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Programmable Microwave and Optical Pulse
Generation Based on Coupled
Optoelectronic Oscillator

Li Yang ", Shifeng Liu

Abstract—We propose and experimentally demonstrate a
method for generating programmable microwave and optical
pulses using a coupled optoelectronic oscillator (COEQ). An exter-
nal low-frequency electrical signal is injected into both the optical
fiber loop and optoelectronic loop of the COEO through a shared
intensity modulator. When the period of the external signal matches
the round-trip time of the optical fiber loop, it modulates the gain
in both loops. Once the gain exceeds unity, microwave and optical
pulses are generated in the respective loops. The durations and
positions of these pulses within each period directly correspond
to those of the external signal. Therefore, by manipulating the
external signal, the durations and positions of the microwave and
optical pulses can be flexibly controlled. In a proof-of-concept
experiment, the proposed scheme initially generates a 9.985-GHz
sinusoidal microwave signal along with an 11.47-ps optical pulse.
The repetition rate of the optical pulses matches the frequency of the
microwave signal. Subsequently, by controlling the external signals,
microwave and optical pulse signals with duty cycles of 30%, 50 %,
and 70% are generated within a single period. Additionally, when
external signals with double-pulse waveforms and programmable
durations and positions are applied, the corresponding microwave
and optical pulses are generated by the proposed scheme. The
experimental results confirm that by programming the external
signals, fully programmable microwave and optical pulses can be
successfully generated.

Index Terms—Coupled optoelectronic oscillator, gain control,
programmable microwave and optical pulse generation.

1. INTRODUCTION

ICROWAVE pulses are widely used in modern radar sys-
M tems, communication systems, and electronic warfare
[1], [2], [3]. Programmable microwave pulses enable flexible
control over pulse position and duration, thereby mitigating
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multipath effects in radar systems [4], enhancing anti-jamming
performance in communication systems [5], and deceiving en-
emy radar in electronic warfare scenarios [6], [7]. Similarly, op-
tical pulses are widely used in metrology, micromachining, and
optical communication systems [8], [9]. Programmable optical
pulses enable adaptability to diverse measurement requirements
in metrology systems [10], prevent excessive heat accumulation
in micromachining [11], and provide precise control over pulse
parameters in optical communication systems, thereby reducing
noise, minimizing interference, and lowering bit error rates [12].
The simultaneous generation of microwave and optical pulses
eliminates the need for separate signal sources, simplifies system
architecture, and enables the integration of optical communica-
tion and radar sensing.

Microwave pulses generated by optoelectronic oscillators
(OEOs) have attracted increasing attention due to their low phase
noise and high spectral purity. This type of pulse generation
is typically realized by periodically modulating the loop gain
of the OEO based on the principle of active mode-locking. In
actively mode-locked OEOs, an external signal with a repetition
frequency equal to an integer multiple of the loop’s free spectral
range (FSR) is injected through an electro-optic modulator or an
auxiliary optical or electrical modulator. This signal modulates
the loop gain, thereby enabling the generation of microwave
pulses [13], [14], [15], [16], [17], [18], [19], [20], [21], [22],
[23], [24]. The repetition frequency of the generated microwave
pulses is tunable and corresponds to an integer multiple of the
FSR [13], [14], [15], [16], [17], [18], [19], [20]. In addition to
adjustable repetition frequency, studies have demonstrated that
the shape, duration, and position of generated microwave pulses
can be programmed by tailoring the external signal [21], [22],
[23], [24]. In [25], a Fourier domain mode-locked optoelectronic
oscillator (FDML-OEO) was employed to generate microwave
pulses with varying duty cycles. However, these methods are
limited to generating microwave pulses and cannot simultane-
ously produce corresponding optical pulses.

Common approaches for generating optical pulses include
passive and active mode locking, as well as exploiting Kerr
or electro-optical nonlinearities in optical fibers [26], [27],
[28]. However, the optical pulses generated by these methods
typically exhibit fixed repetition intervals. Optical pulses with
variable intervals and counts can be generated using acousto-
optic [29] or electro-optic [30] modulator-based pulse pickers.
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Fig. 1.  Schematic of the proposed scheme for programmable microwave and

optical pulses generation. EDFA: Erbium-doped fiber amplifier; TODL: Tunable
optical delay line; OS: Optical splitter; PC: Polarization controller; MZM: Mach-
Zehnder modulator; PD: Photodetector; LNA: Low-noise amplifier; PS: Phase
shifter; BPF: Band-pass filter; EC: Electrical coupler; FG: Function generator.

Programmable optical waveforms have also been achieved by
adjusting the gain of a semiconductor optical amplifier within
an optical cavity [31]. However, these methods have difficulty
generating short-interval optical pulses. Adjustable-position op-
tical pulses have been demonstrated in [32] and [33] using
the Talbot effect in a frequency-shifted fiber loop and active
mode-locking, respectively. However, both methods require in-
jecting high-frequency electrical signals into the optical cavity
to generate optical pulses with narrow intervals.

In this paper, we propose and experimentally demonstrate
a scheme for generating programmable microwave and optical
pulses within one period using a coupled optoelectronic oscilla-
tor (COEO). To date, no existing approach has been capable
of simultaneously generating programmable microwave and
optical pulses. In this work, we employ a COEO with gain mod-
ulation to simultaneously generate programmable microwave
and optical pulses, providing precise control over their durations
and positions within each period. In the proposed approach, a
low-frequency external electrical signal is utilized to control the
gain of the optoelectronic oscillation loop (OOL) and the active
mode-locked fiber loop (AMFL) within the COEO. When the
repetition period of the external signal matches the round-trip
time of AMFL and the loop gain exceeds unity, microwave and
optical pulses are generated with durations and positions defined
by the external signal. By manipulating the external signal,
the proposed scheme enables the generation of programmable
microwave and optical pulses.

II. PRINCIPLE

Fig. 1 illustrates the schematic of the proposed system for
generating programmable microwave and optical pulses using a
COEO. The COEO primarily comprises an OOL and an AMFL,
interconnected via a Mach-Zehnder modulator (MZM) and a
photodetector (PD). In the AMFL, an erbium-doped fiber am-
plifier (EDFA) serves as the light source, providing spontaneous
emission as the initial optical signal. The optical signal then
passes through a tunable optical delay line (TODL) and is split
into two paths by an optical splitter (OS). One part is directed
to the PD for conversion into an electrical signal, while the
other passes through a polarization controller (PC) to adjust its
polarization state before entering the MZM. The optical signal
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Fig. 2. (a) Schematic diagram of COEO under different external signals.
(b) Schematic diagram of AMFL generating programmable optical pulses in
COEO.

exiting the MZM is fed back into the EDFA, completing the
fiber loop. The electrical signal from the PD is first amplified by
a low-noise amplifier (LNA1), and then passed through a phase
shifter (PS) for phase adjustment. The phase-shifted signal is
filtered by a wideband bandpass filter (BPF) and amplified by the
LNA2. The amplified electrical signal is divided into two paths:
one serves as the output, while the other is combined with the
low-frequency external signal from a function generator (FG)
using an electrical coupler (EC2) and fed back into the MZM,
completing the optoelectronic loop.

When FG is turned off, the system operates as a conventional
free-running COEO [34]. The circulating optical modes in the
fiber loop are converted into electrical signals by the PD. After
passing through the BPF, only modes within its bandwidth are
preserved and amplified in the optoelectronic loop. These filtered
modes are re-injected into the fiber loop by MZM. The TODL
and PS are adjusted to align their phases with the existing modes
in both loops. The OOL generates a single-frequency signal at
fo = NxFSR, where N is a positive integer and f; corresponds
to the center frequency of the BPF. The fiber loop functions
as an AMFL, generating optical pulses with a repetition rate
matching fo. When FG is turned on, the behaviors of both the
OOL and AMFL deviate from those of a conventional COEO.
Specifically, when an external signal from the FG, with a period
matching the loop’s round-trip time, is injected into the AMFL
by MZM, the phase of the mode is locked to the external signal.
These optical modes are converted into electrical signals via
the PD and subsequently enter the OOL. The mode located
near fy within the BPF passband is also locked by the external
signal, and the spacing between the locked modes is equal to
the frequency of the injected signal. Consequently, the OOL
generates a microwave pulse with a period matching that of the
external signal. Simultaneously, as described in [33], the AMFL
generates corresponding optical pulses synchronized with the
microwave pulse.

Fig. 2(a) illustrates schematic diagrams of programmable mi-
crowave and optical pulses generation by the COEO under three
different external signal conditions. When no external signal is
applied, the gain within the loops and the signals generated by
the system are shown in Fig. 2(al). The gain remains constant, as
indicated by the purple line. When this gain exceeds the oscilla-
tion threshold (black dashed line), the OOL and AMFL generate
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continuous microwave and optical pulses, represented by the
blue and red solid lines, respectively. The repetition frequency
of the optical pulses matches that of the microwave signal,
both determined by the center frequency of the BPF. Fig. 2(a2)
shows the case where an external signal with a fixed duration is
applied. This signal is injected into both the AMFL and OOL
via the MZM, with a period matching the round-trip time of
the AMFL. Due to the loss modulation effect of the MZM, the
gain profile follows the shape of the external signal. Microwave
and optical pulses are generated at time intervals where the
net gain (purple solid line) exceeds the oscillation threshold
(black dashed line), indicating that both types of pulses have the
same duration as the external signal. Fig. 2(a3) presents the case
where the external signal has a double-pulse shape, featuring two
high-level segments of different durations. This signal, with a
period matching that of the AMFL, is similarly injected into both
loops. The resulting microwave and optical pulses, represented
by the red and blue solid lines, respectively, occur at durations
and positions corresponding to the external signal within each
period. These results demonstrate that by adjusting the duration
and positions of the external signal, programmable generation
of microwave and optical pulse signals can be flexibly achieved.

Since the COEO consists of both the OOL and AMFL, the
output signal in the OOL can be expressed as follows, based on
reference [35]:

Vout(t) ==
Vph {]. — sin [W‘/;n(t)/vﬂ— + WVEps(t)/Vﬂ— + WVB/V,,T]} (1)

where V¢ (?) represents the output signal from the RF amplifier
in the oscillation loop, and Vi, (f) and VEpg(¢) represent the input
signal and the external signal applied to the RF port of the MZM,
respectively. Equation (1) shows that the OOL output signal is
determined by the input signal, the external signal, and the bias
voltage of the MZM.

The expression for calculating V,, in (1) is given by:

Vph = RRLoadG 4 (QR]/2) 2)

where Ry ,aq and R are the load impedance and responsivity of
the PD, respectively; G 4 denotes the amplifier gain, a represents
the optical path loss, Py is the optical power input to the PD; and
Vr and Vg denote the half-wave voltage and the direct-current
bias voltage of the MZM, respectively.

By combining (1) and (2), the open-loop gain of the OOL can
be expressed as:

AVt T™Voh wVeps(t) 7Va
Gg = =___r

3)

The MZM in the COEO operates at its linear transmission
point, with the bias voltage fixed at Vg = V./2. According to
(3), the open-loop gain of the OOL is determined by Vgps(f)
[23]. When no external signal is injected into the COEQ, i.e.,
Veps(f) = 0, the open-loop gain remains constant. Under this
condition, the COEO functions as a conventional oscillator,
generating a continuous microwave signal and optical pulses,
as shown in Fig. 2(al). When an external signal is applied,
the loop gain is modulated accordingly. Once the loop gain
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exceeds unity, the OOL generates a microwave pulse signal
whose period and duration match those of the external signal, as
shownin Fig. 2(a2). By adjusting the external signal, the duration
and position of the generated microwave pulse can be flexibly
programmed, as illustrated by the blue solid line in Fig. 2(a3).

In an AMFL, when an arbitrary waveform is applied to
the intensity modulator, the waveform precisely determines the
point of minimum cavity loss within each round-trip time [33].
In the proposed scheme, a microwave signal with programmable
duration and position is generated by modulating the loop gain
in the OOL, as previously described. The generated microwave
signal is subsequently used as the electrical driving signal for
the AMFL. The period of the microwave signal matches the
round-trip time of the fiber loop, and optical pulses are generated
at the point of minimum loss within each round trip, as indicated
by the red curves in Fig. 2(a2) and (a3).

To clarify the mechanism of programmable optical pulse
generation in the AMFL of the COEO, an analytical diagram
is presented in Fig. 2(b). In Fig. 2(b), the blue solid line repre-
sents the electrical signal injected into the cavity via the MZM,
corresponding to the microwave signal from the OOL, while the
red solid line represents the generated optical pulse. According
to [33], the envelope of the optical pulse is expressed as:

I sin?[(2M + 1) (Awt + 0) /2]

Iy (1) ox sin?[(Awt + 6) /2]

“

where Ej is the amplitude of the longitudinal mode in the fiber
loop, 2M+1 denotes the total number of longitudinal modes in
the optical fiber loop contributing to the optical pulse, Aw =
27/T; is the angular frequency spacing between adjacent modes
in the AMFL, T, = 1/FSR is the round-trip time of the AMFL,
and 6 is the fixed phase difference between adjacent modes.

According to (4), I,(¢) reaches its peak when Awt+0 = 2kr
(with £k = 0, 1, 2,..., m, and m is a positive integer). Hence,
1,,(t) represents the envelope of the optical pulse at position 71,
712, ..., 71™. As shown in Fig. 2(b), the optical pulse 1,,,(?)
generated by the AMFL consists of m periods, each with a
duration 7, where 7' = T. Each perlod Tcontalns n pulses, with
their positions denoted by 71, 7o', ..., 7,,', where i represents
the i-th period (i= 1,2, ..., m). The number of pulses n and their
positions within each period are determined by the microwave
pulse from the OOL injected into the MZM. Therefore, the
optical pulse 7,,4(f) can be considered as a chain of n pulses,
each with an interval of 7, starting at 714, 791, ..., 7,1 Thus,
the output optical pulse /,,,(f) can be expressed as:

out Z I

sin?{(2M + 1)[Aw(t — 7)) + 6] /2}
N Z sin? [Aw(t —71)/2+0/2] ©)

According to (5), a programmable microwave pulse injected
into the AMFL generates a corresponding optical pulse. There-
fore, when a low-frequency external electrical signal is injected
into the COEOQ, the OOL produces a programmable microwave
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pulse, thereby enabling the generation of programmable optical
pulses in the AMFL.

III. EXPERIMENTAL AND RESULT

A proof-of-concept experiment for programmable microwave
and optical pulse generation based on COEO was conducted,
with the experimental setup depicted in Fig. 1. Key information
about the devices used in the experiment is presented. The in-
loop EDFA (AEDFAPAP35-B-FA, Amonics) has an adjustable
pump current and provides a maximum gain of 35 dB. The
TODL offers a delay range of 0 to 700 ps. The OS has a power
splitting ratio of 10:90. The MZM (CETC GC15MZPES8715)
has a bandwidth of 20 GHz, an insertion loss of 2.5 dB, and
a half-wave voltage of 4.99 V. It operates at its linear bias
point. The total optical path length is approximately 34.77 m,
corresponding to a FSR of 5.87 MHz and a round-trip time of
170.35 ns.

The PD has a bandwidth of 18 GHz and a responsivity of
0.80 A/W. Both low-noise amplifiers (LNA1 and LNA?2), op-
erating from 2 to 18 GHz, provide a gain of 20 dB. The PS
operates over a frequency range from DC to 18 GHz. The
BPF (TLDBF-10G-E) has a center frequency of 10 GHz, a
bandwidth of 100 MHz, and an insertion loss of 1.08 dB. The
ECl1, operating over a frequency range from 2 to 18 GHz, has
a power splitting ratio of 1:1. The EC2 operates from DC to
26 GHz with a 1:1 splitting ratio. The FG (RIGOL DG4202)
has a 200-MHz bandwidth, a 500-MSa/s sampling rate, and 2
channels. The period of the external electrical signal from the
FG is 170.35 ns, matching the round-trip time of the AMFL.
The output signal from the AMFL is directed into an optical
sampling oscilloscope to obtain the optical pulse. The electrical
signals from the ECI1 are captured using a 50-GS/s real-time
oscilloscope (DSA72004B, Tektronix) for time-domain wave-
form measurements, while the frequency spectra are acquired
using a spectrum analyzer (PXA N9030B, Keysight ESA). The
phase noise of the generated microwave signal is measured using
a phase noise analyzer (FSWP26, R&S), which also supports
spectrum analysis.

A. Continuous Signal Generation

Continuous optical pulse and microwave signal generation by
the COEO was demonstrated without external signal injection.
In the experiment, the EDFA pump current was set to 164 mA,
and the FG was turned off. Compared with the conventional
COEQO, the proposed scheme incorporates a broadband BPF in
the OOL. The passband of the BPF is significantly wider than the
mode spacing of the AMFL. Within the BPF passband, multiple
modes from the AMFL are amplified and oscillate in the OOL.
By tuning the PS and TODL in the loops, one mode in both the
OOL and AMFL can be aligned to achieve maximum gain, while
other modes are suppressed. As a result, the OOL and AMFL
generate a microwave signal and an optical pulse, respectively.
The experimental results are shown in Fig. 3.

Fig. 3(a) and (b) show the spectrum and phase noise curve
of the microwave signal, respectively. With a 1-GHz frequency
span and a 1-kHz resolution bandwidth (RBW), the main mode
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Fig. 3. (a) Electrical spectrum, and (b) single-sideband phase noise curves of

the generated microwave signal in the OOL. (c) Optical spectrum and (d) optical
pulses of the output signal from the AMFL.

is located at 9.985 GHz, and the side-mode suppression ratio
(SMSR) reaches 80.97 dB, as shown in Fig. 3(a). The inset
in Fig. 3(a) displays the electrical spectrum within a 50-MHz
frequency span. The spacing between side modes is 5.87 MHz,
corresponding to the FSR of the AMFL. The frequency of the
microwave signal is nearly equal to the center frequency of the
BPF. The side modes observed in Fig. 3(a) are mainly due to
the fact that the BPF bandwidth (100 MHz) is larger than the
mode spacing (5.87 MHz). The phase noise of the microwave
signal is presented in Fig. 3(b), reaching —130.07 dBc/Hz at a
10-kHz offset. Fig. 3(c) and (d) illustrate the optical spectrum
and the corresponding optical pulse in the AMFL, respectively.
As shown in Fig. 3(c), the optical spectrum exhibits a series of
comb lines spaced at 0.08 nm, superimposed on a Gaussian-
shaped envelope indicated by black dotted lines. The optical
pulse shown in Fig. 3(d) has a period of 100 ps and a full width at
half maximum (FWHM) of 11.47 ps. The pulse period matches
the 0.08-nm comb spacing, both approximately corresponding
to the main mode frequency of the OOL. As demonstrated in
Fig. 3, the proposed structure enables the generation of con-
tinuous microwave signals with high spectral purity, along with
optical pulses featuring narrow temporal spacing and short pulse
width.

B. Different Duration Signal Generation

In this section, microwave and optical pulses with varying
durations are generated using the proposed scheme. The FG
provides two channels: one generates a square wave signal
injected into the proposed scheme, and the other outputs an
electrical signal with the same frequency to serve as a trigger for
an optical sampling oscilloscope. The square waves with varying
duty cycles, serving as external electrical signals of different
durations, are combined with the microwave signal in the OOL
and injected into both the AMFL and OOL. The period of the
square wave, with duty cycles of 30%, 50%, and 70%, is set
equal to the round-trip time of the AMFL. The pump current
of the EDFA is adjusted to ensure that the gain profile, shaped
like the square wave, exceeds the oscillation threshold during its
high level, thereby generating microwave and optical pulses. In
the experiment, the pump current of the EDFA was 154 mA. The
voltage of the square wave signals from FG was 4.05 V. The PS
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in the optoelectronic loop was tuned to ensure microwave and
optical pulses generation. Figs. 4 to 6 display the spectra and
waveforms of the generated microwave and optical pulses under
square wave injections with duty cycles of 30%, 50%, and 70%.

Fig. 4 shows the waveforms and time-frequency diagrams of
the generated microwave pulses using the proposed scheme. In
Fig. 4(al)—(c1), the orange and blue lines represent the square
waves generated by the FG and the corresponding microwave
pulses, respectively. By applying the short-time Fourier trans-
form to the microwave pulses in Fig. 4(al)—(cl), the corre-
sponding time-frequency diagrams are obtained and shown in
Fig. 4(a2)—(c2). The generated microwave pulses have a period
of 170.35 ns, consistent with that of the square waves. As shown
in Fig. 4(a2)—(c2), the durations of the microwave pulses are
50.63 ns, 84.68 ns, and 117.86 ns for duty cycles of 30%,
50%, and 70%, respectively. These measured durations deviate
slightly from the theoretical values of 51.10 ns, 85.18 ns, and
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119.25 ns, mainly due to the bias point offset of the modulator,
which introduces distortion in the gain curve.

An optical sampling oscilloscope operating in eye diagram
mode is used to capture the optical pulses generated by the
proposed scheme. The captured optical pulses are shown in
Fig. 5(al)—(c1). In Fig. 5(al)—(cl), the green waveform repre-
sents the optical pulses, while the orange solid line indicates the
square waves generated by the FG. As shown in Fig. 5(al)—(cl),
the period and duration of the generated optical pulses are consis-
tent with those of the square waves injected into the COEO. Ad-
justing the time window of the sampling oscilloscope results in a
noise-like signal. This is primarily due to the timing jitter of the
low-frequency trigger signal and the sampling process of the op-
tical sampling oscilloscope, which limit the time jitter of the ac-
quired optical pulse waveform. Microwave pulses with a 4-GHz
carrier and optical pulses with a 2.5-ns interval were generated
by replacing the BPF in the OOL with one centered at4 GHz. The
experimental results, recorded using the real-time oscilloscope,
are shown in Fig. 5(a2) and (b2), where the blue and red curves
represent the microwave and optical pulses, respectively. As
shown in Fig. 5(a2), both signals exhibit a 30% duty cycle. In the
2-ns time window of Fig. 5(b2), the microwave carrier is well
aligned with the optical pulse train, consistent with theoretical
expectations.

The spectrum of the 50.63-ns microwave pulse generated by
the proposed scheme is shown in Fig. 6. Fig. 6(a) and (b) show
the electrical spectra of the microwave pulses. Fig. 6(a)
shows the spectrum over a 1-GHz frequency span. The mode
spacing in the electrical spectrum corresponds to the 5.87-
MHz FSR of the AMFL, as shown in Fig. 6(b). The primary
reason for the spectral differences between Figs. 6 and 3 is
the injection of a square wave via the MZM. The signal en-
ables active mode-locking, which phase-locks the modes in
the loop with a mode spacing of 5.87 MHz. As shown in
Fig. 6(a) and (b), compared to Fig. 3(a), multiple phase-locked
modes are centered within the BPF but extend beyond its
3-dB bandwidth due to the existence of the shape factor. In
the optical domain, the closely spaced modes in the optical
loop with a 5.87-MHz interval cannot be clearly resolved be-
cause of the limited resolution of the optical spectrum ana-
lyzer. Therefore, unlike in Fig. 3(c), the spectrum shown in
Fig. 6(c) does not exhibit combs. In summary, by injecting square
waves with varying duty cycles, the proposed scheme success-
fully generates microwave and optical pulses with controllable
durations.

C. Programmable Signal Generation

This section presents experimental demonstrations of the
proposed system’s ability to generate microwave and optical
pulses with programmable durations and positions. First, the
generation of microwave and optical pulses with fixed durations
and variable positions was verified. Subsequently, the system’s
ability to produce signals with both controllable durations and
positions was verified. To clearly demonstrate position control-
lability, dual-pulse waveforms are used as the external signal
injected into the proposed system.
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External signals consisting of dual pulses with fixed durations
of 31.16 ns and varying intervals of 30.66 ns and 50.28 ns
are generated by the FG and injected into the MZM. The
period of the external signals is 170.35 ns, matching the round-
trip time of the AMFL. The pump current of the EDFA was
124 mA, and the microwave and optical pulses with fixed
durations and variable intervals were generated by the proposed
scheme. The corresponding experimental results are shown in
Fig. 7. In Fig. 7(al) and (bl), the orange and blue lines rep-
resent the external signals from the FG and the microwave
pulses generated by the proposed scheme, respectively. The
durations and intervals of the generated microwave pulses match
those of the external signals. Fig. 7(a2) and (b2) show the
time-frequency diagrams corresponding to the microwave pulse
signals in Fig. 7(al) and (bl). The microwave pulses have a
duration of 31.16 ns, with pulse intervals of 30.66 ns and 50.28
ns, respectively. The optical pulses generated by the proposed
scheme are shown in Fig. 7(a3) and (b3), where the green
waveforms represent the optical pulses and the orange solid lines
denote the external signals. The intervals of the optical pulses
are consistent with those of the external signals, confirming that
the positions of the optical pulses are controlled by the injected
waveform.

To verify the proposed scheme’s capability to generate signals
with controllable positions and durations, external signals with
programmable features are generated by the FG and injected
into the system. In Fig. 8(al) and (b1l), the microwave pulses
(blue lines) closely match the external electrical signals (orange
lines). Fig. 8(a2) and (b2) display the time-frequency diagrams
corresponding to the microwave pulses in Fig. 8(al) and (bl).
As shown in Fig. 8(a2), microwave pulses with durations of
75.8 ns and 42.71 ns are generated, separated by 43.27 ns.
Similarly, Fig. 8(b2) shows microwave pulses with durations
of 39.77 ns and 25.80 ns, separated by 42.22 ns. A comparison
of Fig. 8(a) and (b) reveal that the generated microwave pulses
have different durations and positions that precisely match the
external signals. The optical pulses generated by the proposed
scheme are shown in Fig. 8(a3) and (b3), where the green
waveforms represent the optical pulses and the orange solid lines
denote the external signals. The intervals and durations of the
optical pulses are consistent with those of the external signals.
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Fig. 8. The generated microwave signal and optical pulse under the different
durations and intervals. (al) And (bl) The temporal waveform of the microwave
signal. (a2) And (b2) The time-frequency diagram of the microwave signal. (a3)
And (b3) The generated optical pulses.
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Fig. 9. (a) And (b) The electrical spectrum corresponding to the microwave

signal of Fig. 7(al). (c) The optical spectrum corresponding to the optical pulse
of Fig. 7(a3).

Based on the experimental results shown in Figs. 7 and 8, the
durations and positions of the generated microwave and optical
pulses are clearly determined by external signals.

Fig. 9 presents the spectra of the programmable microwave
and optical pulses corresponding to Fig. 7. Fig. 9(a) and (b)
show the electrical spectrum of the programmable microwave
pulse from Fig. 7(al), with a RBW of 1 kHz and frequency
spans of 1 GHz and 50 MHz, respectively. The oscillation
modes in the OOL exhibit a spacing of 5.87 MHz, as shown
in Fig. 9(b). Observed on both sides of the oscillation mode
in Fig. 9(b) mainly originates from the programmable external
signals generated by the FG. Fig. 9(c) shows the optical spectrum
of the programmable optical pulse corresponding to Fig. 7(a3).
In summary, by injecting programmable dual-pulse waveforms
with varying durations and positions within one period, the pro-
posed scheme enables the generation of microwave and optical
pulses with controllable durations and positions.

IV. CONCLUSION

In summary, a novel approach for generating programmable
microwave and optical pulses based on a COEO is proposed
and experimentally demonstrated. Theoretical analysis reveals
that the gain profile replicates the shape of the external signal
and that the optical pulses generated are directly correlated with
the microwave signals injected into the MZM. By tailoring the
external signals, microwave signals with controllable durations
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and positions are generated in the OOL, while corresponding
optical pulses are simultaneously produced in the AMFL. Ex-
perimental results show that without external signal injection,
the proposed scheme achieves the SMSR of 80.97 dB for
the generated continuous microwave signal, a phase noise of
—130.07 dBc/Hz at 10-kHz offset for a 9.985-GHz sinusoidal
signal, and an optical pulse FWHM of 11.47 ps. When square
waves with varying duty cycles are injected as external signals
through the MZM, microwave and optical pulses with different
durations within one period are successfully generated. Simi-
larly, applying external signals with fixed durations and varying
positions results in microwave and optical pulses with matching
durations and positions. Finally, by programming the duration
and position of the external signal within one period, fully
programmable microwave and optical pulses are successfully
generated. This scheme offers a flexible and integrated solution
for advanced radar, communication, and signal processing ap-
plications.
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