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Abstract—We propose and experimentally demonstrate a novel
method for coherent dual-band microwave pulse signal gen-
eration with variable repetition rates based on an actively
mode-locked optoelectronic oscillator (OEO). In the proposed
structure, the carrier frequencies of the dual-band signal are
determined by a dual-band bandpass filter (DB-BPF) embed-
ded in the OEO loop. Stable oscillation and phase coherence
between the two carrier frequencies are achieved through mutual
frequency conversion and energy coupling induced by an injec-
tion signal applied to the intracavity MachZehnder modulator
(MZM), whose frequency equals the interval between the two
carriers. Simultaneously, microwave pulse signal generation is
realized by applying an additional low-frequency electrical wave-
form to the bias port of MZM for active mode-locking. This
signal is tuned so that its frequency aligns with an integer
multiple of the oscillation loop’s free spectral range (FSR). In
a proof-of-concept experiment, coherent dual-band microwave
pulse signals with carrier frequencies of 10 and 16.091 GHz
are generated. Different pulses repetition rates of 100.3, 200.6,
and 501.5 kHz are achieved through fundamental, second-order
harmonic, and fifth-order harmonic mode-locking, respectively.
Furthermore, coherent dual-band staggered double-pulses within
one cavity period are successfully generated. The phase noise of
the generated microwave pulse signal was measured to be below
−139 dBc/Hz at a 10 kHz offset frequency.

Index Terms—Active mode-locking, coherent, dual-band, opto-
electronic oscillator (OEO), staggered pulse.

I. INTRODUCTION

COHERENT dual-band microwave pulsed signals are
essential for next-generation radar systems, offering

superior performance in target detection, classification, and
tracking across diverse and demanding scenarios [1], [2], [3].
By leveraging multiple frequency bands, such signals enable
multimodal detection, enhance spatial and temporal resolution,
and significantly improve sensitivity for range and velocity
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measurements. In addition, the inherent frequency diver-
sity strengthens antistealth capability against low-observable
targets and enhances resilience against electronic countermea-
sures, delivering robust antijamming performance in complex
electromagnetic environments [4], [5]. These advantages make
coherent dual-band microwave pulsed signals a key enabling
technology of advanced radar technologies [1].

Conventional electronic techniques for generating coher-
ent dual-band microwave pulse signals include direct digital
synthesis (DDS) [6], phase-locked loops (PLLs) [7], and
voltage-controlled oscillators (VCOs) [8]. DDS provides pre-
cise phase coherence through digital waveform synthesis
but suffers from poor phase noise and spurious signals at
high frequencies. PLLs synchronize multiple oscillators to a
common reference but are limited by feedback loop band-
width and noise. VCOs generate tunable signals through
voltage control, achieving dual-band signals via mixing or
frequency multiplication, yet their high phase noise restricts
precision at higher frequencies. As a result of well-known
electronic limitations, microwave pulse signals generated using
these components face challenges in expanding to multiple
high-frequency bands, with their phase noise performance
degrading significantly as the frequency increases. [9]. These
limitations have prompted the pursuit of microwave photonic
techniques as viable alternatives.

Optoelectronic oscillators (OEOs) [10], [11], which incor-
porate long optical delay lines, have become attractive
candidates for generating high-frequency microwave signals
with ultralow phase noise. Over the past decade, significant
advancements have been made in phase noise suppression [12],
[13], [14], sidemode suppression [15], [16], [17], wideband
waveform generation [18], [19], signal processing [20], [21]
and so on. However, conventional single-loop OEOs inherently
support only one oscillation mode due to intracavity mode
competition, making multiband signal generation challenging
[22], [23].

Inspired by the topological similarity between OEOs
and mode-locked lasers, mode-locking techniques have been
adapted to OEOs to enable microwave pulse generation. In
[24], a passive mode-locking scheme was demonstrated by
saturating the in-loop high-frequency amplifier, producing
single-band microwave pulses at a carrier frequency of 650
MHz with a repetition rate of 1.0543 MHz. In [25], [26], [27],
[28], and [29], active mode-locking has been implemented in
OEOs, where an external low-frequency signal is introduced
to dynamically control the gain within the loop cavity. This
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approach facilitates phase-locking among adjacent oscillation
modes, leading to the successful generation of microwave
pulse signals. By adjusting the frequency of the modulation
signal to match an integer multiple of the free spectral range
(FSR) of the active mode-locking OEO (AML-OEO), phase
coherence among longitudinal modes is established, allowing
stable multimode oscillation. Additionally, pulse repetition
frequency of the generated pulses can be tuned using harmonic
mode-locking technology. While most reported mode-locked
OEOs focus on single-band operation, dual-band microwave
pulse generation has also been explored in OEOs [28],
[29]. In [28], a polarization-multiplexed active mode-locking
OEO employing a dual-polarization binary phase shift keying
modulator was demonstrated for the generation of frequency-
tunable dual-band microwave pulses; however, the two pulse
trains were phase-independent and thus lacked coherence,
and the generated signals were prone to degraded amplitude
and frequency stability due to polarization variations induced
by environmental perturbations. In [29], an OEO employ-
ing an ASE source, a programmable optical filter, and long
fiber dispersion achieved single-frequency, dual-frequency, and
mode-locking oscillations, but the generated signals exhibited
relatively poor phase noise and signal-to-noise ratio, lacked
mutual coherence, and the overall configuration was relatively
complicated.

In this work, we propose and experimentally demonstrate a
novel approach for generating coherent dual-band microwave
pulse signals based on an AML-OEO. In the proposed scheme,
the carrier frequencies of the dual-band signals are determined
by a dual-band bandpass filter (DB-BPF) incorporated into
the OEO loop. An external RF signal, with a frequency equal
to the difference between the two oscillation frequencies, is
injected into the loop to establish phase coherence between
the two oscillation tones. Leveraging the nonlinearity of
the Mach–Zehnder modulator (MZM), this injection induces
mutual frequency conversion and energy coupling between the
two carriers, thereby synchronizing their phases. To achieve
active mode-locking, an external single-tone electrical signal
with a frequency that is an integer multiple of the FSR of
the loop is applied to the bias ports of the MZM, dynam-
ically modulating the loop gain. This modulation enables
phase locking among adjacent longitudinal modes, resulting
in the generation of microwave pulse signals with a repetition
frequency equal to that of the injected low-frequency signal.
Moreover, by injecting a custom-designed full-wave signal,
dual-band staggered double-pulse waveforms can be produced
within a single cavity round-trip time. The phase coherence
of the dual-band microwave pulse signals is preserved through
intracavity mutual injection locking. This architecture opens a
new pathway toward waveform generation for advanced dual-
band radar and communication applications.

II. PRINCIPLE AND ANALYSIS

Fig. 1(a) depicts the principle of generating coherent dual-
band microwave pulse generation using an AML-OEO [22].
The continuous-wave light from the laser diode is passed
through a variable attenuator and then fed into the MZM,
where it is modulated by the feedback microwave signal,
resulting in an intensity-modulated optical waveform. After

Fig. 1. Principle of microwave pulse signals generation based on an actively
mode-locked OEO. (a) Schematic of the experimental setup. (b) Frequency
relationships between the injection frequency and the two oscillation frequen-
cies. (c) Time domain mechanism of AML-OEO mechanism. (d) Generation
of dual-band phase-coherent pulse signals by bias-controlled modulation of
loop gain. (e) Generation of microwave pulses under fundamental (N = 1) and
harmonic (N ≥ 2) mode locking. (f) Setup for verifying the phase coherence
of the dual-frequency signal through frequency down-conversion. LD: laser
diode, V-Att: variable attenuator, MZM: Mach–Zehnder modulator, SMF:
single-mode fiber, PD: photodetector, DB-BPF: dual-band bandpass filter,
EA: electrical amplifier, EC: electrical coupler, AWG: arbitrary waveform
generator, and FSR: free spectral range.

passing through the single-mode fiber, the modulated opti-
cal signal is converted to a photocurrent by the high-speed
photodetector (PD). The electrical signal generated by the
PD passed through a DB-BPF, which selects the desired
oscillation frequencies for the OEO. An electrical amplifier
is subsequently employed to compensate for loop losses.
After that, the electrical signal is split into two paths by
an electrical coupler. One path is directed to a phase noise
analyzer for phase noise performance and frequency spectrum
measurement, while the other is fed back into the MZM
with an external RF signal by another electrical coupler to
complete the OEO loop. Unlike traditional OEOs, the bias
ports of the MZM are driven by low-frequency electrical
waveform from an arbitrary waveform generator (AWG) rather
than a direct-current (dc) voltage. Adjusting the amplitude and
frequency of the low-frequency electrical waveform allows
dynamic tuning of the cavity’s net gain, thereby facilitating
the formation of microwave pulse signals. When the AWG is
switched off and the RF source is activated, the OEO operates
in a dual-frequency oscillation mode, producing coherent dual-
frequency signals. The two oscillation modes are selected
by the DB-BPF with the center frequencies denoted ω1 and
ω2. An external RF signal, produced by a signal generator
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and corresponding to the frequency spacing between the two
oscillation signals, is introduced into the OEO loop. In the
steady state, the frequency of the injection signal ωinj equals
ω2 − ω1. As depicted in Fig. 1(b), frequency mixing occurs
in the MZM due to its modulation nonlinearity. During the
frequency mixing process, the oscillation frequency of ω2 is
downconverted to ω2−ωinj by mixing with ωinj. As ωinj equals
ω2 − ω1 in the steady state, the downconverted frequency
equals ω1 and is injected into the ω1 oscillation loop. By
carefully adjusting the loop gain and phase, the oscillation
loop at ω1 is injection-locked by the downconverted signal
from ω2. Simultaneously, the oscillation frequency of ω1 is
upconverted to ω1 + ωinj, which then injection locks the
oscillation loop at ω2 using a similar mechanism. This process
achieves mutual injection locking between the two oscillation
modes and suppresses loop gain competition. Consequently,
two stable and coherent frequencies oscillate in a single OEO
loop [22].

The voltage expression of the microwave signal applied to
the MZM can be mathematically described as follows:

Vin-MZM (t) = Vinj cos
�
ωinjt + ϕinj

�
+ V1 cos (ω1t + ϕ1) + V2 cos (ω2t + ϕ2) (1)

where Vinj,V1,V2, ϕinj, ϕ1, ϕ2 are the electrical amplitude and
initial phase of the injection signal and the two oscillation sig-
nals, respectively. Introducing Vin−MZM(t) to the transmission
function of the MZM, the signal after a single round-trip in the
OEO loop, which is reinjected into the MZM, can be written
as [10]

VEA (t) = Vph {1 + cos π [Vin-MZM (t) /Vπ + VDC/Vπ]} (2)

where Vph = 0.5α0GAR<Pc exp(−αL), α0 is the insertion
loss of the modulator, GA represents the voltage gain of
the electrical amplifier, R and < denote the impedance and
responsivity of the PD, respectively; Pc is the optical power
injected into the MZM; α and L are the attenuation coefficient
and the length of the single-mode fiber, respectively. Vdc
is applied dc bias voltage, and Vπ is half-wave voltage of
the MZM. Additionally, assuming small-signal modulation in
oscillation loop, the DB-BPF filters out high-order harmonics
and other intermodulated frequency components. Therefore,
the final output signal, after being filtered by the DB-BPF, is
given by
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(3)

where Jn(∗) is the nth Bessel function, and according to
(3), in order to introduce intermodulation terms between the
dual-frequency signal and the external injection signal, the
MZM must not operate at the quadrature bias point, that is,
Vdc , Vπ/2. As shown in (3), the output signal comprises
the oscillation frequencies ω1 and ω2, as well as frequency-
converted components ω1+ωinj and ω2−ωinj, which arise from
the nonlinear characteristics of the MZM. When the injection
signal at ωinj is set equal to the difference between ω1 and ω2,
the down-converted component ω2 − ωinj coincides with ω1,
thereby injection-locking the mode at ω1. Simultaneously, the
upconverted component ω1 +ωinj injection-locks the mode at
ω2. The single-tone microwave signals at f1 and f2 have phases
locked to ϕ2 − ϕinj and ϕ1 + ϕinj, respectively, establishing
a stable phase synchronization. These frequency conversion
and mutual injection-locking processes suppress mode compe-
tition, enable stable dual-frequency oscillation, and maintain a
fixed phase relationship, resulting in strongly phase-coherent
dual-frequency oscillation.

When the AWG is turned on, active mode-locking is initi-
ated within the loop, causing all longitudinal modes within
each filter passband to become phase-locked. In the time
domain, a periodic electrical signal is applied to the bias port
of the MZM, resulting in a periodic modulation of the net
gain in the OEO loop. Mathematically, the microwave signal
driving the MZM bias port can be expressed as

VAWG (t) = VAWGsin (ωAWGt) (4)

where VAWG, and ωAWG are the electrical amplitude and
angular frequency of the low-frequency electrical waveform.
The frequency of the low-frequency electrical waveform will
meet

ωAWG = 2πN fFSR (5)

where N is positive integer, and the corresponding output
optical signal of the MZM can be expressed as follows:

Eout = E0 exp ( jωct) cos
�
π

Vπ
Vin (t) +

π

Vπ
Vbias (t)

�
= E0 exp ( jωct) cos

�
π

Vπ
Vin (t) +

πVDC-AML

Vπ

+
πVAWG

Vπ
sin (ωAWGt)

�
(6)

where E0 represents the amplitude and ωc denotes the angular
frequency of the optical carrier. Vbias(t) = Vdc−AML + VAWG
sin(ωAWGt) is the bias voltage of the MZM, where Vdc−AML is
the applied dc bias voltage under the AML state. Vin(t) is the
oscillation signal in the loop.

Following a single cavity loop, the electrical signal applied
to the MZM can be described by:

Vout (t) = Vph

�
1 + cos

�
π

Vπ
Vin (t) +

πVDC-AML

Vπ

+
πVAWG

Vπ
sin (ωAWGt)

��
. (7)

Thus, the open-loop small-signal gain of the OEO in the
time domain is calculated is [24]

Gs (t) =
dVout

dVin

ˇ̌̌̌
Vin=0
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=
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(8)

According to (8), the small-signal gain Gs(t) of the open-
loop is governed by the bias voltage of the MZM. This
results in a time-varying modulation of the loop gain, with
a modulation frequency equal to that of the externally applied
low-frequency electrical waveform. When this driving signal
is a periodic sinusoidal waveform, the corresponding tem-
poral variation in loss within the OEO loop is depicted in
Fig. 1(c). The loop oscillation occurs when the loop reaches
its minimum loss. At these moments, the net loop gain exceeds
unity, allowing microwave signals to be amplified during each
round-trip. According to (3), when the MZM is biased at Vdc,
coherent dual-frequency signals are generated in the OEO
through mutual energy coupling and frequency conversion,
effectively breaking the intracavity gain competition. Under
this condition, the variable attenuator is adjusted to ensure
that the loop gain at the dual-frequency operating point is
slightly greater than one, thereby just meeting the oscillation
threshold. As described by (8), the loop gain is dynamically
modulated by the externally applied low-frequency driving
signal. To fulfill the oscillation condition, namely that the loop
gain exceeds unity, the instantaneous bias must satisfy

VDC-AML ± VAWG = VDC. (9)

As shown in Fig. 1(d), when the dc bias used for gen-
erating dual-frequency signals is set below the quadrature
point (Vdc < Vπ/2), the oscillation condition [as described by
(9)] is satisfied only when the sum of the dc bias Vdc−AML
and the amplitude of the modulation signal VAWG equals the
bias voltage required for generating coherent dual-frequency
signals Vdc. At this moment, the loop gain slightly exceeds
unity, triggering oscillation and enabling the generation of
dual-frequency signals. This means that oscillation occurs
only when the driving waveform reaches its peak amplitude,
at which point the loop gain exceeds unity and coherent
dual-frequency oscillation is initiated. At all other times, the
loop gain remains below unity, and oscillation is suppressed.
If Vdc−AML+ VAWG > Vdc, the oscillation condition is still
satisfied, and microwave signals can be generated. However,
this leads to an extended duration during which the loop gain
remains above unity, resulting in wider output pulses. More
critically, the effective bias point deviates from the condition
defined by (3), thereby disrupting the generation of coherent
dual-frequency oscillations. Similarly, as shown in Fig. 1(d),
when the dc bias used to generate the dual-frequency signal
is set below the quadrature point, the sum of the dc bias
Vdc−AML and the modulation amplitude VAWG must satisfy
Vdc−AML − VAWG = Vdc. Under these conditions, the OEO
establishes active mode-locking, generating microwave pulses
with a carrier frequency equal to the center frequency of the
DB-BPF and a repetition rate matching the modulation fre-
quency. In the frequency domain, this corresponds to equally
spaced, phase-coherent longitudinal modes. As shown in
Fig. 1(e) and described by (8), when N = 1, the system
operates under fundamental mode-locking with one pulse per
round-trip; when N > 1, harmonic mode-locking occurs,
producing N pulses per round-trip.

Since the dual-frequency signals propagate within the same
OEO loop, they experience identical dynamic gain modulation.
By applying a common amplitude modulation to the phase-
coherent dual-frequency carriers, dual-band microwave pulse
signals are generated in the time domain. In the frequency
domain, each band exhibits evenly spaced and phase-locked
oscillation modes, enabling coherent multimode oscillation.
Owing to the mutual phase locking between the two carriers,
the resulting frequency combs in both bands inherit mutual
coherence. Through the transitivity of coherence, all spectral
components within and across the two bands maintain a stable
phase relationship, leading to strongly phase-coherent dual-
band pulse waveforms.

III. EXPERIMENTAL RESULTS

A proof-of-concept experiment was conducted using the
configuration depicted in Fig. 1(a). A narrow-linewidth laser
diode (EM650) provides 20 dBm optical power centered at
1550.2 nm. The MZM (Fujitsu FTM7938) features an RF
bandwidth exceeding 20 GHz and a half-wave voltage (Vπ)
of 5 V. The 2-km single-mode fiber introduces approximately
1 dB of transmission loss. The high-speed photodiode
(CETC44 GD45220R) has an RF bandwidth of 20 GHz and
a responsivity of 0.8 A/W. The low-noise electrical amplifier
(Talent Microwave TLNA02G18G) provides an RF gain of
30 dB from 2 to 18 GHz. The DB-BPF has two passbands
centered at 10 and 16.08 GHz, with 3-dB bandwidths of 10
and 20 MHz, respectively. A microwave signal generator is
employed to produce the external injection signal (Keysight
E8257D), and the spectral characteristics of the generated
RF signals are analyzed using a phase noise analyzer (R&S
FSWP26) with spectrum analysis capabilities. When the AWG
is turned off and the RF source is turned on, a stable dual-
frequency signal can be generated by tuning the MZM bias
voltage and adjusting the phase shifter in the loop.

Fig. 2 exhibits measured spectrum of the generated dual-
frequency microwave signals. As shown in Fig. 2(a), two
distinct microwave tones are simultaneously generated at
10 GHz (X-band) and 16.091 GHz (Ku band), precisely
aligned with the center frequencies of the DB-BPF. The
measured output powers of the two signals are 0.2 and
0.1 dBm, respectively. According to the injection-locked OEO
phase noise model [30], the near-carrier phase noise of the
generated signal primarily follows that of the injection source,
while the far-from-carrier phase noise is determined by the
free-running OEO. A stronger injection power can extend the
influence of the injection source across a broader offset range,
and the MZM bias point simultaneously affects the loop gain
and the phase noise of the free-running component. As a result,
the phase noise characteristics of the generated dual-frequency
signals vary with different combinations of injection power
[23] and MZM bias. In our experiment, the injected signal was
set to 6.091 GHz, precisely matching the separation between
the two oscillation modes, with an injection power of 5 dBm.
The dc bias voltage of the MZM was adjusted to 4.8 V, about
1 V below the quadrature point of 5.8 V. This specific combi-
nation of injection power and bias voltage effectively broke the
mode competition and yielded optimal performance in terms of
both side-mode suppression ratio and phase noise. The primary
spurious component observed is the second harmonic of the
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Fig. 2. (a) Measured spectrum of the generated dual-frequency microwave
signals over a 26.5 GHz span. (b) Detailed spectrum of the 10 GHz signal
within a 1 MHz span. (c) Detailed spectrum of the 16.091 GHz signal within
a 1 MHz span. RBW: resolution bandwidth.

Fig. 3. Single-sideband phase noise curves of the generated dual-frequency
microwave signal when AWG is turned off.

10 GHz tone, while other spurious signals arise from nonlinear
mixing effects within the MZM and electrical amplifiers, as
well as residual leakage of the injected signal. Fig. 2(b) and
(c) provides zoomed-in view views of the 10 and 16.091 GHz
signals over a 1 MHz span, shown as the blue and red traces,
respectively. Insets in both figures display the corresponding
S21 transmission responses of the DB-BPF, confirming the
precise spectral alignment of the generated tones. A side-mode
suppression ratio exceeding 75 dB is observed for both signals,
validating the effectiveness of injection-locking. Both signals
exhibit a FSR of 100.3 kHz, serving as a critical reference
for determining the suitable driving frequency used in active
mode-locking and gain modulation.

The single-sideband phase noise spectra of the gener-
ated RF signals are shown in Fig. 3. The blue and red

Fig. 4. Measured spectra of the generated dual-band microwave signals.
(a) Spectrum in the X–band. (b) Spectrum in the Ku band. (c) Magnified
view of (a) within a 500 kHz span. (d) Magnified view of (b) within a
500 kHz span.

traces represent the phase noise of the 10 and 16.091 GHz
tones, respectively. Both frequency components display sim-
ilar low phase noise characteristics, with values better than
−139 dBc/Hz at a 10 kHz frequency offset. To further evaluate
their phase coherence, the generated dual-frequency signal is
divided into two paths using an electrical coupler, as shown
in Fig. 1(f). The 10 and 16 GHz components are first isolated
using narrowband bandpass filters, and each filtered signal is
then amplified by a low-noise amplifier (TLPNA0.1G22G-12-
18) to provide sufficient power for driving the mixer. The
two signals are fed into the LO and RF ports of a mixer
(Marki T218GLS), respectively. The down-converted signal is
subsequently sent to an FSWP for phase noise measurement.
The resulting difference-frequency signal exhibits a 30 dB
reduction in phase noise at a 10 Hz offset, compared to either
individual tone, confirming excellent coherence and mutual
stability. It is worth noting that the slightly higher phase noise
observed in the mixed signal beyond 1 kHz offset, compared to
that of the original dual-frequency OEO output, is primarily
attributed to the additive phase noise introduced during the
downconversion process [31], [32], [33], which arises from
the combined effects of the nonideal noise characteristics of
the low-noise amplifiers preceding the mixer and the intrinsic
noise contributions of the mixer itself.

By setting the dc bias of the MZM to 4.6 V (Vdc−AML),
activating the AWG, and applying an external modulation
signal with a frequency of 100.3 kHz (matching the FSR of
the OEO) and an amplitude of 0.2 V, and by adjusting the
variable attenuator, the longitudinal modes within the loop
become phase-locked, thereby achieving fundamental mode-
locking. As a result, all longitudinal modes that fall within
the net gain bandwidth, which is primarily determined by the
DB-BPF, oscillate simultaneously, as illustrated in Fig. 4. This
observation confirms coherent multimode oscillation within
the OEO loop and demonstrates that gain competition has been
effectively mitigated through the active mode-locking mecha-
nism. Fig. 4(a) and (b) shows the measured RF spectra for the
generated signals at 10 GHz (X-band, blue) and 16.091 GHz
(Ku band, red), respectively. The 3-dB spectral bandwidths
are constrained by the narrow passbands of the employed
electronic filters. The difference in spectral envelopes between
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Fig. 5. Measured temporal waveforms of the generated dual band microwave
pulse signals in the fundamental mode-locking state. (a) Overall pulse train
with a 10-µs period. (b) X-band (10 GHz) pulse with a 615-ns width.
(c) Ku-band (16.091 GHz) pulse with a 610-ns width.

Fig. 6. Single-sideband phase noise of the generated microwave pulse signals
centered at 10 and 16.091 GHz.

the two bands arises from the distinct filtering characteristics
of the DB-BPF. A zoomed-in view of the spectrum over a
500 kHz span reveals a longitudinal mode spacing of
100.3 kHz, confirming operation under fundamental mode-
locking. The measured signal-to-noise ratio exceeds 90 dB,
indicating high spectral purity, which can be attributed to the
high Q-factor of the OEO loop.

After filtering, the dual-band pulse signals are routed to two
separate channels of a real-time oscilloscope. Fig. 5 presents
the measured time-domain waveform of the generated dual-
band microwave pulse train under fundamental mode-locking.
The blue trace corresponds to the pulse signal centered
at 10 GHz, whereas the red trace represents the signal at
16.091 GHz. Both waveforms share nearly identical amplitude
envelopes and exhibit a repetition period of approximately
10 µs, corresponding to a pulse repetition frequency of
100.3 kHz. The full width at half-maximum of the microwave
pulse signals in the X-band and Ku band are 615 and
610 ns, respectively. A zoomed-in view of the oscillation
within a single microwave pulse reveals center frequencies of
approximately 10 and 16.091 GHz, respectively. The temporal
waveforms of the dual-band microwave pulse signals exhibit
significant overlap, indicating synchronization in the time
domain and identical temporal sequences.

Fig. 7. Measured spectra and temporal waveforms of the gener-
ated microwave pulse signals under second-order harmonic mode locking.
(a) Spectrum of the X-band signal. (b) Spectrum of the Ku-band signal.
(c) Magnified view of (a) showing a mode spacing of 200.6 kHz. (d) Magnified
view of (b) showing a mode spacing of 200.6 kHz. (e) Time-domain waveform
of the X-band pulse train with a 5-µs period. (f) Time-domain waveform of
the Ku-band pulse train with a 5-µs period.

Fig. 6 illustrates the single-sideband phase noise of the
generated dual-band microwave pulse signals at 10 GHz (red
dashed line) and 16.091 GHz (blue solid line) from an AML-
OEO. The oscillating signals in both bands show comparable
phase noise characteristics. At a 1-kHz frequency offset, the
phase noise is better than −112 dBc/Hz, and at a 10-kHz fre-
quency offset, it is better than −139 dBc/Hz. In Doppler radar
systems, low-phase noise microwave pulse signals improve the
accuracy and sensitivity of velocity measurements. To verify
the coherence of the dual-band microwave pulse signals, the
two outputs are filtered and mixed using a frequency mixer
after amplification. The resulting difference-frequency signal
exhibits a 30 dB phase noise improvement at a 10 Hz offset
compared to individual signals, as shown by the light green
curve in Fig. 6. This result confirms the high phase and
frequency coherence between the two bands, attributed to the
mutual injection locking mechanism.

Microwave pulse signals with tunable pulse repetition fre-
quency are highly desirable in modern radar applications,
as they enhance velocity resolution, improve resistance to
jamming, and offer increased operational flexibility. However,
in conventional OEO, the fixed length of optical fibers inher-
ently restricts the loop’s FSR, thus limiting pulse repetition
frequency agility. Although replacing fibers of different lengths
can overcome this constraint, it introduces additional system
complexity and redundancy. To overcome this limitation, har-
monic mode-locking is adopted by setting the modulation
frequency to an integer multiple of the cavity’s FSR. Fig. 7
illustrates the spectra and temporal waveform for second
harmonic mode-locking, achieved by setting the frequency
of the low-frequency electrical waveform to 200.6 kHz. The
RF spectra in Fig. 7(a) and (b), measured with a RBW of
500 Hz, show stable multimode oscillations centered at
10 and 16.091 GHz. The zoomed-in spectra over a
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Fig. 8. Measured spectra and temporal waveforms of the generated
microwave pulse signals under fifth-order harmonic mode locking. (a) Spec-
trum of the X-band signal. (b) Spectrum of the Ku-band signal. (c) Magnified
view of (a) showing a mode spacing of 501.5 kHz. (d) Magnified view of
(b) showing a mode spacing of 501.5 kHz. (e) Time-domain waveform of
the X-band pulse train with a 2-µs period. (f) Time-domain waveform of the
Ku-band pulse train with a 2-µs period.

1 MHz span in Fig. 7(c) and (d) reveal a longitudinal
mode spacing of 200.6 kHz, confirming second harmonic
mode-locking (N = 2). The corresponding time-domain sig-
nals in Fig. 7(e) and (f) exhibit pulse periods of ∼5 µs,
consistent with the doubled pulse repetition frequency. Nev-
ertheless, spurious supermodes with the same interval of
200.6 kHz are observed between the dominant comb lines,
with a suppression ratio of approximately 43 dB, as indicated
in Fig. 7(c) and (d). These supermodes, lacking phase coher-
ence, degrade pulse quality, and power stability. Numerous
techniques have been proposed to suppress such supermode
noise in AML-OEO systems [34], [35]. Fig. 8 demonstrates the
results under fifth-harmonic mode-locking, where the modula-
tion frequency is set to 501.5 kHz, increasing the mode spacing
and reducing the pulse period to ∼2 µs. Despite the increased
pulse repetition frequency, the measured phase noise remains
consistent across different harmonic orders, as shown in Fig. 6.
This demonstrates the robustness of the proposed scheme in
generating high-repetition-rate microwave pulse signals with
excellent phase noise performance, making it well-suited for
high-resolution radar and high-data-rate communication sys-
tems.

Conventional pulse trains with fixed pulse repetition fre-
quency inherently limit the trade-off between maximum
unambiguous range and maximum unambiguous velocity in
radar systems [36]. In contrast, staggered pulse waveforms,
characterized by nonuniform time intervals between adjacent
pulses, offer a promising solution to this constraint [37], [38].
By varying the pulse time interval according to predefined
patterns, these waveforms enable a significant enhancement
in the maximum unambiguous velocity—albeit with a slight
compromise in range resolution. In our experiment, the AWG
is configured to output a waveform with a total period of 10 µs,
containing two Gaussian-shaped pulses with unequal temporal

Fig. 9. Spectra of the generated staggered double-pulse signals at
(a) 10 GHz and (b) 16.091 GHz. (c) Temporal waveforms of the X-band
(blue) and Ku-band (red) pulse signals, along with the injected waveform
(purple). (d) Spectrogram of the dual-band staggered double-pulse signals.

spacing within each cycle, as illustrated by the purple curve in
Fig. 9(c). In this configuration, during a single-loop period, the
loop gain exceeds unity at two distinct moments. According to
(8), the OEO oscillates at these specific moments, resulting in
the generation of staggered pulse signals at the corresponding
positions. Fig. 9(a) and (b) displays the spectra of the stag-
gered double-pulse signals with carrier frequencies of 10 and
16.091 GHz, respectively. The corresponding time-domain
waveforms are presented in Fig. 9(c), where the blue and red
curves represent the X-band and Ku-band signals. The tempo-
ral spacing between the two pulses exhibits a 7:3 ratio, which
aligns well with the injected waveform, validating the control
strategy and corroborating theoretical expectations. To analyze
the time–frequency characteristics of the generated waveform,
the output signals from the OEO are directly captured by
a real-time oscilloscope and processed using a short-time
Fourier transform. The resulting spectrogram is shown in
Fig. 9(d). The time–frequency plot clearly confirms the
generation of dual-band staggered double-pulse signals, simul-
taneously centered at 10 and 16.091 GHz.

IV. CONCLUSION

In this article, we proposed and experimentally demon-
strated a novel method for generating coherent dual-band
microwave pulse signals based on an AML-OEO. The carrier
frequencies of the dual-band signals are selected using a DB-
BPF inserted in the OEO loop. Phase coherence between the
two oscillation modes is established by injecting a radio fre-
quency signal whose frequency equals the difference between
the two oscillating tones. This injection induces nonlinear
frequency conversion and energy exchange through the MZM,
enabling mutual injection locking and thereby stabilizing
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phase-coherent dual-frequency oscillation. To realize pulse
signal generation, a low-frequency electrical waveform is
applied to the MZM bias port, dynamically modulating the
loop gain. By dynamically modulating the gain, the phases
of neighboring longitudinal modes are synchronized, thereby
establishing coherence among all oscillation modes within
the cavity’s net gain bandwidth. As a result, coherent dual-
band microwave pulse trains are generated via the temporal
superposition of longitudinally phase-locked modes centered at
the two oscillation frequencies. The generated pulses maintain
phase coherence in both the time and frequency domains.
In a proof-of-concept experiment, dual-band microwave pulse
signals centered at 10 and 16.091 GHz were successfully
generated. Pulse repetition frequencies of 100.3, 200.6, and
501.5 kHz were achieved under fundamental and har-
monic mode-locking regimes. Furthermore, by injecting a
custom-designed modulation signal, staggered double-pulse
waveforms were obtained within a single cavity period. The
phase noise of the generated microwave pulse signal was
measured to be below −139 dBc/Hz at a 10 kHz offset
frequency. The proposed scheme offers a compact, flexible,
and high-performance solution for the generation of phase-
coherent microwave waveforms, making it highly promising
for applications in pulse radar, advanced wireless communi-
cation, and electronic warfare systems.
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