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A software synchronous optical sampling system is constructed based on sum frequency generation (SFG)
in periodically poled lithium niobate (PPLN). Five gigahertz of a non-return-to-zero (NRZ) data signal
is sampled by sampling pulse with the repetition frequency of 29.31 MHz. The power of the SFG light
is set at −23 dBm, and an eye diagram is successfully recovered. A band-pass filter is added before the
sampling pulse is subjected to erbium-doped fiber amplifier to reduce gain competition and ensure a high
power level of SFG.
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The eye diagram of a data signal in optical communica-
tion is one of the key technologies in optical performance
monitoring[1], and it is crucial to the performance eval-
uation of optical network transmission[2]. Due to its
bit rate transparency and because it is not dependent on
sampling clock synchronization and has low requirements
in the electrical signal process[3], software synchronous
optical sampling techniques have been rapidly developed
in recent years and are playing an increasingly important
role in optical performance monitoring.

Optical sampling devices are the core of software syn-
chronous optical sampling techniques, among which high
nonlinear fiber[4], semiconductor optical amplifiers[5],
and periodically poled lithium niobate (PPLN) waveg-
uides are the most popular. Due to their extremely short
response times, nonlinear processes, such as second har-
monic generation (SHG) and sum frequency generation
(SFG), based on second-order nonlinear interaction in
PPLN have been widely utilized in several domains, in-
cluding all-optical wavelength conversion[6,7], all-optical
format conversion[8], and optical sampling systems[9−11],
among others.

In this letter, a software synchronous optical sampling
system using PPLN was constructed without the need
for a synchronous clock. A data signal (5 Gb/s) was
sampled based on SFG effects, and an eye diagram was
successfully recovered. We found that the band-pass
filter (BPF) could suppress gain competition, which was
demonstrated by tuning its bandwidth.

Figure 1 depicts the experimental setup of the soft-
ware synchronization optical sampling system. A Z-cut,
30-mm-long 5 mol% MgO-doped PPLN waveguide (HC
Photonics) was used as the sampling device, with the
quasi-phase-matching grating period being 19.3 µm. As
the waveguide was directly coupled with the optical
fiber pigtail, spatial optical path adjustment was no
longer necessary. The waveguide was mounted in an
oven designed to control the temperature of PPLN at
0.1 ◦C. Figure 2(a) shows the sampling pulse generated

in a nonlinear polarization rotation (NPR) mode-locked
fiber laser with the repetition frequency of 29.31 MHz,
whereas Fig. 2(b) shows the optical spectrum of the sam-
pling pulse. In the Mach–Zehnder modulator (MZM), a
continuous wave (CW) laser was modulated by 5-GHz
radio frequency (RF) to generate 5 Gb/s of a non-return-
to-zero (NRZ) data signal. Both the data signal and the
sampling pulse were amplified by an erbium-doped fiber
amplifier (EDFA); a polarization controller (PC) was
used to adjust the polarization state as PPLN was a
polarization-sensitive device. Power meters (PMs) were
used to record the optical power. An optical spectrum
analyzer (OSA) and an optical oscilloscope (OSC) were
used to monitor the spectrum and optical domain wave-
form of the SFG light, respectively. The SFG light was
converted to an electrical signal in the photon detector
(PD) and became a digital signal after data circuit ac-
quisition, from which sampled data were derived.

The process of the software synchronization algorithm
is shown in Fig. 3. Mean square transform was first
applied to obtain the timing information hidden in the
seemingly irregular sampled data stream[12]. With the
use of Fourier transform and chirp Z transform[13], the
accurate number of scanned bit slots S was derived. For
N -point sampled data, the corresponding time step was
dt = S/N , and an eye diagram with bit number as time
axis was then recovered.

Figure 1 also shows a BPF before the sampling pulse
is amplified by the EDFA. On one hand, the optical
spectrum of the sampling pulse was very broad, so the

 

 

 

 

Fig. 1. Setup of the software synchronization optical sampling
system. OC: optical coupler.
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Fig. 2. (a) Waveform and (b) optical spectrum of sampling
pulse.

Fig. 3. Process of the software synchronization algorithm.

sampling pulse could not be sufficiently amplified if it
was directly amplified by the EDFA without a BPF due
to a gain competition effect (Fig. 4(a)), thus weakening
the efficiency of the SFG process. On the other hand,
the central wavelength should be tunable to meet quasi-
phase-matching conditions if the wavelength of the data
signal varies in practical application. Therefore, a BPF
was used to reduce the bandwidth of the sampling pulse
and the required wavelength was selected. The optical
spectrum of the amplified sampling pulse under such cir-
cumstances is shown in Fig. 4(b), in which the peak
power is approximately 10 dB larger than that in Fig.
4(a). In subsequent experiments, the bandwidth of the
BPF was tuned, the results of which demonstrated the
necessity of the BPF.

The wavelength of the CW laser was 1 544.85 nm, and
the central wavelength of the BPF was set to 1 555.85
nm. The 3-dB bandwidth of the BPF was 0.35 nm, and
PM1 showed that the output power of the EDFA was
9.6 dBm. By tuning the PC into the optimum state, the
maximum reading of PM2 was 4.53 dBm, indicating that
the insert loss of PPLN was 5.07 dB.

The temperature was fixed at 61.5 ◦C, and the opti-
cal spectrum of the amplified data signal and sampling
pulses together after passing through PPLN was depicted
in Fig. 5. The SFG light, the wavelength of which is cal-
culated to be 775.2 nm, is shown in Fig. 6. The power
of the SFG light is approximately −23 dBm, and it can
be detected by the PD. The peak at approximately 777.9
nm is in fact the SHG light of the sampling pulse. As its
power is approximately 20 dB lower than the power of
the SFG light, it could be ignored.

The recovered eye diagram (Fig. 7(a)) was coinciden-
tal with the eye diagram directly measured (Fig. 7(b)).
The Q factor is used to evaluate the quality of the eye
diagram, which is calculated as

Q =
u1 − u0

σ1 + σ0
, (1)

where u1 and u0 are the average values of 1 and 0 bits,
respectively; σ1 and σ0 are the corresponding standard
deviations of 1 and 0 bits. The Q factor of the recovered
eye diagram in decibel form (defined as QdB = 20 lg Q)

was 17.77 dB. When the bit rate of the original data sig-
nal changed, the eye diagram could still be recovered very
well without changing the system, indicating that the
software synchronous optical sampling technique based
on SFG of PPLN was applicable.

The effects of the bandwidth of the BPF on the SFG
and SHG lights were investigated while keeping other
conditions unchanged. The dot line in Fig. 8 indicates
that the power of the SHG light of the sampling pulse
reduces as the bandwidth of the BPF decreases, because
the power of the sampling pulse that can pass the filter
declines as the bandwidth becomes narrower. Especially
if the bandwidth is below 0.35 nm, the SHG light of the
sampling pulse is weaker than ASE noise such that it can-
not be recorded. However, there is an optimum value of
bandwidth for the SFG light. When the bandwidth is be-
low the optimum value, according to the analysis above,
the sampling pulse is very weak that the efficiency of
the SFG process is cut down sharply. In contrast, when
the bandwidth is above the optimum value, two disad-
vantages occur: first, the power of the SHG light of the

Fig. 4. Optical spectra of the sampling pulse amplified by the
EDFA (a) without and (b) with BPF. The output power of
the EDFA is 9.5 dBm for both states.

Fig. 5. Spectrum of the amplified sampling pulse and data
signal.

Fig. 6. Spectrum of the SFG light.
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Fig. 7. Eye diagrams of data signals (a) recovered using the
software synchronous algorithm and (b) directly measured.

Fig. 8. Influence of BPF bandwidth on the SFG and SHG
lights.

Fig. 9. Influence of BPF bandwidth on the recovered Q fac-
tor.

sampling pulse gets close to the SFG light and acts as
noise after passing through the PD because these two
lights are in the same waveband, second, a wider band-
width brings more spectral components into the EDFA,
which aggravates gain competition, thereby leading to
a weaker gain to the sampling pulse and resulting in a
degraded SFG light. Figure 9 shows that the variation
trend of the recovered Q factor fits well with that of the
power of the SFG light, clearly demonstrating that the
BPF is necessary to obtain the best eye diagram.

In conclusion, a software synchronous optical sampling
system using PPLN is constructed, a 5-GHz data signal
is sampled based on SFG, and an eye diagram is suc-
cessfully recovered. A BPF is added before the sampling
pulse is subjected to the EDFA to suppress gain com-
petition and ensure a high gain to the sampling pulse.
Measurement of the power of the SFG and SHG lights
when the bandwidth is tuned demonstrated the necessity
of the BPF.
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