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Abstract
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Tunable microwave generation and frequency up-conversion are demonstrated utilizing a
monolithically integrated two-section DFB laser. The frequency of the microwave signal is
tuned from 13 GHz to 40 GHz, which can be further improved by adjusting the wavelengths of
the DFB lasers. Utilizing the sideband optical injection locking technique, frequency-doubled
microwave signals with low phase noise of —100.9 dBc/Hz at 10kHz and narrow linewidth

of 102 Hz are obtained. In addition, the tunable range of frequency-doubled and frequency-
quadrupled microwave signals are also investigated respectively.

Keywords: microwave generation, monolithically integrated, optical heterodyne,

optical injection locking
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1. Introduction

Photonic microwave generation is an important method
to generate microwave signals with high performance.
Comparing with the conventional electrical methods, the pho-
tonic methods can generate microwave signals with higher
frequency and lower costs [1]. It has been implemented for
applications such as broadband wireless access networks [2],
lidar system [3], and all-optical clock generation [4]. Various
techniques have been developed to generate photonic micro-
wave signals such as direct modulation [5], mode locking [6],
optoelectronic oscillators [7], optical phase lock loop [8] and
optical heterodyne [9, 10], etc. Among them, the optical het-
erodyne method which generates microwave signals by the
beating of two optical waves receives much attention due to
its advantages in simplicity, and high frequency generation.
In the early research of optical heterodyne, discrete lasers and
various independent optical components were necessary to

1555-6611/19/046201+5$33.00

generate microwave signals [9, 10]. With the development of
micro/nano-fabrication, monolithically integrated two-section
DFB lasers are employed to generate microwave signals based
on the optical heterodyne [11-15]. There are several difficul-
ties in fabricating the two-section DFB lasers. Firstly, in order
to obtain good microwave signals, both of the lasers should
operate in single longitudinal mode (SLM) state. If gratings
without phase shifts are utilized in the two-section DFB lasers
[15], not all devices are suitable for photonic microwave gen-
eration. Particularly for the devices where one section oper-
ates in multimode state. In order to obtain high device yield,
gratings with phase-shifts are utilized in the two-section DFB
lasers, which should be fabricated by sophisticated fabrica-
tion schemes, such as the E-beam lithography technique
[14]. Furthermore, the frequency of the microwave signal is
equal to the frequency difference between the two sections.
Hence, it is very important to control the wavelengths of the
integrated two sections with high precision. For instance, if

© 2019 Astro Ltd Printed in the UK
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the wavelength spacing error of the two sections (at 1550nm
region) is 1nm, the frequency error of the generated micro-
wave signal is about 125 GHz. To our knowledge, it is quite
a difficult task to control the wavelengths of DFB lasers with
deviations less than 1 nm due to the mechanical error, even for
the E-beam lithography technique [16].

In this letter, we report a microwave generator that can pro-
duce tunable and high-quality signals utilizing a monolithic
two-section DFB laser. The gratings of the two-section DFB
laser are sampled gratings with equivalent phase shifts, which
can provide good SLM operation and precisely controlled
wavelength with low fabrication costs [17]. Optical injection
locking with an external radio frequency (RF) signal injected
into the slave laser (SL) synchronizes the wavelengths of the
two lasers. In the experiment, we demonstrate the generation
of original beat signals and high-quality frequency-doubled
signals with external RF signal injection. Both the linewidth
and the phase noise of the beat signals are investigated.
Furthermore, tunable frequency-doubled and frequency-quad-
rupled signals are achieved respectively.

2. Principle

The schematic of the two-section DFB laser is shown in fig-
ure 1. It consists two in-line DFB lasers including the master
laser (ML) and the SL. The lengths of the two sections are
L, =650 pm and L; = 650 pum respectively. The ML and
SL have a common active layer. The epitaxy of the device
is grown by conventional two-stage metal organic chemical
vapor deposition on an n-InP substrate. An n-InP buffer layer,
an n-InAlGaAs lower optical confinement layer, an InAlGaAs
multiple-quantum-well structure, a p-InGaAsP upper optical
confinement layer and a p-InGaAsP grating layer are succes-
sively grown on an n-InP substrate in the first epitaxial growth.
A conventional holographic exposure combining with conven-
tional photolithography are used to form the sampled gratings.
After the fabrication of the sampled grating, a p-InP cladding
layer and a p-InGaAs contact layer are successively regrown
over the entire structure in the second epitaxial growth. Then
a conventional ridge waveguide processing is performed and
p-metal contact windows are opened for metallization. The
ML and SL are electrically isolated with each other and their
bias currents are labeled as [,, and /. Finally, both facets of
the devices are coated by anti-reflection (AR) coatings with
reflectivity less than 1% to suppress the Fabry—Perot modes
of the lasers [17].

The gratings in the proposed two-section DFB laser are
designed with an identical seed grating period Ay. Strong
grating strength is employed to reduce the interference
between ML and SL. Equivalent phase shifts in the gratings
are employed to ensure good SLM operation, and the lasing
wavelengths of the two lasers are controlled by the sampling
periods P, and Ps [18]. Through tuning the sampling peri-
ods, we can easily obtain the required wavelength difference
between the two lasers, i.e. the beat frequency generated by
the optical heterodyne.
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Figure 2. The simplified operational principle of optical injection
locking for microwave generation in the two-section DFB laser.

When the light of the ML is injected into the SL, the two-
section DFB laser can work in the states of unlocking, stable
locking, periodic oscillation, and chaos, etc. These dynamics
of the two-section laser are mainly determined by the injection
ratio and the frequency difference between the wavelengths of
the ML and SL. When the injected light from ML is weak, the
two wavelengths of ML and SL can co-exist in the same cav-
ity and a four-wave-mixing (FWM) output can be observed
on the optical spectrum [19, 20]. The two main modes of ML
and SL compose the main peaks of the output optical spec-
trum. When they beat in the high-speed photodetector (PD),
a microwave signal with a frequency equal to the frequency
difference of the two modes is generated. The frequency of the
generated microwave signal can be calculated as [14]:

1 1
Af’c</\m /\s)’ M
where c is the speed of light, A,, and A, are the emission wave-
lengths of ML and SL, respectively.

However, the beat signal generated by the free-running
two-section laser suffers from the phase and frequency
fluctuation due to the lack of phase correlation. This prob-
lem can be solved by the sideband optical injection lock-
ing technique [1]. Figure 2 shows the mechanism of the
optical injection locking. When an RF signal modulates the
SL, a series of sidebands will generate. Then, the optical
signal of ML is injected to the SL, and locks the selected
sideband of SL. Therefore, the optical phase of ML’s main
mode, SL’s main mode, and the sideband of SL are syn-
chronized [15]. Since the two peaks of the output optical
spectrum are in phase, the beating of them in the PD would
generate a microwave signal with low phase noise and nar-
row linewidth. In addition, frequency up-conversion can be
achieved by injecting the optical signal of ML into high
orders of SL’s sidebands.
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Figure 3. Schematic of the experiment setup. ML, master laser; SL,
slave laser; DC, direct current; OC, optical coupler; PD, high-speed
photodetector; ESA, electrical spectrum analyzer; OSA, optical
spectrum analyzer; MFS, RF/microwave frequency synthesizer.
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Figure 4. The typical optical spectrum of the two-section laser
under condition: /; = 40 mA and /,, = 40 mA.

3. Results and discussion

Figure 3 shows the schematic of the experiment setup. The
working temperature of the two-section laser is controlled at
20 °C by a thermoelectric cooler (TEC). The ML and SL are
biased at [, and I separately by the DC current drivers, and
the SL is modulated by a RF signal produced by a microwave
frequency synthesizer. The output light of the two-section
DFB laser is directed into optical spectrum analyzer via a
50:50 coupler. The other arm of the coupler is used to analyze
the beat signals via a high-speed PD and an electrical spec-
trum analyzer.

3.1. Tunable microwave generation

In the experiment, we firstly investigate the optical spectrum
and beat signals of the device without RF signal injecting into
SL. Figure 4 shows the typical optical spectrum of the two-
section laser under condition: /; = 40 mA and 7,, = 40 mA.
The two peaks are the main modes of ML and SL respectively.
The beating of these two peaks can generate microwave sig-
nals. Figure 5 shows the variation of wavelengths and power
of ML and SL with I,, when [ is fixed at 50 mA. It can be seen
in figure 5(a) that both wavelengths of ML and SL have a red-
shift due to the rising temperature induced by the increasing
of I,,. Since the temperature of ML rises faster than that of SL

Figure 5. Measured optical wavelength (a) and intensity (b) with 7,,
varied from 25 to 75 mA and I, fixed at 50 mA. The blue lines are
the difference between the two wavelengths in (a) and the sum of
SL’s and ML’s intensity in (b).
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Figure 6. (a) Electrical spectrum of the beat signals when /; is fixed
at 50 mA and /,, varies from 25 mA to 75 mA. (b) The range of the
beat frequency when /; varies from 40 mA to 60 mA.

with the increase of I, the difference between the two wave-
lengths (blue line) in figure 5(a) decreases. Figure 5(b) shows
that the intensity of the SL decreases with the increase of 1,,,
for the increase of ML’s photons induces more consumption
of SL’s carriers. As shown in figure 6(a), the frequency of the
beat signal decreases from 34.2 GHz to 14.9 GHz with the
increase of I,,, which corresponds to the difference of the two
wavelengths in figure 5(a). The power of the beat signal is pro-
portional to the product of the intensity of the two peaks [21].
Therefore, the power of the beat signals in figure 6(a) is corre-
sponding to the sum of intensity (blue line) in figure 5(b).

Figure 6(b) shows the measured relationship between beat
frequency and 1, with [ fixed at different currents. The range
of the beat frequency is enlarged when the /; has a high value.
When the SL is biased at 60 mA, the tunable range of the beat
frequency is13 GHz to 40 GHz with 7, changed from 26 mA
to 105 mA.

3.2. Frequency up-conversion and signal properties
enhancement

However, the beat signals appear noisy with relative wide line-
width because the two beat waves are lack of phase correla-
tion. In order to acquire a high-quality signal, a 7.98 GHz RF
signal with 3 dBm generated by microwave frequency syn-
thesizer is injected into the SL when the I is 50 mA and the
I,, is 70 mA. The second sideband of the modulated SL is
locked to the ML, which can synchronize the optical phase of
ML and SL. Figure 7(a) shows the spectrum of beat signals
for the cases of SL with and without RF signal, respectively.
Obviously, the beat signal without RF signal has a broader
3 dB linewidth of 23.1 MHz. As a comparison, the zoom-
in-view of the locked beat signal shows a 3 dB linewidth of
102 Hz in figure 7(b). Figure 8(a) shows the optical spectrum
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Figure 7. (a) Spectrum of beat signals for the case of SL with and
without RF signal. The black line shows the initiate signal without
electrical injection; the red line shows the locked signal with RF
signal; (b) zoom-in-view of the locked beat signal at 15.96 GHz.
The span and RBW are 8 kHz and 100 Hz.
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Figure 8. (a) Optical spectrum of the device for case of free-
running (black) and frequency-doubled up-conversion (red);
(b) electrical spectrum of the beat signal on the condition of
frequency-doubled up-conversion.
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Figure 9. Phase noise of RF source with power of 12 dBm and the
beat signals with different RF power.

of the device in free-running and frequency-doubled up-
conversion states, respectively. After the injection, a series
of sidebands of SL appear, and the main mode of ML locks
the +2nd order of the SL’s sidebands. Under the injection
locking, we obtain a high-quality 15.96 GHz beat signal
whose power is 12.02 dB greater than that of the fundamental
frequency at 7.98 GHz, as shown in figure 8(b).

Then, we vary the power of injected RF signal and inves-
tigate the phase noise of the beat signals. The power of the
injected RF signal is increased from 3 dBm to 12 dBm with
the frequency fixed at 7.98 GHz. Figure 9 shows the phase
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Figure 10. The tuning range of beat signals under frequency-
doubled up-conversion (a) and frequency-quadrupled up-conversion
(b) when I is fixed at 50 mA and /,, varies from 25 mA to 90 mA.

noise of RF source with power of 12 dBm and the beat sig-
nals with different injected RF power. The phase noise
decreases due to the enhancement of RF power. The phase
noise is —100.9 dBc/Hz at 10kHz frequency offset when the
RF signal’s power is 12 dBm.

Furthermore, we fix the /; at 50 mA and vary the 7, from
25 mA to 90 mA to achieve tunable frequency-doubled and
frequency-quadrupled signals. The double frequency and
quadruple frequency with the frequency of the injected RF
signal are described in figure 10 respectively. In the experi-
ment, high RF power is needed to ensure the injection lock-
ing when the frequency difference between the SL’s main
mode and the injected sideband is enlarged. However, as
long as the beat frequency is not very high, relative low RF
power is enough for frequency up-conversion. For exam-
ple, when the ML is biased at 50 mA, a 3 dBm RF signal
at 5.56 GHz can produce a frequency-quadrupled signal
at 22.24 GHz. Therefore, the proposed scheme will be a
viable choice when high RF power and frequency are not
available.

4. Conclusion

In conclusion, a monolithically integrated two-section DFB
laser is fabricated for the tunable and high-quality micro-
wave generation. The DFB lasers for microwave generation
are fabricated with equivalent phase shifts and chirps, which
can provide good SLM operation and precisely controlled
wavelength with low costs. When the wavelengths of the ML
and the SL beat in the high-speed PD, a beat signal is gener-
ated. The beat frequency can vary from 13 GHz to 40 GHz.
If higher beat frequency is needed, it will be easily realized
by adjusting the designed wavelengths of the DFB lasers. To
enhance the properties of the beat signals, the sideband opti-
cal injection locking technique is utilized. The linewidth of
the beat signal is narrowed to 102 Hz and the phase noise of
the microwave signal is —100.9 dBc/Hz at 10kHz frequency
offset when the injected RF power is 12 dBm, which can be
further improved by using a high-quality RF source. Besides,
tunable frequency-doubled and frequency-quadrupled signals
are achieved respectively, which is useful to generate micro-
wave signals with high frequencies when high RF power and
frequency are not available.
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