spacing is
285 kHz, matching well with the third harmonic of the
2.2 km long fiber in the ring cavity. It should be noted
that there are three-group modes oscillating simultane-
ously and competing with each other in the OEO. This
phenomenon is similar to the supermodel noise in ac-
tively mode-locked lasers!'” and  harmonically
mode-locked OEO!"'*". A single pulse is shown in
Fig.3(c), and the full width at half maximum (FWHM) of
the pulse is about 1.30 ps. After zooming in the single
pulse in Fig.3(c), the waveform of the carrier signal with
a center frequency of 10 GHz can be seen in Fig.3(d).
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Fig.3 Experimental results of the third harmonic pulse
sequence: (a) Regular time-domain pulse train (Time
interval of 3.5 uys between adjacent pulses is indi-
cated); (b) Spectrum of the pulse train in frequency
domain (The inset shows the detail of the microwave
frequency comb with a 285 kHz interval); (c) Envelope
of a single microwave pulse; (d) Inner structure elec-
tric field of a single pulse

As the MZM bias point drifted around the maximum
transmittance position, we subsequently also observed
the generation of fundamental burst states.

The related experimental results are shown in Fig.4.
Specifically, the fundamental pulse time domain wave-
forms and their spectral information are presented in
Fig.4(a) and (b), respectively. As can be seen from the
graph, the time interval between two adjacent pulses is
10.5 ps and the spacing of the frequency comb is 95 kHz.
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This means that there is only one pulse inside the reso-
nant cavity during one round trip. The individual soliton
pulse waveforms and details are also shown in Fig.4(c)
and (d), respectively. Analysis shows that the FWHM of
the pulse is about 1.18 ps, which is limited by the band-
width of the filter. Further compression of the width of
the soliton may be achieved by increasing the bandwidth
of the loop filter. However, wider filters may cause in-
stabilities for the solitons formation and eventually cha-
otic states may appear''.

The regular pulse train observed experimentally here
is similar to the mode-locked OEO pulses we have pre-
viously studied in the time domain, with the pulse width
depending on the bandwidth of the filter and the pulse
spacing equal to the time delay of the resonant cavity.
Although the pulse trains observed here are not stable
over time, they clearly indicate the possible existence of
a nonlinear feature in the OEO that is similar to saturable
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Fig.4 Experimental results of the fundamental fre-
quency pulse sequence: (a) Regular time-domain
solitons pulse train (Time interval of 10.5 uys between
adjacent pulses is indicated); (b) Spectrum of the
pulse train in frequency domain (The inset shows the
detail of the microwave frequency comb with a 95 kHz
interval); (c) Envelope of a single microwave pulse;
(d) Inner structure electric field of a single pulse

absorption. A detailed study of the dynamical phenomena
near the quadrature point has been carried out'!, reveal-
ing that the generated signal generates bifurcation as the
loop gain increases, and that the formation of regular
breather chaos is observed. In particular, a passive
mode-locked OEO has been experimentally implemented
when the bias point of the MZM is set at its lowest
point’®], and it has been shown that the MZM has satur-
able absorption properties.

Here, we focused on the nonlinear dynamics when the
bias point was at its highest point, and we similarly ob-
served the presence of pulse formation. It is important to
note that Ref.[15] has also done related studies near the
maximum point of MZM, but they have mainly concen-
trated on the process of broadband chaotic signal genera-
tion. Although they also mention the existence of a stable
pulse state in their system, they do not clearly show ex-
perimental results similar to those presented in this paper.
We believe the quasi-steady-state bursts observed here
may be caused by the nonlinear gain of the MZM bal-
anced by the interaction of the BPF, and the instability
may arise from the imbalance of the gain and loss or
other parameters. The pulse state found here is a wave
packet soliton state that is localized in the time domain
and is distinctly different from the soliton states recently
found in OEO with spontaneous frequency hopping!*").
Thus, we believe that the findings here will stimulate
further theoretical work.

We have observed the generation of periodically regu-
lar pulse trains of microwave signals in a narrow-band
OEO and suggested that the formation of pulses origi-
nates from a balance between the nonlinear gain of the
MZM and the pulse broadening effect induced by the
BPF. The experimentally observed quasi-steady-state
pulse sequence has the wave packet characteristics of a
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soliton state and exhibits clear periodicity in the time
domain with a period of 10.5 us, pulse width of about
1 us, a center frequency of 10 GHz and comb spacing of
about 95 kHz in the frequency domain. The pulses are
very similar in nature to those observed in mode-locked
OEOs. Our results are of great importance for deepening
the understanding of the nonlinear dynamical processes
in OEO systems and enriching the physical processes in
time-delayed dynamical systems.
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