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New ultrashort pulsewidth measurement technology based
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Conventional ultrashort pulsewidth measurement technology is autocorrelation based on second-harmonic generation;
however, nonlinear crystals and bulky components are required, which usually leads to the limited wavelength range
and the difficult adjustment with free-space light alignment. Here, we proposed a compact all-fiber pulsewidth measure-
ment technology based on the interference jitter (1)) and field-programmable gate array (FPGA) platform, without requiring
a nonlinear optical device (e.g., nonlinear crystal/detector). Such a technology shows a wide measurement waveband from
1to 2.15 um at least, a pulsewidth range from femtoseconds to 100 ps, and a small relative error of 0.15%-3.8%. In particular,
a minimum pulse energy of 219 f] is experimentally detected with an average-power-peak-power product of
1.065 x 10~8 W2, The 1)-FPGA technology may offer a new route for miniaturized, user-friendly, and broadband pulsewidth

measurement.
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1. Introduction

Ultrafast lasers are widely used in many fields, such as bio-
medicine!"!, material processing'®!, optical communications',
Lidar', and scientific research™®!. Most of these applications
need to clearly know the parameters (e.g., pulsewidth and
phase) of ultrashort laser pulses, and it is important to accurately
measure the pulse width and phase information of the ultrashort
laser!”).

In 1967, the intensity autocorrelation (AC) theory was
proposed™®), and AC based on second-harmonic generation
(SHG) becomes one of the most key technologies to characterize
ultrashort pulses. In 1993, the frequency-resolved optical gating
(FROG) was proposed®™"*), and then, in 1998, spectral-phase
interferometry for direct electric-field reconstruction (SPIDER)
was further developed!'*'®l. These technologies, enabling
retrieval of pulse amplitude and phase information simultane-
ously, have been a great success during the past few decades.
However, they still suffer from some limitions!'”'®): (1) the used
nonlinear crystal restricts the measurement spectral range, lead-
ing to often changing nonlinear crystals for different wavebands;
(2) precise phase matching must be satisfied by beam align-
ment in the free-space light path or temperature control, result-
ing in difficulty adjusting; (3) the measurement sensitivity is

© 2022 Chinese Optics Letters

031404-1

Keywords: pulse width measurement; interference jitter; FPGA platform:; optical device.

insufficient because enough power level is needed to excite
the nonlinear process (e.g., SHG)[19]. In addition, another AC
technology based on two-photon absorption (TPA) or saturable
absorption allows compact design and high detection sensitiv-
ity!?°*), but the TPA effect usually has picosecond (ps) decay
time in semiconductors, possibly leading to limitation on the
measurement of pulse width!>>?*), In recent years, many
researchers have proposed new pulsewidth measurement meth-
ods without the nonlinear crystal and TPA detector. For exam-
ple, the linear interference to measure pulse width was already
mentioned and confirmed in 2014*”), The FROG method based
on the transient grating nonlinear process was proposed in 2015,
which does not need nonlinear crystals and self-phase match-
ing!*®). Self-referenced spectral interferometry and dispersion
scan can be also run at low pulse energy without nonlinear crys-
tals'*>*°!. However, these methods are still relatively complex
with a limited operation bandwidth. Therefore, there is still
strong motivation to develop compact and broadband pulse-
width measurement technology without the use of nonlinear
crystals/detectors.

In this Letter, we propose and demonstrate an all-fiber pulse-
width measurement technology based on the interference jitter
(IJ) and field-programmable gate array (FPGA) platform, which
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does not require nonlinear crystals or a TPA detector and shows
a compact/intelligent capability. The measured spectral range
can cover the range from the near-infrared to mid-infrared,
and the measured pulsewidth can be from tens of femtoseconds
(fs) to 100 ps. This technology represents a new paradigm of pul-
sewidth measurement setup with the advantages of compact-
ness, high performance, and ease of use.

2. Operation Principle and Experimental Setup

2.1. Design and setup

Figure 1 shows the schematic design of our proposed pulsewidth
measurement technology based on IJ-FPGA. The measurement
setup is mainly composed of an interference part and an IJ data
acquisition and processing system. The interference part con-
sists of two 50/50 optical couplers (OCs), a fixed arm with a sec-
tion of matching fiber, and a fiber delay line (MDL-002, General
Photonics, Inc.). The delay line is set to 0 ps position at absolute
origin, and the delay range can be from 0 to 560 ps, which deter-
mines the maximum pulse width measured up to ~280 ps. The
optical delay resolution is 1 fs, and the optical delay accuracy is
+10fs, implying that the narrowest measurable pulsewidth is
tens of fs. The IJ data processing system mainly realizes fast
and accurate acquisition and recording of IJ signals at different
delay 7 (see Section 2.2). The system mainly includes the low-
speed photodetector (PD), carrier card, and factor card. The
InGaAs amplified PD (Thorlabs, PDA05CF2) with a
150 MHz bandwidth is used to measure the wavelength of
800-1700 nm, and the noise equivalent power (NEP) is
12.6 pW/Hz!'/2. In the 2 pm band, there is a 12.5 GHz PD
(Electro-Optics Technology, Inc., ET-5000F). The carrier card
chooses the FPGA development board, and the factor card
includes an analog-to-digital conversion (ADC) module and
universal asynchronous receiver/transmitter (UART) transmis-
sion module. The ADC module realizes the conversion of the
analog signal output stemming from the PD to the digital signal.
The module has a sampling frequency of 125 MS/s, a digital bit
width of 12 bits, and an input voltage range of —5-5 V. The sam-
pling frequency limits the repetition frequency of the signal
source to be below 62.5 MHz, based on the Nyquist sampling
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Fig. 1. Schematic of the all-fiber pulsewidth measurement setup based on
|J-FPGA.
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theorem. In our experiment, the IJ signal generally appears
within 10 s after the delay-line set, so the FPGA carrier card
mainly realizes the storage and maximum value detection of
the digital signals collected within 10 s. The UART module real-
izes the transmission of maximum value data to the personal
computer (PC) with the transmission baud rate of 9600. Since
the method is a statistical detection method, it should be pointed
out that our measurement method may only apply to the case of
higher repetition rate [i.e., above the megahertz (MHz) level].

2.2. Operation principle

According to the IJ-FPGA setup in Fig. 1, the ultrafast laser to be
measured is divided into two arms, in which the delay time of
one arm is variable, and the delay time of the other arm is fixed.
The optical fields of the variable arm E, and the fixed arm E,
interfere at the output port. After superposition, the optical field
E can be expressed as

E(w,t) = E,(w,t) + E;(w,t — 7)
= A(t)ei[wtw(t)] + A(t - T)ei[w(t—r)+r/1(t—r)], (1)

where 7 is the delay time between the two arms, and w and ¢(¢)
are the frequency and phase of the pulse, respectively. The pho-
tocurrent generated in the low-speed PD is too slow to capture
either the envelope or the fast-oscillating fringes of an ultrashort
pulse. The measured photocurrent must be the time integral of
|E(#)]?. When the delay time 7 of the delay line is fixed, the phase
difference from the two-arm pulses is still not fixed because of
the external slowly varying environment (e.g., low-frequency
vibration, temperature fluctuation), which finally reflects the
slow jitter captured by the low-speed PD. Such a phenomenon
can often be observed in an ultrafast time-domain interferom-
eter, i.e., so-called IJ induced by the environmental disturbance.
Figure 2(a) represents the typical states with different delay
times 7, which are non-overlapping, partial overlapping, and
complete overlapping of the two-arm pulses, respectively.
When the two-arm pulses are non-overlapping, no interference
happens, and no jitter can be observed by the low-speed PD.
With increasing overlapping of the two-arm pulses by scanning
the delay line (varying 7), the IJ becomes stronger and stronger,
as described in Fig. 2(b). Next, we collect and record the IJ
detected by the low-speed PD and find out the maximum output
voltage (V.,) by the FPGA platform. Namely, we record V.
at each delay point 7 and then draw the curve (7, V,,) given
by the blue points of Fig. 2(c). By fitting, the full width at
half-maximum (FWHM) of this curve is the measured pulse
width AZFWEM (je, A7FWHM = FWHM). According to this
idea and Eq. (1), we perform the numerical simulation. As
shown in Fig. 3, the red curve is the optical intensity envelope
of the original pulse, and the blue curve is the simulated en-
velope of (7, V) The two curves are consistent in both the
ps and fs regimes, indicating the feasibility of the proposed
technology.
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Fig. 2. (a) Pulses of the fixed arm and the variable arm at different delay times z, (b) the pulse envelope measured by a low-speed PD at the corresponding delay
time 7, and (c) the normalized V., data (blue dots) and fitting envelope (red line).

3. Result and Discussion

3.1. Broadband pulsewidth measurement

First, we used the IJ-FPGA setup (see Fig. 1) to measure 1.06 pm
ultrashort pulses, which are from a home-made, SESAM mode-
locked Yb-doped polarization-maintaining fiber laser, as shown
in Fig. 4(a). The spectrum [Fig. 4(b)] of the mode-locked laser
has a central wavelength of 1064.0 nm and a pulse repetition rate
of 19.331 MHz. For comparison, the pulse width was measured
by our IJ-FPGA technology and a commercial autocorrelator,
respectively. In Fig. 4(c), the red dots were recorded by the
IJ-FPGA setup with the input average power of 15 pW, and
A7TFWHM was measured to be 11.74 ps. Meanwhile, the blue curve
was recorded by a commercial autocorrelator (Femtochrome
Research, FR-103XL), and the FWHM = 18.403 ps. Considering
the hyperbolic secant pulse, the pulse width is AZ"WHM =
FWHM X 0.648 = 11.95 ps. The relative error between the two
technologies is only 1.8%. To further confirm the wide measure-
ment range of the IJ-FPGA technology, we also measured
~100 ps-level ultrashort pulses at 1.06 pm. The experimental
setup of such ~100 ps-level 1.06 um laser is similar to Fig. 4(a),
except that a SESAM with different performance was used.
The central wavelength of the ultrafast laser is 1063.1 nm, as
shown in Fig. 4(d), and the pulse repetition rate is 18.601 MHz.
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Fig. 3. Intensity envelope of the original pulse (red line) and the numerically
simulated [z, Vi envelope (blue line) in (a) the fs regime and (b) the ps
regime.

When the input average power is 62 pW, in Fig. 4(e), the pulse
widths measured by our IJ-FPGA setup and a commercial auto-
correlator are 81.53 ps and 81.65 ps, respectively. The relative
error is as low as 0.15%.

Furthermore, to verify the broadband spectrum applicability
of the IJ-FPGA technology, we used the setup to measure 1.5 pm
and 2.15 pm ultrashort pulses as follows. Figure 5(a) is a
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Fig. 4 (a) Experimental setup of the 1.06 pm ultrafast laser. WDM, wave-
length-division multiplexer; PM-YSF, polarization-maintaining Yb-doped fiber;
CFBG, chirped fiber Bragg grating. (b) and (d) Optical spectra. (c) and (e] AC
trace with a commercial autocorrelator (blue line) and 1)-FPGA trace (red
dots).
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Fig. 5. (a) Experimental setup of the 1.5 pm ultrashort pulsed laser. OC, optical
coupler. (b) and (d) Optical spectra of the measured ultrafast laser. (c) and
(e) AC trace with a commercial autocorrelator (blue line) and 1)-FPGA trace
(red dots).

homemade 1.5 pm CNT mode-locked polarization-maintaining
Er-doped fiber laser, and the laser has a central wavelength of
1561.5 nm [see Fig. 5(b)] and a pulse repetition rate of
22.801 MHz. Figure 5(c) gives the pulsewidth measured result
(red dots) by the IJ-FPGA setup with the input average power
of 5 pW, and A7FWHM =103 ps. The blue line in Fig. 5(c)
was measured by the FR-103XL commercial autocorrelator,
and the pulse width is 1.07 ps. The measured results of both tech-
nologies are in good agreement, and the relative error is 3.8%.
Then, we also measured fs pulses at 1.58 pm (based on nonlinear
spectral broadening). The central wavelength is 1582.4 nm with
a 3 dB bandwidth of ~55nm [see Fig. 5(d)] and a pulse repeti-
tion rate of 14.293 MHz. As shown in Fig. 5(d), when the input
average power was 20 pW, the pulsewidth measured by our
IJ-FPGA setup and the FR-103XL commercial autocorrelator
is 412.9 fs and 412.1 fs, respectively. The experimental results
well prove the reliability of the IJ-FPGA for measuring fs
ultrashort pulses. However, it should be pointed out that the
measurement accuracy will sharply worsen for < 200 fs pulse-
width, due to the nonlinearity and dispersion influence of fiber
used in the IJ-FPGA setup on pulsewidth broadening or
compression.

We further utilized the IJ-FPGA technology to measure an
ultrafast laser operated at 2.15 pm. Figure 6(a) depicts a sche-
matic of the 2.15 pm ultrafast laser based on Raman soliton
self-frequency shift. As shown in Fig. 6(b), the 2153.0 nm
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Fig. 6. (a) Schematic of the 2.15 um ultrafast fiber laser. TDF, Tm**-doped dou-
ble-clad fiber. (b) Optical spectrum. (c) 1-FPGA trace (red dots) and fitting (red
line).

ultrashort pulsed laser has a 3 dB bandwidth of 39.0 nm, and
the pulse repetition rate is 35.305 MHz. In the Fig. 6(c), the
red dots were recorded by the IJ-FPGA setup at the input power
of 150 pW. By sech? fitting, the pulsewidth was measured as
A7TFWHM — 848 1 fs, but the AC result for comparsion cannot
be provided due to the inaccessibility of the FR-103XL autocor-
relator at 2.15 pm.

3.2. High-sensitivity pulsewidth measurement

In addition, to evaluate the measurement sensitivity of the
IJ-FPGA technology, a tunable optical attenuator was inserted
to the output end of a homemade 1.56 pm ultralfast laser to
repeat the pulsewidth measurement with the different input
average power. The pulse widths of the ultrafast laser with aver-
age input power of 10 pW, 500 pW, and 2 mW were measured
by the IJ-FPGA setup, respectively. The results are shown in
Fig. 7, and all of them are the same as 613.7 fs, confirming that
the IJ-FPGA technology can be valid in a wide range [from
microwatts (W) to milliwatts (mW) at least] of input power
and shows an excellent consistency in pulsewidth measurement.
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Fig. 7. I)-FPGA trace (red dots) and fitting envelope (blue line) with different
input power (pulse energy).
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Last, we have calculated the average-power-peak-power prod-
uct (Pyy - Ppi) and the measurable pulse energy in the 1.06-
2.15 pm wavebands. A minimum pulse energy of 219 f] is exper-
imentally detected with P,, - P of 1.065 x 107° W?. Compared
with the detected P, - Py of the FR-103XL commercial auto-
correlator (i.e., ~107> W? in our experiment), the minimum
detectable P,, - Py of our IJ-FPGA setup is remarkably
improved, i.e., a higher sensitivity. In fact, the sensitivity of
the IJ-FPGA setup is limited by the large loss (3.98 dB at
1.5 pm and 6.99 dB at 1.06 pm) of the delay line used in our sys-
tem. If the whole fiber system is fusion spliced instead of using
fiber connectors, and a better delay line with low insertion loss
is chosen, we estimate that the allowable single pulse energy can
be ~881], and the P,, - Py can be improved to 1.7 X 1077 W?
(corresponding to an average power of —23.01 dBm — 3.98dB =
—26.99 dBm) in the 1.5 pm band. In the 1.06 pm band, the
allowable single pulse energy can be estimated as ~1551], and
the P, - Py can be improved to 3.96 X 10~® W? (corresponding
to an average power of —18.24 dBm — 6.99 dB = —25.23 dBm).

4. Conclusion

In summary, we have proposed and demonstrated a ultrafast
laser pulsewidth measurement technology based on IJ-FPGA.
This technology does not need nonlinear crystals or a TPA
detector and shows a compact structure and intelligent capabil-
ity. By using the IJ-FPGA technology, we have measured the
pulsewidths of the ultrafast lasers at 1.06, 1.5, and 2.15 pm
wavelengths, and the measurement results are consistent with
a commercial autocorrelator and show a small relative error
of 0.15%-3.8%, verifying the feasibility of the IJ-FPGA technol-
ogy. A minimum pulse energy of 219 {] is experimentally
detected with a P, - Py 0f 1.065 X 10~ W2, By further optimiz-
ing the experimental setup, it is estimated that the system can
potentially support femtojoule (f])-level pulse energy with fs
pulse width, and the P, - Py can be improved to 1078 W2,
We believe that the IJ-FPGA technology has the potential to
achieve a miniaturized, high-sensitivity, and broadband pulse-
width measurement system.
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