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Broadband tunable integrated 
CMOS pulser with 80-ps minimum 
pulse width for gain-switched 
semiconductor lasers
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Guoen Weng1, Xiaobo Hu1, Yanling Shi1, Yiqing Liu1 & Hidefumi Akiyama2

High power pulsed lasers with tunable pulse widths are highly favored in many applications. When 
combined with power amplification, gain-switched semiconductor lasers driven by broadband tunable 
electric pulsers can meet such requirements. For this reason, we designed and produced a low-cost 
integrated CMOS pulse generator with a minimum pulse width of 80 ps and a wide tuning range of 
up to 270 ns using a 40-nm microelectronic process technique. We used this pulser to drive a 1.3-µm 
semiconductor laser diode directly, and thereafter investigated the gain-switching properties of the 
laser system. The optical pulses consist of a spike followed by a steady state region. Tuning the width 
of the electrical pulse down to approximately 1.5 ns produces optical pulses consisting only of the 
spike, which has a minimum pulse-width of 100 ps. Moreover, the duration of the steady state can be 
tuned continuously by tuning the electrical pulse width, with a peak power of approximately 5 mW. The 
output voltage of the electric pulser has a tuning range of 0.8–1.5 V that can be used to directly drive 
semiconductor laser diodes with wavelengths in the near-infrared spectrum, which are suitable for 
power amplification with rare-earth doped fiber amplifiers.

High power pulsed lasers, including the currently used commercial femtosecond mode-locked Ti:sapphire 
lasers, microsecond and nanosecond Q-switched lasers, and picosecond and femtosecond fiber lasers, have been 
deployed in many applications in areas such as pulse laser deposition (PLD)1–3, laser processing4–7, and laser 
ablation8–10. Different applications typically require pulsed lasers with different pulse energies and durations. For 
example, in the case of laser machining, different hole sizes and shapes on the surface of a material corresponding 
to laser ablation with different pulse widths have been reported10. In the case of PLD, it has also been reported 
that the crystal quality and surface morphology of the deposited thin films vary for different pulse widths1–3. 
Consequently, in order to ensure flexible and precise processing, high power pulse-width-tunable lasers are essen-
tial. The commercially used Ti:sapphire and fiber based high power pulsed lasers typically have fixed pulse dura-
tions and are not pulse-width-tunable, which in some cases limits their applications.

In high-power fiber lasers, high output powers are achieved through power amplification of seed lasers 
with rare-earth-doped-fiber amplifiers; therefore, one of the approaches towards the realization of high-power 
pulse-width-tunable lasers is to manufacture a pulse-width-tunable seed laser. Gain-switched semiconductor 
lasers are good candidates for use as seed lasers11–17, owing to their many unique properties including their sim-
plicity, frequency-tunable capability, and their low-cost and subsequent mass-production potential. Several stud-
ies on the fabrication of pulsed fiber lasers using gain-switched semiconductor lasers have therefore been carried 
out18–20.

In gain-switched semiconductor laser systems, the structural parameters of the diode have significant effects 
on the laser’s gain-switching characteristics. Short optical pulses can thus be generated by improving the structural 

1School of Information Science and Technology, East China Normal University, 500 Dongchuan Road, Shanghai, 
200241, China. 2Institute for Solid State Physics, The University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa, Chiba, 277-
8581, Japan. 3Research Center for Photovoltaics, National Institute of Advanced Industrial Science and Technology, 
1-1-1 Umezono, Tsukuba, Ibaraki, 305-8560, Japan. Shaoqiang Chen and Shengxi Diao contributed equally to this 
work. Correspondence and requests for materials should be addressed to S.C. (email: sqchen@ee.ecnu.edu.cn) or 
S.D. (email: sxdiao@ce.ecnu.edu.cn)

Received: 14 December 2016

Accepted: 23 June 2017

Published online: 31 July 2017

OPEN

mailto:sqchen@ee.ecnu.edu.cn
mailto:sxdiao@ce.ecnu.edu.cn


www.nature.com/scientificreports/

2Scientific REPORTS | 7: 6878 | DOI:10.1038/s41598-017-07138-3

and material properties of the laser diodes21–24. Since the laser diodes are directly modulated by the electric pul-
sers, the properties of the electrical output pulse are also important in determining the pulse lasing performance 
of the laser system. As a result, the development of practical, low-cost, compact, pulse-width-tunable electrical 
pulse generators is also crucial. Moreover, even with long electrical pulse excitations, short gain-switched pulses 
can be obtained by applying several post treatment methods, such as compression and spectral filtering13–17, to the 
output pulse shape. However, the simplest way of obtaining gain-switched pulses is direct generation of optical 
pulses from a semiconductor laser. For this reason, short electric pulse generators based on low-cost semiconduc-
tor transistors and integrated circuits are in demand.

Generating short optical pulses from semiconductor laser diodes typically requires electrical pulses 
tens of picoseconds in duration. If the pulse width is tunable, the frequency range covered will be very wide. 
Although GaAs or SiGe processes25, 26 and solid-matching can be utilized to realize the required pulses, both 
processes are expensive and not easily integrated with the whole system when compared with complementary 
metal-oxide-semiconductor (CMOS) technology27, 28. In spite of the low cutoff frequency of standard CMOS 
technology and the resulting difficulty in generating very narrow pulses28–30, with improvements to the CMOS 
process, the cutoff frequency is increased up to a point where it almost meets the requirements. Moreover, 
through circuit design and current-driven techniques, the laser driving capability can be improved.

In this paper, we designed and constructed a low-cost CMOS based electric pulser with tunable pulse widths 
within the range of 0.08–270 ns, and tunable output voltages within the range of 0.8–1.5 V. We used this pulser to 
directly drive a semiconductor laser diode and investigated the gain-switching properties, thereby demonstrating 
the pulse-width-tunable characteristics of the total laser system. The output pulse shape depends on the electri-
cal pulse, with a tunable duration within the range of 0.1–270 ns. CMOS integrated circuits have therefore been 
verified as a good choice for use in low-cost and compact electric pulsers for gain-switched semiconductor laser 
diodes.

Materials and Methods
First, we designed and produced a low-cost CMOS pulse generator using a 40 nm process technique, in a standard 
IC foundry (Semiconductor Manufacturing International Corporation). We then designed the peripheral circuit 
and converted the CMOS pulse generator into a pulse-width-tunable electric pulser packaged on a printed circuit 
board (PCB). Figure 1(a) shows an image of the electric pulser captured using a digital camera. A nanosecond 
oscillator with an operating frequency of 1.8 MHz was used to trigger the CMOS pulse generator. Figure 1(b) 
shows an image of the CMOS pulse generator, captured before packaging on the PCB. Figure 1(c) shows an 
enlarged image of the CMOS pulse generator, Fig. 1(d) shows its design layout, and Fig. 1(e) shows the schematic 
design of the CMOS circuit. The CMOS pulse generator consists of three cascaded, current-tunable inverters, and 
a tunable metal-oxide-semiconductor capacitor (MOSCAP). This tunable current represents a virtual resistor, R, 
and the tunable MOSCAP represents a tunable capacitance, C. Consequently, a tunable delay of τ = RC can be 
easily achieved using both tuning mechanisms. A pulse width equal to τ can be generated by performing a logical 
AND operation on the delayed square wave and the original signal. A detailed schematic of the tunable pulse 
generator is given in the Supplementary Information.

As laser diodes generally have an input impedance of around 50 Ω, a driver is needed to achieve a high voltage 
amplitude and narrow pulse width. Using calculations and simulations, aspect ratios of 100 µm/40 nm for PMOS 
transistors and 40 µm/40 nm for NMOS transistors were selected to form the inverter used to drive the external 
50 Ω laser diode. The die photo (Fig. 1(c)) of the CMOS pulse generator shows that the whole pulse generator, 
including the PAD connectors, which only occupy an area of 1 mm2. The pulser is driven with a 5 V DC current 
source, and the integrated CMOS pulse generator is driven with DC voltages between 0.8 and 1.5 V. The output 
pulse shapes of the electric pulser were measured using a high-speed oscilloscope.

We used this pulser to directly drive a commercial semiconductor distributed feedback (DFB) laser diode in 
order to investigate the gain-switching properties and demonstrate the pulse-width-tunable characteristics of the 
total laser system. The laser diode is in a pigtail package, with a lasing wavelength of 1.3 µm. We directly applied 
the electrical output from the pulser onto the semiconductor laser diode. The waveforms of the output pulse were 
measured using a high-speed photodetector combined with a high-speed oscilloscope, and the laser powers were 
measured using a power meter.

The oscilloscope used for this study is an Agilent 86100D with an electrical module, Agilent 86117 A, with a 
bandwidth of 50 GHz, rise time of 7 ps, and jitter of less than 1 ps. The photodetector is a New Focus Model 1014 
with a bandwidth of 45 GHz.

Results and Discussion
The lasing performance of the laser diode was first investigated with continuous-wave (CW) current injections. 
Figure 2 shows the plot of the output power against the injection current. It is shown that the laser diode has a 
threshold current of 11 mA, quantum efficiency of 0.17 W/A, and lasing wavelength of 1310 nm.

The results of the electrical measurements taken on the integrated CMOS pulser are shown in Fig. 3(a) and 
(b). By tuning the voltage applied to the CMOS (TB), the output pulse width can be tuned continuously up to 
270 ns, with a minimum pulse width of 80 ps. The output voltage can be tuned from 0.8 to 1.5 V. Figure 3(b) 
shows the waveform of an electrical pulse with a duration of 270 ns generated by the CMOS pulser, as well as the 
corresponding optical output pulse from the laser diode. It can be seen that while the shapes of the electrical and 
optical pulses differ at the rise edges, the falling edges overlap with each other well, which is a result of the tran-
sient gain-switching process (it appears that the optical pulse is “cut” by the falling edge of the electrical pulse). 
The operating frequency of the system depends on the oscillator used for the initial pulse generation, which is 
approximately 1.8 MHz. This frequency can therefore be changed by choosing a different oscillator.
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Figure 4 shows the waveforms of optical pulses from the laser diode generated as a result of applying electrical 
pulses with different durations. The output voltage of the electrical pulses is fixed at 1.4 V. From Fig. 4(a), we can 
see that the optical pulse consists of two parts, an initial spike followed by a steady state region. This shape is typ-
ical of gain-switched optical pulses generated using long electrical pulse excitation13. According to our previous 
research, the delay time of the first spike, which is also called the turn-on time of the laser diode, depends on the 
gain property of the laser diode13, 24, 31. Increasing the gain of the laser diode can thus reduce the turn-on time.

Figure 1. Schematic design and images of the electric pulser. (a) Image of the lab-made electric pulser on a 
printed circuit board (PCB). (b) Image of the CMOS pulse generator taken before packaging on the PCB. (c) 
Enlarged image of the CMOS pulse generator. (d) Design layout of the CMOS pulse generator. (e) Schematic 
design of the CMOS circuit. TA: Tuning A, TB: Tuning B, DI: Data Input, VDD: Voltage Drain Drain, VSS: 
Voltage Source Source, GND: Ground.
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From Fig. 4(a,d), we see that reducing the electrical pulse duration simultaneously reduces (or cuts) the steady 
state durations of the optical pulses, even though the delay time of the optical pulses remains unchanged. That 
is to say, the optical pulse width is adjusted by tuning the electrical pulse width. Figure 4(d) shows that this 
steady state can be significantly reduced, leaving only the initial spike of the optical pulse, which has a minimum 
pulse-width of approximately 100 ps. The intrinsic minimum duration of the first spike depends on the gain and 
structural properties of the semiconductor laser diode and can further be reduced by optimizing the parameters 
of the laser diode. The inset shows an enlarged figure of the waveform of the first spike, indicating that the wave-
form contains many jitters.

Further experiments on jitter measurements (See Supplementary Information) have been performed. 
Figure 5(a), shows the phase noises of the input and output signals of the CMOS pulser, respectively. The rms 
jitters are 34.208 ps and 39.450 ps, respectively, which means the extra jitter contribution by the pulse generator 
circuit is only 5.242 ps. Meanwhile we also measure the phase noise of the input pulse and the optical outputs of 

Figure 2. Input-output characteristics of the laser diode used in this study. The inset shows the lasing spectrum 
of the laser with an input current of 20 mA.

Figure 3. Results of the electrical measurements taken on the integrated CMOS pulser. (a) Waveforms of the 
output pulses with different pulse widths from the CMOS pulser with different voltage of TB from 0.66 to 0.48 V. 
Each waveform is marked with the corresponding voltage. (b) Waveform of the electrical pulse from the CMOS 
pulser with a duration of 270 ns and the corresponding optical pulse from the laser diode.
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the laser diode, as shown in Fig. 5(b), the rms jitters are 33.421 ps and 35.552 ps, which means the semiconductor 
laser diodes only contributes a rms jitter of 2.131 ps. Therefore, the jitter is mainly induced by the jitter inherent 
to the circuits-voltage oscillator. For future implementation, an oscillator of improved quality could be used to 
reduce the jitter of our laser driving circuit.

The fixed delay time in Fig. 4 results from the fixed driving voltage; thus, changing the driving voltage of the 
laser results in a change in the delay time. Figure 6(a) shows the waveforms of optical pulses generated with driv-
ing voltages ranging from 0.9 to 1.4 V (for easy observation of the pulse shapes, the electrical pulse-widths are 
tuned to the cut off of the steady state). From Fig. 6(b), we can see that by increasing the driving voltage, the delay 
time of the optical pulses is reduced, which is also a typical gain-switching property of semiconductor lasers.

Figure 4. Waveforms of the optical output of the laser diode generated due to the application of electrical 
pulses with different durations. (a) Waveforms of the driving electrical pulse with a duration of 4.3 ns and 
the corresponding optical pulse with a duration of 3.0 ns. (b) Waveforms of the driving electrical pulse with a 
duration of 2.7 ns and the corresponding optical pulse with a duration of 1.3 ns. (c) Waveforms of the driving 
electrical pulse with a duration of 2.0 ns and the corresponding optical pulse with a duration of 0.7 ns. (d) 
Waveforms of the driving electrical pulse with a duration of 1.7 ns and the corresponding optical pulse with a 
duration of 0.3 ns. (e) Waveforms of the driving electrical pulse with a duration of 1.4 ns and the corresponding 
optical pulse with a duration of around 100 ps. Inset shows an enlarged figure of the waveform of the optical 
pulse.
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Figure 7 summarizes the tuning ability of the electric pulser driven semiconductor laser system. The tuning 
range of the electric pulser is 8 ps–270 ns, and consequently, the optical pulse width can be tuned from 100 ps to 
270 ns. The peak power of the optical pulse is approximately 4 mW, which is a value suitable for use as seed lasers, 
for fiber amplifications.

Note that the 100 ps minimum optical pulse width is generated from an electrical pulse width of 1.5 ns, which 
is much longer than the 80 ps minimum that the electric pulser can achieve. The 100 ps optical pulse width is 

Figure 5. (a) Phase noise comparison between the input and output of the pulse generator. (b) Phase noise 
comparison between the input and output of the semiconductor laser diode.

Figure 6. (a) Waveforms of the optical pulses from the laser diode generated with different driving voltages 
ranging from 0.9 to 1.4 V (for easy observation of the pulse shapes, the electrical pulse widths are tuned to cut 
off the steady state). (b) Delay times of the optical pulses from the laser diode generated with different driving 
voltages ranging from 0.9 to 1.4 V.
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limited primarily by the gain-switching properties of the semiconductor laser; the long delay time indicates a 
low-gain semiconductor laser is being used28, 29. With proper high-gain and high-speed laser diodes13, 21, shorter 
optical pulses with pulse widths of several picoseconds can be expected using the current electric pulser.

The intrinsic time accuracy for the SMIC CMOS 40-nm process can be as low as 9.4 ps32. The internal circuit 
used can generate a similarly short pulse. However, after significant filtering of package parasitics, high-frequency 
components are dramatically attenuated. The 80-ps electrical pulse width is therefore limited by the external 
matching network and package parasitics. Through system integration, or the optimization of PCB and package 
design, it is possible to generate shorter electrical pulses sufficient for driving semiconductor lasers. Moreover, 
if we can manage to integrate the pulse generator and the laser diode, the effects of the matching problem and 
package parasitics can be minimized further.

The current maximum output voltage is approximately 1.5 V and depends on the CMOS gate thickness. If a 
standard thick-gate CMOS process is adopted, a maximum output voltage of 5 V can be expected; however, the 
intrinsic pulse width may be broadened slightly to about 10 ps. Furthermore, by adopting the laterally diffused 
metal oxide semiconductor (LDMOS) technique, an even higher driving voltage (>25 V) may be achieved, which 
is useful for high power laser diodes.

Conclusions
We designed and produced a low-cost integrated CMOS pulse generator using a 40-nm microelectronic 
process technique. We then designed the peripheral circuit and converted the CMOS pulse generator into a 
pulse-width-tunable electric pulser with a minimum pulse width of 80 ps, as well as a tunable output voltage 
ranging from 0.9 to 1.5 V and a wide tuning range of up to 270 ns. We used this pulser to drive a 1.3-µm semi-
conductor laser diode directly and investigated the gain-switching properties of the whole laser system. When 
tuning the electrical pulse width to approximately 1.5 ns, the semiconductor laser produces optical pulses with 
a minimum pulse width of 100 ps. The optical pulse widths can be tuned continuously up to 270 ns by adjusting 
the electrical pulse width. The electric pulser produced can be used to directly drive semiconductor laser diodes 
with wavelengths in the near-infrared range, which are suitable for power amplification with rare-earth doped 
fiber amplifiers.
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