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Abstract—In this paper, a simple scheme for linear frequency-
modulated (LFM) waveform generation based on a frequency-
sweeping optoelectronic oscillator is proposed and demonstrated.
The OEO is built up with an optically injected semiconductor laser
and the oscillation frequency can be tuned by adjusting the opti-
cal injection strength. By applying an injection strength controller
in the OEO for rapid frequency sweeping, an LFM microwave
waveform can be generated. When the sweep period of the output
frequency matches with the round-trip time of the OEO cavity,
signal quality of the generated LFM waveform can be significantly
enhanced by the high Q optoelectronic oscillation. In the experi-
ment, an LFM signal with a bandwidth as large as 7 GHz, a chirp
rate reaching 0.18 GHz/ns, and a time-bandwidth product (TBWP)
up to 2804.2 is generated. The corresponding electrical spectrum
is a frequency comb with a contrast as high as 47 dB. Based on
this system, an improved scheme for extending the frequency and
bandwidth of the generated LFM signal is proposed by employing
a polarization modulator to implement microwave photonic fre-
quency multiplication. With this method, an LFM waveform with
a TBWP as large as 13839.1 (bandwidth 15.6 GHz; temporal period
887.12 ns) is obtained.

Index Terms—Linear frequency modulation, microwave pho-
tonics, optical injection, optoelectronic oscillator, semiconductor
laser.

I. INTRODUCTION

L INEAR frequency-modulated (LFM) waveform genera-
tion has been considered as a key technique in modern

radar systems [1]–[4], because LFM waveforms have been
widely employed to enhance both the radar range resolution
and detecting distance. Conventionally, LFM waveforms are
produced electrically via a voltage-controlled oscillator (VCO)
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with a linearly ramping control voltage or a direct digital synthe-
sizer (DDS). However, due to the limitation of current electronic
devices, an electrically produced LFM waveform normally pos-
sess a small bandwidth and a low central frequency. Therefore,
to take advantage of the broadband and high-speed characteris-
tics offered by photonics, many photonic-based methods have
been proposed to generate LFM waveforms. These methods can
be classified into two main categories: (i) spectral shaping to-
gether with wavelength-to-time mapping (WTTM) [5]–[7] and
(ii) external phase-modulation [8] or polarization modulation
[9]. In the first kind of method, an optical spectral shaper is
employed to manipulate the optical spectrum of a mode-locked
laser. Then, WTTM is performed to produce a broadband LFM
waveform after propagating through a dispersive element. How-
ever, the generated LFM waveform usually suffers from a poor
tunability as well as a small temporal duration, which can hardly
meet the requirements in many radar applications. For the sec-
ond kind of method, the main drawback is that the achievable
time-bandwidth product (TBWP) is normally no more than 10,
which is limited by the small modulation index of the current
modulator. Recently, researchers proposed to enlarge the mod-
ulation depth and the resultant TBWP by recirculating phase-
modulation [8] or splitting the parabolic driving electrical signal
[9], but the TBWP is still limited in both cases. What’s more,
the use of a high-speed microwave arbitrary waveform gen-
erator (AWG) would lead to a significant increase in system
complexity and cost.

In Ref. [10], we proposed a photonic scheme to generate LFM
waveforms with a large TBWP by an optically injected semi-
conductor laser. By introducing a low-speed electrical signal to
manipulate the dynamical injection strength of a semiconduc-
tor laser, LFM waveforms with TBWPs as large as 1.2 × 105

(10–22 GHz, 10 μs) are generated. The major drawback of the
generated photonic microwave signal is its poor quality and it
has a large linewidth of 1–10 MHz. To address this problem,
optoelectronic feedback structure is used to stabilize the gener-
ated microwave signal through optically injected semiconductor
lasers [11]–[14]. In Ref. [12], sinusoidal frequency-modulated
(SFM) microwave waveform generation has been demonstrated
by using an optically injected semiconductor laser and optoelec-
tronic feedback stabilization. In this method, the electrical sig-
nal is applied to a high-speed Mach-Zehnder modulator (MZM)
to form a feedback loop. A SFM signal with a bandwidth of
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7.7 GHz and a chirp rate of 0.42 GHz/ns is obtained. However,
the use of high-speed MZM not only increases the system cost,
but also limits the available frequency range of the generated
signal. In the experiment, the highest frequency of the achieved
SFM signal is around 18 GHz. Accordingly, bandwidth require-
ment of the MZM is no less than 18 GHz.

Meanwhile, it has been demonstrated that optoelectronic os-
cillator (OEO) is a promising method to generate frequency-
tunable and high-quality microwave signals [15], [16]. How-
ever, when the central frequency of an OEO is tuned to achieve
frequency sweeping, oscillation has to be established from ther-
mal noise at every new frequency. Such non-stationary oper-
ation, leading to a temporally varying distribution of energy
between the eigen modes of the OEO cavity, would limit the
frequency sweep rate, and result in degraded performance, such
as linewidth broadening, phase discontinuity and limited tuning
range. Therefore, the study on a frequency scanning OEO for
LFM waveform generation has been rarely reported.

In this paper, a simple approach for LFM waveform gener-
ation based on a frequency-sweeping OEO is proposed. The
OEO is built up with an optically injected semiconductor laser,
and its frequency tunability is achieved by adjusting the op-
tical injection strength. In the proposed system, an “injection
strength controller” is introduced to achieve rapid tuning of
the OEO, and an LFM microwave waveform is thus gener-
ated. When the sweep period of the output frequency matches
with the round-trip time of the OEO cavity, which produces a
quasi-stationary mode of operation, and signal quality of the
generated LFM waveform can be significantly enhanced by the
high Q optoelectronic oscillation. In the experiment, an LFM
signal with a sweep range as large as 7 GHz, a tuning rate
reaching 0.18 GHz/ns, and a time-bandwidth product (TBWP)
up to 2804.2 is generated. A frequency comb contrast of 47 dB
is also observed in the spectrum. Besides, feasibility of tuning
the bandwidth, temporal period and frequency band of the gen-
erated LFM waveform is also demonstrated. Furthermore, in
order to achieve a higher frequency and a larger bandwidth, an
improved scheme is further proposed and demonstrated, where
a polarization modulator (PolM) is employed. Such an approach
achieves frequency multiplication of the generated LFM signal
since the PolM can realize frequency-multiplying modulation.
Experimental results show that LFM waveform with a band-
width up to 15.6 GHz can be obtained. Meanwhile, the resultant
TBWP is multiplied accordingly.

II. PRINCIPLE

The basic schematic diagram of the proposed photonic LFM
waveform generator using a tunable OEO is shown in Fig. 1.
In the system, a single-mode semiconductor laser is served as
the slave laser. Under continuous-wave optical injection, period-
one (P1) dynamics can be excited by undamping the relaxation
resonance of semiconductor lasers. The output intensity of the
injected slave laser shows self-sustained intensity oscillation
[17]–[19]. Its optical spectrum exhibits highly asymmetric dou-
ble sideband modulation and the modulation frequency equals
to the P1 frequency fo. A microwave signal can be obtained

Fig. 1. Schematic diagram of the proposed photonic LFM waveform gener-
ator. ML: master laser, Att: optical attenuator, IM: intensity modulator, S(t):
control signal, PC: polarization controller, SL: slave laser, CIR: optical circula-
tor, PD: photodetector, Amp: microwave amplifier.

with a frequency of fo after photodetection. By simply varying
the optical injection strength ξ and the detuning frequency fi,
the obtained microwave frequency is able to be varied from a
few to over one hundred gigahertz. Here, fi equals to the dif-
ference between the master and free-running slave laser, and
the injection strength ξ is defined as ξ =

√
Pin/Psl, where Pin

and Psl is the power of the injected optical signal and the free-
running slave laser. Although broadly tunable, this generated
signal has a large linewidth of 1–10 MHz, which mainly arises
from the intrinsic laser noise. To narrow the linewidth, an OEO
is constructed by adding an optoelectronic feedback loop. In the
setup, a portion of the optical output after the optical circulator
(lower branch) is delayed by a section of fiber, and then sent
to a photodetector (PD). Afterwards, the detected microwave
signal is amplified and fed back to modulate the slave laser. The
microwave output can be obtained from the upper branch by
using another PD. Thus, a tunable optoelectronic oscillator is
formed and frequency tuning is achieved through controlling fi

and/or ξ.
For a given detuning frequency fi, the P1 frequency fo

would increase approximately linearly with increasing injection
strength ξ. Such property has been verified both numerically
and experimentally in previous reports [19], [20]. Owing to the
fast dynamical behavior of semiconductor lasers, typically a
sub-nanosecond time scale, the instantaneous frequency of ob-
tained microwave signal can be controlled by introducing an
“injection strength controller”. As a result, if the control sig-
nal S(t) is set to be a quasi-sawtooth wave, the injected optical
signal should have a linearly increased amplitude. Hence, the
resultant microwave frequency would also increase linearly with
time, namely, an LFM waveform is obtained. As depicted in the
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Fig. 2. Proposed frequency-multiplied LFM waveform generation scheme.
PolM: polarization modulator, Pol: polarizer, EC: electrical coupler.

lower part of Fig. 1, to achieve the phase noise improvement
of the generated LFM waveform by optoelectronic feedback,
the period of control signal S(t) (i.e., τmod) should be carefully
tuned to match with the round-trip time of the OEO cavity (i.e.,
τcav). Under this condition (i.e., τmod = τcav), a quasi-stationary
mode of operation is produced, and phase noise reduction for
the generated LFM signal is possible. Because, for one thing,
the optoelectronic feedback cavity sustains a sequence of eigen
modes spaced by 1/ τcav. On the other hand, a specific microwave
mode passes through the OEO cavity and return to modulate the
slave laser at the exact moment when the injection induced P1
oscillation is at the same spectral position, and optoelectronic
oscillation does not need to be established from thermal noise.
That is to say, the OEO cavity stores an entire frequency sweep
in the delay line. Such operation principle is also known as
Fourier Domain Mode Locking (FDML), which is first pro-
posed by R. Huber et al. to realize a frequency-sweeping fiber
laser in 2006 [21]. In ideal circumstances, the OEO outputs a
signal with its frequency swept with a step equaling to the cavity
repetition rate and a fixed phase relationship. In this case, LFM
waveforms with better phase noise performance can be gener-
ated. According to the above principle, the bandwidth, temporal
period and frequency band of the generated LFM waveform are
controllable. For instance, the bandwidth of the LFM waveform
can be enlarged by setting a larger amplitude of S(t).

Similar to the basic approach, an improved scheme for
frequency-multiplied LFM waveform generation is proposed
as shown in Fig. 2, where a polarization modulator (PolM) is
employed in the OEO loop. In this case, the detected microwave
signal is feedback to drive the PolM instead of the slave laser to
form an optoelectronic feedback cavity. The PolM is a special
phase modulator that can support both transverse-electric
and transverse-magnetic modes with however opposite phase
modulation indices [22]. Compared with a conventional
Mach-Zehnder modulator (MZM), a PolM has superiorities
in realizing the frequency-multiplied OEO [23]. The optical
output of the PolM is split into two branches. In the lower
branch, the polarization of the injection light is adjusted to
match with that of the slave laser. In the upper branch, a portion
of the optical signal after the PolM is sent to a PC and a
polarizer, and fundamental-frequency or frequency-doubling
intensity modulation can be easily realized by adjusting the PC

[24]. Furthermore, if an optical notch filter is used to remove
some undesirable optical sidebands, frequency-quadrupling
[25] or frequency-sextupling [26] intensity modulation is also
achievable. Therefore, frequency-multiplied LFM waveform
can be obtained after the PD2 while maintaining the oscil-
lation of the fundamental-frequency LFM waveform in the
OEO loop.

III. EXPERIMENTAL DEMONSTRATION

Based on the above principle, we experimentally verify the
LFM waveform generation scheme by a tunable OEO as well as
the improved frequency-multiplied scheme as shown in Figs. 1
and 2.

A. Basic Approach

For the basic scheme, no high-speed modulator is needed. The
master laser is a tunable laser and its power can be tuned by an
optical attenuator. A distributed-feedback (DFB) laser biased
at ∼5 times its threshold current of 31.7 mA is used as the
slave laser. Its free-running power and wavelength is 4.6 dBm
and 1553.253 nm, respectively. A PC aligns the polarization
of the injected optical signal to match with that of slave laser
to maximize the injection efficiency. The “injection strength
controller” includes a 10-Gb/s MZM and an electrical control
signal from a 120-MHz AWG (Agilent 81150A). Both PDs have
a bandwidth of 18 GHz and a responsivity of 0.85 A/W. The
microwave amplifier has a gain of ∼ 30 dB. The generated LFM
waveforms are monitored by an electrical spectrum analyzer
(ESA, R&S FSV40, and FSWP50) and a real-time oscilloscope
(Keysight DSO-X 92504A).

First of all, the control signal S(t) is switched off and the opti-
cal injection strength is controlled by an optical attenuator. The
master-slave detuning frequency is set to 2.7 GHz. In Fig. 3(a),
the slave laser is optically injected at (fi, ξ) = (2.7 GHz, 0.42)
which leads to a P1 oscillation frequency of fo = 15.7 GHz.
As can be seen in Fig. 3(a), the optical spectrum consists of
equally spaced sidebands that are separated by 15.7 GHz. After
optical-to-electrical conversion, the optical components gener-
ate a beating signal at 15.7 GHz, as shown by the red curve
in Fig. 3(b). Due to the intrinsic laser noise, a relatively large
3-dB linewidth of 0.8 MHz is observed. After introducing an
optoelectronic feedback loop with an effective cavity length of
∼7.66 m, i.e., the OEO is enabled, the microwave linewidth is
significantly reduced to ∼8.5 kHz, as shown by the black curve
in Fig. 3(b). The output frequency as a function of the injection
strength ξ is meaured and shown in Fig. 3(c). It is observed
that the output microwave frequency increases linearly as ξ in-
creases. The single-sideband (SSB) phase noise of the generated
microwave signal with optoelectronic feedback at different fre-
quenies are measured and shown in Fig. 3(c), where the SSB
phase noises is between −112.9 and −104.3 dBc/Hz @ 1 MHz
offset.

Next, the “injection strength controller” is enabled, and the
26.095-MHz control signal S(t) has an amplitude of ∼1 V. Here,
the profile of S(t) is made to compensate for the nonlinearity in
amplitude transfer function of the system [10]. The modulated
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Fig. 3. (a) Optical spectrum and (b) electrical spectrum when (fi, ξ) equals
to (2.7 GHz, 0.42), (c) output frequency as a function of the injection strength
and measured phase noise @ 1 MHz for different frequencies.

frequency of 26.095 MHz is carefully set to equal to the recipro-
cal of the cavity round-trip time τcav, and τmod = τcav is satisfied.
Fig. 4 shows the measured electrical spectra of the generated
LFM waveforms (a) without and (b) with optoelectronic feed-
back. The ideal spectrum of a periodical LFM waveform is a
microwave frequency comb spaced by 1/ τmod. When the op-
toelectronic feedback is not applied, the spectrum in Fig. 4(a)
suffers from the large phase noise and uncorrelated phase rela-
tionship, resulting in a low comb contrast R of no more than 4 dB.
In contrast, when the delay-matched optoelectronic feedback
loop is employed, i.e., the optoelectronic oscillator is enabled,
a series of sharp frequency comb components spaced by 1/ τcav

are obtained, as shown in Fig. 4(b). Due to the fixed phase rela-
tionship and reduced phase noise by the high Q optoelectronic
oscillation, the comb contrast R is effectively increased to 47 dB.
Compared with the spectrum in Fig. 4(a), a 43-dB improvement
of the comb contrast R is achieved with optoelectronic feedback.
It should be noted that, some residual sidebands are observed
in Fig. 4(b-ii), which is mainly caused by frequency jitters of
the P1 oscillation frequency. When the modulation frequency is
fine-tuned to match the mode spacing, the noisy sidebands can
be reduced and minimized.

The waveform of the generated LFM signal with a temporal
period of 38.32 ns is shown in Fig. 5(a). The detailed waveforms
at the start and end of a period with a duration of 1 ns are also
displayed in the insets of Fig. 5(a). It should be noted that, the
amplitude of the generated LFM waveform shows some fluctua-
tion as the frequency changes, which is attributed to the uneven
frequency response of the P1 oscillation and the devices (e.g.,
the electrical amplifier) in the optoelectronic feedback cavity
[19]. The instantaneous frequency of the LFM waveform is cal-
culated based on the short-time Fourier transform (STFT). As
indicated in Fig. 5(b), the generated LFM waveform has a band-

Fig. 4. Measured electrical spectra of generated LFM signals (a) without
(b) with optoelectronic feedback. (i) Span: 5GHz, RBW: 100 kHz; (ii) span:
200 MHz, RBW: 20 kHz.

width of 3.3 GHz (11.9–15.2 GHz). Therefore, the generated
LFM waveform has a TBWP of 126.5. In order to verify the
pulse compression ability, the autocorrelation curve is calcu-
lated and shown in Fig. 4(c), where the full width at half maxi-
mum (FWHM) of the autocorrelation peak is measured to be 0.4
ns. The pulse compression ratio is calculated to be 95.8, which
is smaller than the theoretical value of 104.9. To enhance the
pulse compression ratio, one can improve the amplitude flatness
in the generated waveform by using power limiting techniques
[27], [28].

For the proposed scheme, the bandwidth, or the frequency
sweeping range of the generated LFM waveform can be sepa-
rately tuned. As shown in Fig. 6(a), when the amplitude of S(t)
is adjusted to ∼2.2 V, frequency sweep range of the obtained
LFM waveform is enlarged to 7 GHz (10.7–17.7 GHz). This
indicates that the sweep rate is 0.18 GHz/ns and the TBWP is
268.2. Besides, the feasibility of tuning the temporal period of
the generated LFM waveform is demonstrated. By using a longer
delay in the optoelectronic feedback loop, the cavity round-trip
time τcav is increased to 849.76 ns, and the tuning speed of S(t) is
correspondingly adjusted to 1.1768 MHz to match with 1/ τcav.
At the output, an LFM waveform with a period of 849.76 ns and
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Fig. 5. (a) Measured waveform of the produced LFM signal (Insets: enlarged views of 1-ns waveform), (b) calculated frequency-to-time relation, (c) autocorre-
lation curve.

Fig. 6. Calculated frequency-to-time relations of the obtained LFM wave-
forms with (a) different bandwidth, (b) different temporal period, and (c) dif-
ferent frequency band.

a bandwidth of 3.3 GHz (11.9-15.2 GHz) is obtained. Fig. 6(b)
depicts its instantaneous frequency. The LFM waveform has a
large TBWP of about 2804.2. Furthermore, by changing the
master-slave detuning frequency fi from ∼2.7 GHz to ∼0.4
GHz, an LFM signal covering a frequency range of 8.3-12.1
GHz with a temporal period of 38.32 ns is obtained, as shown
in Fig. 6(c).

B. Improved Approach

For a given slave laser with a fixed detuning frequency fi,
the largest bandwidth of the generated LFM waveform based on
the above approach is no more than its achievable P1 frequency
range, which is typically around 10 GHz [17]–[19]. In our exper-
iment, due to the limited optical power of the master laser and the

Fig. 7. Generation of 14.4- and 28.8-GHz signals using the PolM-based
OEO. (a) Optical and (b) electrical spectrum (RBW: 3 MHz) of the in-loop
fundamental-frequency signal; (c) optical and (d) electrical spectrum (RBW:
3 MHz) of the out-loop frequency-doubled signal.

large insertion loss of the intensity modulator, the largest band-
width is limited to around 7 GHz. To overcome this frequency
and bandwidth limitation, an improved scheme is built up based
on the setup in Fig. 2. In the experiment, the PolM (Verswave
Technologies) and PD2 have a bandwidth of 40 and 50 GHz, re-
spectively. Firstly, the “injection strength controller” is disabled,
i.e., S(t) is not applied. The PolM-based OEO is operated at the
single-frequency oscillation state and its oscillation frequency
(equals to P1 frequency) can also be tuned by adjusting the opti-
cal injection strength via an optical attenuator. Fig. 7 shows the
measured optical and electrical spectra when the P1 frequency
(fo) equals to 14.4 GHz. Fig. 7(a) is the optical spectrum of P1
oscillation measured at port 3 of the optical circulator. At the
output of the electrical coupler, a fundamental-frequency signal
of 14.4 GHz is obtained with its spectrum shown in Fig. 7(b).
As can be seen, power of the 14.4-GHz signal is 50 dB higher
than its second harmonic frequency. Meanwhile, a frequency-
doubled signal at 28.8 GHz is generated after PD2. For ease of
comparison, Fig. 7(c) shows the optical spectra before (black
curve) and after (red curve) the Pol. Before the Pol, the opti-
cal spectrum is the result of polarization modulation, having an
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Fig. 8. (a) Measured optical spectra, (b) measured temporal waveforms and
(c) calculated frequency-to-time relations for (i) in-loop fundamental-frequency
and (ii) out-loop frequency-doubled LFM signals.

optical carrier with two first-order sidebands. After the Pol, the
optical spectrum is the result of equivalent intensity modula-
tion operating at the minimum transmission point (MITP) by
properly setting PC3, and the optical carrier is suppressed by
about 51 dB compared with the spectrum before the Pol. Corre-
spondingly, power of the generated 28.8-GHz electrical signal
is 37 dB higher than its fundamental-frequency component, as
shown in Fig. 7(d).

Then, the “injection strength controller” is enabled to generate
LFM waveforms. A 13.216-MHz control signal S(t) which has a
quasi-sawtooth profile and an amplitude of ∼1.5 V is applied to
the MZM to control the injection strength. Here, the frequency
of S(t) is also set to match with the cavity round-trip time. Both
the fundamental-frequency and frequency-doubled LFM wave-
forms are generated. In Fig. 8(a), the optical spectra (i) at port 3
of the optical circulator inside the OEO cavity and (ii) after Pol
outside the OEO loop are presented, where the results resemble
those in Fig. 7. In Fig. 8(b), both (i) fundamental-frequency
and (ii) frequency-doubled LFM waveforms have a temporal
period of 75.66 ns. Different from Fig. 8(b-i), the waveform
in Fig. 8(b-ii) shows approximately increasing amplitude in a
period, which is attributed to the quasi-sawtooth modulation of
the incoming optical carrier before the PolM. After optical-to-
electrical conversion, the obtained LFM waveform would also
have an approximately increasing amplitude within a period.
This uneven amplitude can be solved by using either electrical or
optical power limiting techniques. For instance, in the photonic
LFM waveform generation scheme in [27], an optical limiting
amplifier (LMA) [28] is used to compensate for the amplitude

Fig. 9. Calculated frequency-to-time relations of the obtained LFM wave-
forms with (a) different bandwidth, (b) different temporal period for (i) in-loop
fundamental-frequency and (ii) out-loop frequency-doubled LFM signals.

fluctuations. Fig. 8(c) shows the calculated frequency-to-time
relations via STFT analysis. As can be seen in Fig. 8(c-i), the
in-loop fundamental-frequency LFM waveform covers a fre-
quency range of 11.5–15.1 GHz, corresponding to a bandwidth
of 3.6 GHz. Accordingly, in Fig. 8(c-ii), the frequency-doubled
LFM signal covers 23–30.2 GHz with a bandwidth of 7.2 GHz.

Compared with the results in Fig. 8, both bandwidth and tem-
poral period of the generated LFM waveforms can be boosted.
Fig. 9 shows the STFT analysis of the generated signals with
an enlarged bandwidth and temporal period. As shown in
Fig. 9(a-i), bandwidth of the generated LFM waveform is en-
larged to 7.8 GHz (7.7–15.5 GHz) by adjusting the amplitude of
S(t) to ∼2 V. Meanwhile, bandwidth of the frequency-doubled
LFM waveform is enlarged to 15.6 GHz (15.4–31 GHz) in
Fig. 9(a-ii), corresponding to a sweep rate of 0.206 GHz/ns.
Then, a longer delay is used in the optoelectronic feedback loop
and the tuning speed of S(t) is slowed down to 1.127 MHz to
match with 1/ τcav. As shown in Fig. 9(b), the temporal period of
the generated LFM waveforms is increased to 887.12 ns while
the frequency coverage is maintained for both (i) fundamental-
frequency and (ii) frequency-doubled LFM signals. Therefore,
the frequency-doubled LFM signal has a large TBWP of about
13839.1 (15.4-31 GHz, 887.12 ns), as depicted in Fig. 9(b-ii).

Furthermore, if an optical notch filter is used to remove some
undesirable optical sidebands, frequency-quadrupling [25] or
frequency-sextupling [26] intensity modulation is also achiev-
able. Therefore, bandwidth and frequency coverage of the gen-
erated LFM waveforms can be further enlarged. For instance,
in order to generate frequency-quadrupled LFM waveforms, the
PolM-based IM (PolM + PC3 + Pol) is operating at the maxi-
mum transmission point (MATP) rather than MITP. In this case,
the optical signal consists of an optical carrier and two second-
order sidebands. An optical notch filter is then employed to
remove the optical carrier. By beating the two second-order
sidebands in PD2, frequency-quadrupled LFM waveforms are
achieved. Due to the lack of optical notch filter, the generation
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TABLE I
COMPARISON OF FREQUENCY-MODULATED WAVEFORM GENERATION SCHEMES

aThe SFM waveform has both up- and down-chirp in Ref. [12], while the LFM
waveform in our work contains only up-chirp. Therefore, for a SFM waveform and
LFM waveform with a same bandwidth and temporal period, the SFM waveform
naturally possesses a chirp rate which is twice of LFM waveform.
bThe use of high-speed modulator increases system cost.
cGiven electrical devices with sufficient frequency, our basic approach has a larger
frequency range than Ref. [12]. The possible frequency range can be further en-
larged to twice, four times and even six times through PolM-based frequency-
multiplication.

of frequency-quadrupled and frequency-sextupled LFM wave-
forms are not experimentally demonstrated.

Another advantage of the LFM waveform generation scheme
using PolM-based OEO is that it can realize flexible multi-
port output. At the output of PolM, the upper branch can
be split into several paths using a 1 × N splitter. A PC, a
polarizer and/or an optical notch filter are inserted in each
path. Then, the fundamental-frequency, frequency-doubling,
frequency-quadrupling, or frequency-sextupling intensity mod-
ulations can be implemented simultaneously. Therefore, the
frequency-multiplied LFM waveforms with desired multipli-
cation factors can be generated in each path.

IV. DISCUSSION AND CONCLUSION

Table I presents a comparison of frequency-modulated
waveform generation schemes between Ref. [12] and our work.
As can be seen, our work (basic approach) has better perfor-
mance in TBWP, cost, and possible frequency range, while
has comparable performance in the rest parameters. Moreover,
the improved approach using PolM has better performance in
bandwidth, TBWP, maximum frequency, multi-channel output
ability, frequency-multiplication factor, and possible frequency
coverage. Therefore, we believe that the proposed approaches
are more preferred for LFM waveform generation.

In summary, a simple approach for LFM waveform gener-
ation based on a frequency-sweeping OEO was proposed and
demonstrated. The OEO is built up with an optically injected

semiconductor laser, and its frequency tunability is achieved by
adjusting the optical injection strength. In the proposed system,
an “injection strength controller” is introduced to achieve the
rapid tuning of OEO, and an LFM microwave waveform is thus
generated. Signal quality of the generated LFM waveform is
significantly improved by delay-matched optoelectronic feed-
back in the OEO. In the experiment, a sweep range as large as
7 GHz, a tuning rate reaching 0.18 GHz/ns and a TBWP up
to 2804.2 is obtained. The frequency comb contrast has been
improved by 43 dB. Besides, feasibility of adjusting the sweep
range, temporal period and frequency band of the produced LFM
waveform is also verified. Afterwards, an improved scheme for
eliminating the frequency and bandwidth limitation of the ob-
tained LFM waveform is demonstrated based on a polarization
modulator. Such an approach achieves the frequency multipli-
cation (up to a factor of six) of the generated LFM signal since
the PolM can realize frequency-multiplying modulation. Ex-
perimental results show that LFM waveform with a bandwidth
up to 15.6 GHz is obtained. Meanwhile, the resultant TBWP
is multiplied accordingly. In the experiment, a TBWP as large
as 13839.1 (15.4–31 GHz, 887.12 ns) is achieved. Compared
with previous approaches, the proposed LFM waveform gener-
ator shows superiorities of high frequency, large bandwidth, fast
sweeping rate and high spectral purity.
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