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Abstract: A tunable microwave-pulse-generation scheme is proposed and demonstrated by em-
ploying an actively mode-locked optoelectronic oscillator (OEO) based on a microwave photonic
filter (MPF). The MPF mainly consists of a phase-shifted fiber Bragg grating (PS-FBG) and a phase
modulator. The microwave pulse trains with variable repetition rates are achieved by injecting an
external signal, of which the frequencies are equal to an integer multiple of the free spectrum range
(FSR) of the OEO. The multi-mode oscillation mechanism is discussed in detail theoretically and
experimentally. A microwave pulse train with a central frequency of 9.25 GHz and repetition rate
of 1.68 MHz is demonstrated by setting the injecting signal frequency to be the same with the FSR
of the OEO. A tunable center frequency of the microwave pulses from 5.47 GHz to 18.91 GHz can
be easily generated by tuning the laser frequency benefit from adopting the MPF. Furthermore, the
microwave pulses with different pulse periods of 297.62 ns, 198.69 ns, and 148.81 ns are also realized
by harmonic mode-locking. The proposed tunable microwave-pulse-generation method has potential
applications in the pulse Doppler radar and communications.

Keywords: phase modulator; optoelectronic oscillator; microwave pulse generation; actively
mode-locking

1. Introduction

The generation of microwave signals with high frequency and wide tuning range is
increasingly needed in the fields of radar, wireless communication, and electronic war-
fare [1–4]. Conventionally, the microwave signals generated by electronical technology
face the contradiction between the phase noise and the frequency tunability due to the
electronic bottlenecks [5–7]. The microwave photonics technology paves an alternative
way for microwave signal generation [8,9], in which the optoelectronic oscillator (OEO) has
attracted extensive research attentions due to its feature of wideband tunable microwave
signals generation with ultra-low phase noise [10–13]. Up to now, a variety of typical OEOs
have been reported to extend the frequency-tunable range or the purity of the generated
signal. The broadband frequency-tunable OEOs based on a microwave photonic filter
constructed by a phase-modulation and phase-shifted Bragg gratings or SBS effects are
discussed in [14]. The dual-loop OEO is proposed to balance the contradiction between
the phase noise and the spur suppression ratio [15]. More and more technologies, such as
injection locking [16,17] or phase-locked loop [18,19], appear later to purify and stable the
generated signal. The key point for the low phase noise is the high-quality factor benefit
from the low optical loss of the fiber delay line, which on the contrary deteriorates the
long-term stability and the size of the OEO limits their practical applications. More com-
pact OEOs based on the whispering gallery mode resonators have attracted huge attention
recently as replacements for the several kilometer fibers [20]. However, the above schemes

Photonics 2022, 9, 772. https://doi.org/10.3390/photonics9100772 https://www.mdpi.com/journal/photonics

https://doi.org/10.3390/photonics9100772
https://doi.org/10.3390/photonics9100772
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://doi.org/10.3390/photonics9100772
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics9100772?type=check_update&version=1


Photonics 2022, 9, 772 2 of 9

mainly focus on the high-quality single-frequency microwave signal generation limited to
the mode construction time, which cannot meet the demands for special signal waveform
applications, especially for radar systems.

Recently, various OEO techniques for radar systems have been proposed. For exam-
ple, a compact integrable linearly chirped microwave waveform generator, based on a
recirculating phase-modulation loop and OEO sections, has been used as a key building
block in photonic synthetic aperture radar systems [21]. The Fourier domain mode-locked
OEO [22–24] has been proposed to generate a linearly frequency-modulated signal with a
large time-bandwidth product, which can effectively alleviate the contradiction between
the detecting range and the range resolution for radar. Further, a novel type of OEO based
on the time-domain mode-locking [24–29] has been demonstrated to generate coherent
pulse trains with short duration and variable repetition rates, which is beneficial for a
pulsed Doppler radar to improve the velocity and range resolution. The so-called actively
mode-locked OEO is realized by injecting an external signal with a low frequency that
is the same as the free spectral range (FSR) of the OEO into the feedback loop. In the
above actively mode-locked OEOs, the central frequency selection is accomplished by the
electrical filters, which limit the tuning range and the system flexibility.

In this paper, we propose a flexible simply tunable microwave-pulse-generation
scheme based on an actively mode-locked OEO. The phase-locked radio frequency (RF)
pulse trains are generated with multi-mode oscillation when an RF signal matching the FSR
of the OEO is injected. The multi-mode oscillation mechanism is theoretically illustrated
and experimentally demonstrated. The repetition rate of the generated signal is recon-
figurable by harmonic mode-locked injection. Different from other actively mode-locked
OEOs composed of electrical filters, the central frequency of the proposed microwave pulse
trains generator is determined by a microwave photonic filter consisting of a phase-shifted
fiber Bragg grating (PS-FBG) and a phase modulator (PM). As a result, the central frequency
can be tuned by simply adjusting the frequency of the laser, and the wideband tuning
range is enabled by the wide reflection bandwidth of the PS-FBG. Furthermore, the velocity
ambiguity function and ambiguity diagram of the generated microwave pulse are also
discussed, which indicates the potential applications in the pulse Doppler radar.

2. Theoretical Analysis

Figure 1 shows the schematic diagram of the proposed microwave pulse generator
based on the actively mode-locked OEO. A continuous-wave (CW) light from a tunable
laser diode (TLD) is fed into a PM. After passing through a Mach–Zehnder modulator
(MZM), a PS-FBG is used as an optical notch filter for accomplishing phase-modulation
to intensity-modulation conversion through an optical circulator (OC). The filtered phase-
modulated optical signal is delayed by a section of single-mode fiber (SMF) and then
detected by a photodetector (PD). With the electrical power loss compensated by a low-
noise amplifier (LNA), the demodulated electrical signal is feedback into the RF port of the
PM to close the OEO loop. Furthermore, the mode-locking can be achieved by applying an
external electrical signal into the MZM, where periodic intensity-modulation is added to
the phase-modulated signal. Simultaneously, the pulse trains are generated at the output
of the PD.

Theoretically, conversion from the phase-modulation to the intensity-modulation is
achieved by using an optical notch filter composed of a PS-FBG. In the frequency domain,
the signal at the output of the PM contains only the optical carrier and the −1st order
sidebands, in which the +1 order optical sideband is filtered out by the notch filter. The
output of the PM can be expressed by applying the Bessel function expansion as [14]:

EPM =
√

TmPout

[
J0(p)ej(ωct) + J−1(p)ej(ωct−ω0t− 1

2 π)

]
(1)
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where Pout is the output optical power of the TLD, ωc and ω0 are the angular frequency
of the optical carrier and the notch angular frequency of the notch filter, respectively. p is
the modulation index of the phase modulator. Tm is the transmission loss of the OEO loop.
Jn(p) is the n-order Bessel function and n is an integer.
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Figure 1. Schematic diagram of the proposed microwave-signals-generation system based on actively
mode-locked OEO. TLD: tunable laser diode, PM: phase modulator, MZM: Mach–Zehnder modulator,
EDFA: erbium-doped fiber amplifier, SMF: single-mode fiber, PC: polarization controller, PS-FBG:
phase-shifted fiber Bragg grating, PD: photodetector, LNA: low-noise amplifier, ESA: electrical
spectrum analyzer, OSC: oscilloscope.

When the electrical signal with an angular frequency of ωRF is applied to the MZM
operated at the quadrature point, the output modulated signal of the MZM can be given by
applying the Bessel function expansion as [30]:

EMZM =
√

2
2
√

TMEPM

+∞

∑
n=−∞

Jn(m)ej(nωRFt+n π
2 )

=
√

2
2
√

TmPoutejωct

{[
J0(p) + J−1(p)e(−ω0t− 1

2 π)

]
+∞

∑
n=−∞

Jn(m)ej(nωRFt+n π
2 )

} (2)

where m is the modulation index of the MZM. Jn(m) are the n-order Bessel function. n is
the integer corresponding to the n-order modulation sideband. As shown in Figure 2, a
multimode oscillation is excited by cyclic mode-locking each oscillation frequency with the
injection signal.
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Taking the cascading modulation and the frequency response of the MPF into account,
the effective output electrical signal with the angular frequency around ω0 can be given by:

Iout ≈ TmPout<
{

J0(p)J−1(p)J0(m)
+∞

∑
n=−∞

Jn(m) cos

[
(ω0 − nωRF)t + (1− n)

π

2

]}
(3)
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where < is the responsivity of the PD. There is a fixed frequency differences of ωRF and
a phase difference of π

2 between the adjacent sidemodes. If ωRF is equal to the angular
frequency interval ωFSR between the two adjacent modes, the generated pulse trains with
frequency spacing of the FSR will be obtained after hundreds cycles in the OEO cavity,
resulting in oscillation of all the modes selected by the MPF. Furthermore, if ωRF is set to
be nωFSR (n is a positive integer), the multimode with frequency spacing of nωFSR will
oscillate. As a result, the frequency interval of the generated pulse trains can be selected by
adjusting the frequency of the injection signal.

Moreover, in the time domain, when the period of the input electrical signal is equal
to the 1/n of one round-trip time delay of the OEO, only the signal at the time points with
net gain can oscillate in the OEO cavity, where the coherent microwave pulse trains can be
formed after multiple loop iterations. The pulse repetition interval (PRI) of the generated
signals can be expressed as [31]:

Tr =
2π

ωRF
=

Td
n

(4)

where Td is equal to one round-trip time delay of the OEO, n is the positive integer that
is equal to 1 for the fundamental mode-locking and more than 1 for the harmonic mode-
locking. The pulse width is determined by the bandwidth of the generated signal, and a
narrower time-width can be obtained by using the MPF with a larger bandwidth.

3. Results and Discussion

A proof-of-concept experiment was carried out to study the operation of the proposed
microwave-signals-generation system based on the actively mode-locked OEO. A TLD
(ID Photonics Co Brite DX4) was used to generate the optical carrier with a wavelength of
1549.966 nm and an output power of 15.5 dBm. The optical carrier was then sent to a PM
(iXblue MPZ-LN-40) with a bandwidth of 40 GHz. The output of the PM was connected
to an MZM (EOSPACE AX-OMVS-40) biased at the quadrature point with a bandwidth
of 40 GHz, and a half-wave voltage of 4.5 V. A PS-FBG was used as a notch filter with
the notch wavelength of 1549.892 nm. The filtered signal was delayed by transmitting a
100 m SMF. The FSR of the OEO was 1.68 MHz measured by the electrical signal analyzer
(Keysight N9040B), indicating that the whole loop delay was ~596.96 ns. The detection
of modulated optical sidebands was implemented via a PD (Finisar HPDV2120R) with
a typical responsivity of 0.7 A/W and a bandwidth of 50 GHz. Two electrical amplifiers
(Keysight N4985A and SHF826H) were employed to provide a gain with a maximum of
50 dB for feeding back the generated electrical signal. A 1:9 electrical coupler was equipped
for closing the OEO loop and outputting the generated signal. The electrical injection
signal was generated by an electrical signal generator (Keysight E8267D). The electrical
spectra and waveforms were measured by an electrical signal analyzer (Keysight N9040B)
and a digital storage oscilloscope (Keysight DSO-X 93204A), respectively. The key device
parameters in the OEO are listed in Table 1.

Table 1. Device parameters in the OEO.

Equipment Parameters Values and Units

TLD Wavelength 1549.966 nm
RF source Frequency 1.68 MHz
PS-FBG Notch wavelength 1549.892 nm

PM Half-wave voltage 4.5 V
MZM Half-wave voltage 4.5 V

PD Responsivity 0.7 A/W

To verify the role of mode-locking, the frequency spectrum of the generated microwave
signals was measured with a resolution bandwidth (RBW) of 3 kHz. Figure 3a shows
the frequency spectrum of the microwave signals generated without external injection,
in which case the OEO was operating at the free-running state. The oscillation signals
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with a dominant mode at 9.25 GHz and multiple spurs were generated. When an RF
signal with the frequency of 1.68 MHz and the power of 20 dBm was applied on the
MZM, a stable multimode oscillation with bandwidth determined by the passband of the
filter was obtained, as is shown in Figure 3b. It indicated that all modes were oscillated
simultaneously due to the phase locking [28], while the poor flatness of the frequency
comb may be caused by the poor flatness of the PS-FBG notch filter, or the affection of the
environmental factors. The inset of the Figure 3b shows that the adjacent mode interval
is 1.68 MHz, which is consistent with the FSR of the free-running OEO. The tunability of
the central oscillation frequency can be achieved by adjusting the wavelength of the TLD.
Figure 3c shows the phase noise curves of the active mode-locked OEO, free-running OEO
and the injected RF signal, respectively. The side-mode power was significantly increased
compared with that of the free-running OEO, which is similar to the previously reported
active mode-locked technique. In addition, comparing with the reported techniques [29],
the SSB phase noise was improved by ~10 dB. The phase noise performance of the external
injected microwave signal was also measured and given in grey line at Figure 3c. Moreover,
Figure 3d shows the transmission and reflection spectrum of PS-FBG used in the experiment,
and the notch wavelength was ~1549.892 nm with a reflection bandwidth of ~0.576 nm.
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Figure 4a shows the temporal waveform of the generated microwave pulses based
on the fundamental mode-locking, in which the external injection frequency is 1.68 MHz.
It is clear to observe that the pulse period of the waveform is about 596.96 ns, which
is approximately equal to the fraction of the frequency interval. Figure 4b presents an
enlarged view of one pulse with a 3 dB pulse width of 64.38 ns. The inset of Figure 4b
shows that the single pulse exhibits an excellent cosine characteristic, and the time period
is determined by the central frequency of 9.25 GHz. In order to obtain the velocimetry
range of the generated pulses, the velocity ambiguity function is shown in Figure 4c, in
which the inset is the waveform of the corresponding four pulses. It indicates that the
3 dB bandwidth of the main lobe is ~0.37 MHz and the frequency interval between lobes
is ~1.68 MHz, which corresponds to the anticipated minimum and maximum Doppler
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frequencies. Based on the Doppler effect, the velocity has been calculated by the velocity
measurement equation as follow [32]:

vr =
λ fd

2
(5)

where vr is the radial velocity of the detected target. λ is the radar wavelength. fd is the
measurable target Doppler frequency. Thus, the velocity measurement range is calculated
to be Mach ~17.6 to ~40.7, which can be in response to the hypersonic aircraft such as HTV-2.
Figure 4d shows the ambiguity diagram of the generated four pulses, which exhibits a
distinct peg-board distribution. It indicates that the ambiguity diagram of the generated
microwave signals corresponds to the waveform of coherent pulse trains.
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Figure 5a,b show the generated microwave pulses with a central frequency of 5.47 GHz
and 18.91 GHz at fundamental mode-locking state, which is achieved by changing the laser
frequencies to 1549.936 nm and 1550.043 nm, respectively. The inset of Figure 5a,b are the
corresponding waveforms with the same period of about 596.96 ns. The frequency-tuning
range depends on the reflection bandwidth of the PS-FBG, which can be further expanded
based on the application of a PS-FBG with larger reflection bandwidth.
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As shown in Figure 6, the open-loop frequency response of the proposed active mode-
locked OEO is measured by using a vector network analyzer (VNA, Keysight N5244A).
The central frequency of the MPF filter is tuned by adjusting the wavelength of the TLD,
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resulting in the generation of the frequency combs with varied central frequency from
5.47 GHz to 18.91 GHz.
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Figure 7 shows the generated microwave pulses with harmonic mode-locking of
different orders, which are obtained by varying the frequency of the injection signal. When
the injection frequency is changed to 3.36 MHz, 5.04 MHz and 6.72 MHz, the 2nd order, 3rd
order and 4th order harmonic mode oscillation are achieved accordingly, and the frequency
spectra are shown in Figure 7a,c,e, respectively. The enlarged view in the frequency spectra
shows supermodes with a frequency interval of 1.68 MHz among the dominant oscillating
modes, and the calculated supermodes suppression ratio is above 25 dB. Figure 7b,d,f
sequentially presents the temporal waveforms of the 2nd order, 3rd order, and 4th order
harmonic mode-locking, of which the PRI correspond to 297.62 ns, 198.69 ns, and 148.81 ns,
respectively. It indicates that the pulse period decreases along with the increasing order of
the mode-locking.
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4. Conclusions

In conclusion, we have proposed and demonstrated a novel flexible microwave-pulse
generation-scheme based on an actively mode-locked OEO. A microwave pulse signal with
central frequency of 9.25 GHz is generated by injecting a low-frequency electrical signal
into the OEO. The frequency tunability is achieved by simply adjusting the frequency of the
optical carrier, resulting in the central frequency variation of microwave pulses range from
5.47 GHz to 18.91 GHz. Furthermore, the PRI selection is accomplished by the harmonic
mode-locking of different orders, and the generated microwave waveforms with varied
PRI of 596.96 ns, 297.62 ns, 198.69 ns and 148.81 ns are obtained. The proposed flexible and
feasible microwave-pulse-generation method can find applications in the fields of pulse
Doppler radar and communications.
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