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Abstract: A set of semiconductor laser pulse seed sources based on an embedded chip is proposed. The greatest feature is that the 
optical pulse frequency and width can be independently adjusted in real time. The pulse seed sources can be switched inde-
pendently and online from the gain-switched mode to the quasi-continuous wave mode to obtain optimal optical parameters for 
specific applications. To explore the physical mechanism of the semiconductor laser source, the rate equation that describes the 
carrier-photon transient change in a semiconductor laser cavity is numerically derived and solved. Subsequently, problems that 
need to be considered while designing the drive circuit are identified. The system evaluation indicates that the optical pulse fre-
quency adjustment range is 250 Hz to 42 MHz, and the narrowest optical pulse output width is 80 ps. The pulse seed source can 
drive semiconductor lasers with different central wavelengths (1064, 1550, and 1970 nm), and can also simultaneously drive two 
semiconductor lasers and output dual-band optical pulses. It can be used as a seed source for general high-power optical systems, 
and exhibits good application value and extensive market prospects. 
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1  Introduction 
 

Picosecond laser pulses have important applica-
tions in various fields, such as quantum communica-
tion (Abellán et al., 2014; Nakata et al., 2017; Xie 
et al., 2019), optical measurement (Pascual et al., 
2015; Wada et al., 2015; Lakshmijayasimha et al., 

2019), and nonlinear optics (Hatami et al., 2006; Fang 
et al., 2016; Hu et al., 2019). Mode-locked, 
Q-switched, and gain-switched technologies are 
commonly used in short-pulse laser generation 
methods, and can be used to generate pulsed laser 
outputs exhibiting different repetition frequencies, 
pulse widths, and powers. The gain-switched semi-
conductor laser has a simpler structure, more flexible 
setting, more stable performance, and continuous 
adjustment of repetitive frequency, compared with 
Q-switched and mode-locking technologies. The 
combination of the gain-switched semiconductor 
laser as a seed source and the high-power fiber am-
plification technology has significantly improved the 
laser performance. This combination has been exten-
sively used in various fields, and it demonstrates 
significant development potential. Quasi-continuous 
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wave (QCW) lasers operate in both continuous and 
high-peak-power pulse modes. Therefore, high- 
energy microsecond and millisecond pulses can be 
generated at repetitive frequencies ranging from tens 
to thousands of hertz, and the suitable average and 
peak powers can be achieved at the kilowatt level 
(Kulygin et al., 2017; Xiao et al., 2017; Hong et al., 
2018; Li et al., 2019). A QCW fiber laser containing a 
QCW semiconductor laser as a seed source combined 
with the high-power fiber amplification technology is 
extensively used in the welding and marking of pre-
cision devices and medical equipment because of its 
high average power and adjustable pulse repetition 
frequency. Furthermore, processing speed and pro-
duction efficiency are significantly improved. 

The gain-switched semiconductor laser tech-
nology exhibiting various pulse widths has been de-
veloped. Dupriez et al. (2006) constructed a 
Yb-doped optical fiber master oscillator power am-
plifier (MOPA) structure using a gain-switched sem-
iconductor seed source with a pulse width of 56 ps. 
After multistage amplification, the average power 
was 321 W, the pulse width was 20 ps, and the pulse 
repetition rate was 1 GHz. Liu et al. (2008) used a 
commercial gain-switched semiconductor laser with a 
pulse width of 70 ps and a repetition frequency of 
1 MHz as the seed source. The average power with a 
repetition frequency of 1 MHz was 3.5 W, and a pulse 
width of 90 ps was obtained using an amplification 
system. Kanzelmeyer et al. (2011) amplified a com-
mercial gain-switched semiconductor laser with a 
repetition frequency of 1 MHz and a pulse width of 
37 ps using all-fiber devices to obtain a pulse width of 
40 ps and a peak power of 270 kW. Heidt et al. (2013) 
first injected a thulium-doped fiber amplifier with a 
2-μm gain-switched semiconductor seed. A gain- 
switched optical pulse with a pulse width of 33 ps was 
obtained. The average power was 18 W after ampli-
fication. Lin et al. (2018) constructed a Yb-doped 
optical fiber MOPA structure using a gain-switched 
semiconductor seed source with a central wavelength 
of 1030 nm and a pulse width of 150 ps. An output 
beam with an average power of 106 W and a pulse 
width of 110 ps was obtained. 

For a sinusoidal signal, frequency is directly re-
lated to the pulse width; i.e., the higher the frequency, 
the narrower the pulse width. In the case of a sinus-
oidal wave, the changes in the frequency and pulse 

width are observed simultaneously. In particular, 
sinusoidal modulation is undesirable in applications 
that require a low frequency and a narrow pulse width. 
Furthermore, a novel embedded technology has been 
proposed and applied to high-power optical fiber 
lasers to resolve the above problem. For example, 
semiconductor lasers are modulated using analog 
control and internal pulse generators, and a set of 
multi-functional seed sources with independent and 
real-time adjustable pulse frequency and width has 
been proposed. We can switch online the pulse seed 
source from the gain-switched mode to the QCW 
mode to obtain optimal optical parameters for specific 
applications. The rate equation that describes the 
carrier-photon transient change in a semiconductor 
laser cavity is numerically derived and solved. Sub-
sequently, the effects of electrical signal and semi-
conductor laser parameters on the output pulse 
waveform are simulated and analyzed. Furthermore, 
the hardware design of the optical pulse seed source is 
described, and details of the design process are  
analyzed. 

 
 

2  Experimental setup 

2.1  Modulation characteristics of semiconductor 
lasers 

Rate equations can be employed to analyze the 
relationship between the dynamic characteristics of 
semiconductor lasers and various device parameters. 
Rate equations can also be used to establish the rela-
tionship between photons and carriers (Murakami 
et al., 2003; Wieczorek et al., 2005; Klein et al., 2006; 
Holub et al., 2007; Jirauschek and Kubis, 2014). The 
carrier density is correlated with the pump current 
density using the rate equation, which considers all 
the carrier generation mechanisms and loss in the 
active region. The general form of the carrier rate 
equation can be given as follows: 

 
2( ) ( ),N ID N R N

t ed
∂

= ∇ + −
∂

              (1) 

 
where N denotes the number of inverted particles, I 
the pumping current, e the electronic charge, and d the 
length of the active region. 

At the right side of Eq. (1), the first term is the 
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carrier diffusion, the second term the carrier injection 
rate into the active region, and the final term the car-
rier loss obtained using various recombination pro-
cesses. Regardless of the carrier diffusion, Eq. (1) can 
be simplified as 
 

,e
N I N G P
t e

γ∂
= − − ⋅

∂
                    (2) 

 
where γe denotes the carrier recombination rate, G the 
net stimulated emission rate, P the number of photons, 
and G·P the stimulated recombination results ob-
tained based on the nonlinear coupling between 
photons and carriers. According to the deduced pho-
ton motion amplitude and phase rate equation, the 
photon number amplitude can be expressed as 
 

sp( ) ,P G P R
t

γ∂
= − +

∂
                     (3) 

 
where γ is the photon decay rate, and Rsp is the photon 
number change rate at which spontaneous emission 
photons are transformed into stimulated emission 
photons. Rsp=βγeN, where β is the portion of the 
spontaneously emitted photons converted into the 
stimulated radiation modes. 

MATLAB is used to numerically solve the rate 
equation of a semiconductor laser, to investigate the 
influence of the change of external electrical signal 
parameters on the output characteristics of the 
gain-switched semiconductor laser. The simulation 
results can guide the selection of the electrical signal 
parameters to produce optical pulses exhibiting high- 
quality parameters. 

Fig. 1a shows the effects of the modulation fre-
quency on the output optical pulse waveform. With an 
increase in the modulation frequency, the current is 
cut off before reaching saturation; therefore, the am-
plitude of the optical pulse decreases. A tailing phe-
nomenon can be observed at the back end of the op-
tical pulse when the modulation frequency is low. The 
lower the modulation frequency, the more obvious the 
tailing phenomenon. Figs. 1b and 1c denote the ef-
fects of the output frequency on the optical pulse 
parameters. The pulse width of the optical pulse ini-
tially increases and subsequently decreases with an 
increase in the modulation frequency. The change 
trend of the rise time of the optical pulse is similar to 
that of the optical pulse. 

Fig. 2a denotes the effects of the magnitude of 
the signal amplitude on the output optical pulse 
waveform, whereas Figs. 2b and 2c show the optical 
pulse parameters as a function of the signal magnitude. 
With an increase in the amplitude of the electrical 
signal, the optical pulse amplitude increases, the pulse 
width decreases, and the rise time of the optical pulse 
decreases. However, the optical pulse trailing phe-
nomenon can be observed after an increase in the 
amplitude of the electrical signal. The pulse phe-
nomenon can be optimized by changing the remain-
ing electrical signal parameters. It can be observed in 
Fig. 3a that decreasing the offset can eliminate the 
pulse tailing phenomenon. With an increase in the 
amplitude of the electrical signal, the carrier time for 
the first generation of the optical pulse decreases; the 
rise time of the carrier also decreases, and the de-
creasing trend is greater. 

Fig. 3a denotes the effects of the magnitude of 
the electrical signal offset on the output optical pulse 
waveform. The optical pulse parameters as a function 
of the electrical signal bias are plotted in Figs. 3b and 
3c. The tailing phenomenon of the optical pulse be-
comes more obvious as the direct current (DC) offset 
increases. The trailing pulse occupies part of the pulse 
energy; thus, the amplitude of the output optical pulse 
tends to decrease. The pulse width initially decreases 
and subsequently increases. Therefore, the bias cur-
rent should not be high in practical applications. 
Generally, the bias current is set near or lower than the 
threshold current. 

2.2 Semiconductor laser seed source design  
principle 

The core components of the driving circuit for a 
semiconductor pulsed seed source include an initial 
pulse generator, a pulse compression and shaping 
module, a pulse adjustable amplification module, a 
constant-current source (CCS) module, a temperature 
control module, a power supply module, and some 
peripheral circuits. The driving circuit is presented in 
Fig. 4. The initial pulse is generated using an 
STM32F407ZGT6 (STM32F4) microcontroller based 
on the pulse width modulation (PWM) principle, 
which is a digital coding method for analog signals. 
Using a high-resolution counter, the duty cycle of a 
square wave is invoked to encode the level of a spe-
cific analog signal. When the output frequency of the 
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Fig. 1  Effects of the modulation frequency on the output optical pulse waveform (a), optical pulse waveform parameters 
(b), and inverted particle parameters (c) 
In (a), the red curves denote the photon number, and blue curves denote the inverted particle number. In (b), the red line indicates 
the rise time of the optical pulse, the black line indicates the full width at half maximum (FWHM) of the optical pulse, and the 
blue line indicates the amplitude of the optical pulse. In (c), the orange line indicates the rise time of the carriers (T-particles), and 
the purple line indicates the carrier time at which the pulse was initially generated (AT-particle). References to color refer to the 
online version of this figure 
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Fig. 2  Effects of the magnitude of the signal amplitude on the output optical pulse waveform (a), optical pulse waveform 
parameters (b), and inverted particle parameters (c) 
In (a), the red curves denote the photon number, and blue curves denote the inverted particle number. In (b), the red line indicates 
the rise time of the optical pulse, the black line indicates the full width at half maximum (FWHM) of the optical pulse, and the 
blue line indicates the amplitude of the optical pulse. In (c), the orange line indicates the rise time of the carriers (T-particles), and 
the purple line indicates the carrier time at which the pulse was initially generated (AT-particle). References to color refer to the 
online version of this figure 
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Fig. 3  Effects of the magnitude of the electrical signal offset on the output optical pulse waveform (a), optical pulse 
waveform parameters (b), and inverted particle parameters (c) 
In (a), the red curves denote the photon number, and blue curves denote the inverted particle number. In (b), the red line indicates 
the rise time of the optical pulse, the black line indicates the full width at half maximum (FWHM) of the optical pulse, and the 
blue line indicates the amplitude of the optical pulse. In (c), the orange line indicates the rise time of the carriers (T-particles), and 
the purple line indicates the carrier time at which the pulse was initially generated (AT-particle). References to color refer to the 
online version of this figure 
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control circuit is unchanged, the duty cycle is adjusted 
based on the voltage feedback to obtain a stable ad-
justable pulse width output (Singh et al., 1999; 
Blaabjerg et al., 2006). The main frequency of 
STM32F4 is 168 MHz. According to the Nyquist 
sampling theorem, in practice, the sampling fre-
quency should be 2.56 to 4 times the maximum fre-
quency of the signal; thus, the maximum pulse gen-
eration frequency is 42 MHz. The pulse width of the 
initial electrical signal is narrowed using a digital 
signal pulse width compressor, and the pulse of the 
electrical signal is shaped to eliminate the trailing. 
Subsequently, the shaping pulse is amplified using a 
high-speed, low-distortion current feedback opera-
tional amplifier. The high-precision resistance can 
accurately modulate the amplification factor such that 
the pulse power is suitable for various parameters. 
The CCS module outputs a highly stable current 
based on the current series negative feedback princi-
ple and biases the laser diode (LD) to ensure its stable 
operation. The coupling circuit superimposes the 
pulse AC signal and the constant-current DC signal 
onto the LD. The temperature control module em-
ploys a temperature control chip to acquire the in-
ternal temperature of the LD and control the thermo- 
electric cooler to ensure the stable operation of the LD. 
In addition, the temperature control module protects 
the LD. 

We avoid reflection, crosstalk, and other prob-
lems that may occur during the signal transmission 
process to reduce the loss of the pulse signal. We have 
performed calculations and developed layouts for the 
wring and design of the circuit (Ionescu and Riel, 
2011; Lu et al., 2013; Yu and Kang, 2020; Zang et al., 
2020). Our design of the semiconductor laser seed 
source is presented in Fig. 5. Furthermore, we can 
ensure the integrity of the signal transmission to  

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
reduce pulse signal loss and simultaneously avoid the 
reflection, crosstalk, and other problems that may 
occur during the signal transmission. To reduce the 
amount of crosstalk as much as possible, we add a 
protective ground line to the periphery of the signal 
traces, and the signal line to be protected is added in 
the middle. Simultaneously, one or several high- 
frequency decoupling capacitors are placed in the 
vicinity of each integrated circuit block. A nearby 
high-frequency channel is obtained for the transient 
current of the integrated circuit. Consequently, the 
transient current does not pass through the power 
supply line with a large loop area, considerably re-
ducing the outward radiated noise. Each integrated 
chip has its high-frequency channel. There is no 
common impedance between them, thus suppressing 
the impedance coupling. 
 
 
3  Results and analysis 
 

The semiconductor lasers used in the experi-
ments were 1064-nm Fabry-Perot (FP) 
(LC96A1064NBFBG-20R), 1550-nm distributed 

Fig. 5  Design of the semiconductor laser seed source 
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feedback (DFB) (SWLD-155120S22-01), and 
1970-nm discrete mode (DM) (EP1970-0-DM-B06- 
FM). The laser output was measured using a spec-
trometer to obtain the frequency-domain characteris-
tics, and the time-domain characteristics were de-
tected using high-speed photodetectors (New Focus, 
Model-1024-45G and EOT ET-5000) and oscillo-
scopes (Teledyne LeCroy, SDA 820Zi-B 20G). The 
semiconductor laser was soldered to the designed 
driver board. The output pulse spectra are presented 
in Fig. 6. Figs. 6a, 6b, and 6c are the output pulse 
spectra for the 1064, 1550, and 1970 nm lasers, re-
spectively. The 3-dB spectral widths are 3.026, 0.052, 
and 0.1486 nm, respectively. Fig. 6d shows the dual- 
wavelength pulse spectrum of two lasers simultane-
ously soldered to the driver board. The fixed signal 
frequency is 1 MHz, the pulse duty ratio is set to the 
minimum, and the signal output amplitude is adjusted 
to cause the semiconductor laser to generate the gain 
switching effects. The optical power corresponding to 
the threshold current is small based on the P-I curve 
of the semiconductor laser. STM32F4 generated an 
electrical pulse with an initial pulse width of 6 ns; the 
6-ns electrical pulse was compressed to the shortest 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

by adjusting the compression factor of the pulse 
compressor. The narrowest electrical pulse width is 
1 ns. The amplification factor of the amplifier was 
adjusted, and the amplified electric pulse drove the 
semiconductor laser to enable the production of a 
narrow optical pulse. As shown in Fig. 7a, the output 
waveform exhibits an FWHM of 80 ps without tailing. 
The frequency of the driving signal is 1 MHz. The 
electrical pulse duty ratio was set to the maximum. 
STM32F4 generated an electrical pulse with an initial 
pulse width of 980 ns. The amplification factor of the 
amplifier was adjusted, and the amplified electric 
pulse drove the semiconductor laser to enable it to 
produce a 980-ns optical pulse. As shown in Fig. 7b, 
the optical pulse output with a pulse width of 980 ns is 
stable, and the base is small. 

As shown in Fig. 8a, the drive signal frequency 
is set to a minimum of 250 Hz, the duty ratio is set to 
50%, and the amplitude of the adjustment signal is 
obtained as an optical pulse output with a frequency 
of 250 Hz. Setting the drive signal frequency to a 
maximum of 42 MHz and adjusting the amplitude of 
the signal can obtain an optical pulse output with a 
frequency of 42 MHz, as shown in Fig. 8b. Fig. 9a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 6  Output pulse spectra with 1064 (a), 1550 (b), and 1970 (c) nm lasers and dual-wavelength pulse spectrum of two 

lasers with dual wavelength=1064 nm/1550 nm (d) 

1000 1100 1200 1300 1400 1500 1600
Wavelength (nm)

−70

−60

−50

−40

−30

−20

−10

0

In
te

ns
ity

 (a
.u

.)

(d)

−70

−60

−50

−40

−30

−20

−10

In
te

ns
ity

 (a
.u

.)

1950 1960 1970 1980 1990
Wavelength (nm)

−70

−60

−50

−40

−30

−20

−10

0

In
te

ns
ity

 (a
.u

.)

1530 1540 1550 1560 1570
Wavelength (nm)

−70

−60

−50

−40

−30

−20

−10

0

In
te

ns
ity

 (a
.u

.)

1040 1050 1060 1070 1080
Wavelength (nm)

1090

(c)

(a) (b)



Yang et al. / Front Inform Technol Electron Eng   2021 22(10):1379-1389 1387 

shows the optical pulses with a frequency of 1 MHz 
and widths of 0.1, 1, 10, and 100 ns. In Fig. 9b, the 
FWHM is 1 ns and the frequencies are 0.1, 1, 5, and 
10 MHz. The peak power of the pulse is basically 
maintained at 0.8 mW. The frequency of the output 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

optical pulse ranges from 250 Hz to 42 MHz, and the 
minimum pulse width of the optical pulse is 80 ps. 
The gain switching optical pulse and the  
quasi-to-continuous pulse output are simultaneously 
satisfied. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7  Optical pulse output with spectral widths of 80 ps 
(a) and 980 ns (b) 
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4  Conclusions 
 

A set of fiber laser pulse sources with adjustable 
optical signal parameters has been obtained using an 
embedded technology design. Furthermore, a rate 
equation model has been established and analyzed for 
a semiconductor laser; the accuracy of the model has 
been experimentally verified. When compared with 
the driving of traditional semiconductor lasers, the 
frequency and pulse width of the laser pulse source in 
this study can be separately modulated, considerably 
increasing the application range of the seed source. 
The designed drive circuit exhibits a compact struc-
ture, adjustable pulse width and frequency, and high 
stability. The experimental results demonstrated that 
the laser pulse optical source exhibits stable output 
power and a high signal-to-noise ratio. It can be used 
as a seed source for general high-power optical sys-
tems, and exhibits good application value and exten-
sive market prospects. 
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