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Pulse Timing Jitter Estimated From Optical Phase
Noise in Mode-Locked Semiconductor Quantum

Dash Lasers
Youxin Mao , Zhenguo Lu, Jiaren Liu, Philip J. Poole , and Guocheng Liu

Abstract—The determination of timing jitter obtained from
optical phase noise measurements is investigated in InAs/InP
quantum dash Fabry–Pérot mode-locked coherent comb lasers
with different pulse repetition rates. The results are compared
with those determined through a direct measurement of the first
harmonic of the RF power spectrum. Very good agreement is
achieved. The ability to measure the timing jitter from optical
phase noise is not restricted by the repetition rate of the laser being
studied, allowing it to be applied to extremely high repetition rate
lasers. Using these lasers we demonstrate 5.4 Tbit/s (PAM-4 48
× 28 GBaud PDM) and 10.3 Tbit/s (16 QAM 56 × 23 GBaud
PDM) aggregate data transmission capacity. The ultra-low timing
jitter exhibited by these devices make them excellent sources for
multi-terabit optical networks.

Index Terms—Mode-lock lasers, Phase noise, Quantum dot
devices, Semiconductor laser, Timing jitter.

I. INTRODUCTION

S EMICONDUCTOR-BASED monolithic coherent comb
lasers (CCLs) with their ability to emit stable optical pulse

trains at high repetition rate and narrow pulse widths are a
promising technology for optical communications [1]. Other ad-
vantages include compact size, low power consumption, simple
fabrication, and the ability for hybrid integration with silicon
substrates. CCLs utilizing quantum dots or dashes (QD) rather
than quantum wells are particularly attractive due to the reduced
amount of amplified spontaneous emission leading to lower
intrinsic noise, narrower linewidth, and hence ultra-low timing
jitter. They are promising sources for the next generation of high
speed optical networks, optical signal processing and millimeter
wave generation [2]. For all these applications, low timing jitter
is necessary in order to fulfill low bit error rate and high sampling
accuracy. While the mode-locking mechanism for these single
section QD lasers is not fully understood, recent theoretical
studies [3] suggest that the enhanced spatial hole burning in
QD vs. QW devices due to a reduced lateral carrier diffusion
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is very important. This in combination with non-linear phase
sensitive effects, such as four wave mixing (FWM) in the gain
medium, lead to self-locking of beat frequencies among the
lasing modes [3], [4], i.e., passively mode-locking (PML). With
the high modal gain available in the QD based active layers [5]
and no extra cavity losses introduced by a saturable absorber
section, the cavity length in these devices can be made short
enough to achieve extremely high repetition rates, with reported
values of up to 346 GHz [6]. Due to the inherent simplicity of
implementation of these single section QD lasers as compared to
other techniques such as hybrid or actively mode-locking (AML)
they are very interesting to study, and the evaluation of their
timing jitter behavior becomes particularly important [7].

A commonly used timing jitter estimation method was de-
veloped by von der Linde [8]. This method is based on the
assumption that timing fluctuations are stationary stochastic
processes, and measurement of the power spectral density (PSD)
from photodiode signals can be used to calculate the root-mean-
squared (rms) timing jitter, which is valid only for AML lasers
[9]. For PML lasers, the variance of the timing fluctuations in-
creases with time and exhibits a Gaussian random walk behavior,
indicating a non-stationary stochastic process [9]. To overcome
the drawback of the von der Linde method, an optical technique
for pulse-to-pulse timing jitter using optical cross correlation
has been used [10]. However, the high measurement error when
the time jitter is smaller than the autocorrelation width, and the
high power levels required for second harmonic generation in
the nonlinear crystal limit its applicability [10]. A pulse-to-pulse
time jitter estimation method was proposed specifically for a
PML laser in [11]. The properties of intrinsic phase noise from
relatively broadband spontaneous emission in the PML laser
leads to a Lorentzian shaped PSD of photocurrent RF phase
noise. Studying linewidth of the first harmonic of photocurrent
RF can provide a simple and appropriate way to characterize
the timing jitter of the PML lasers. This method overcomes the
limits of measuring the time jitter by optical cross correlation
which requires high pulse peak power. However, to measure the
RF PSD requires the use of a photodetector that can respond
at a frequency corresponding to the repetition rate of the laser
pulse train. Due to the bandwidth limitation of available photodi-
odes, this restricts the application of this technique to repetition
frequencies below 100 GHz. A technique for measuring tim-
ing jitter, using the optical spectrum of the longitudinal lasing
modes of the PML laser, has been recently studied [12]–[14].
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Ref. [12] points out that the linewidth of longitudinal modes
in a PML is determined mainly by two mechanisms: (1) the
phase noise induced by the amplitude noise originated from the
spontaneous emission noise, and (2) the phase noise induced
by the random walk timing jitter. This results in the linewidth
of longitudinal modes being a parabolic function of the mode
number (wavelength) and reaches a minimum within the lasing
spectrum. In [13], an explicit expression is deduced relating the
optical linewidth to the mode number and the scaling of the
parabola is proportional to the first harmonic of the RF linewidth,
therefore it provides a direct measurement of the timing jitter.
It is in agreement with their experimental investigations on
a two-section hybrid mode-locked laser emitting at 1.3 μm
[13]. A simple general formula is proposed [14] relating the
pulse-to-pulse timing jitter diffusion constant to the optical mode
linewidths of a semiconductor laser in the PML regime, and the
present experimental results help validate this relationship in
single-section QD ML lasers. This timing jitter measurement
based on the optical spectrum is simple and not restricted by the
repetition rate of the laser being measured.

We have previously demonstrated InAs/InP QD CCLs with
pulse repetition rates from 10 GHz to 437 GHz and a total output
power up to 50 mW per facet at room temperature [15]–[17].
We have recently demonstrated femtosecond timing jitter in
an external cavity self-injection feedback locked InAs/InP QD
25 GHz C-band CCL by analysis of the Lorentzian linewidth
of the first harmonic RF PSD [18]. In this paper we report a
timing jitter study of single-section PML lasers with 11, 25, and
34.5 GHz pulse repetition frequencies by a parabolic fit of the
optical linewidth obtained from optical phase noise measure-
ments as a function of the optical longitudinal lasing modes. A
comparison is made of the timing jitter measured from the optical
phase noise and from directly measuring the RF PSD. Very good
agreement is achieved. Finally we report on the application of
these lasers for Terabit/s optical communication links.

II. THEORY

The general noise influences in a mode-locked semiconductor
lasers are mainly from the amplitude, the central optical fre-
quency, the pulse frequency spacing, the pulse-to-pulse timing,
and the optical phase, but the broadening of the comb lineshape
is dominated by the contributions of optical phase noise and
pulse-to-pulse timing fluctuations for the PML CCL [12], [13].
The phase and timing fluctuations in each mode are affected by
amplified spontaneous emission noise going through a random
walk process [13], [19]. Therefore, the timing jitter exhibits a
diffusion-like behavior. If Δtr (t) expresses the timing fluctua-
tions in the mode position at time t, the timing jitter σ can be
described by a Gaussian random process with mean= 0 and total
variance σ = 〈|Δtr (t)|2〉 = Dt, where D is the timing jitter
diffusion constant. Then phase fluctuation follows the behavior
Δθ(t) = 2πυrΔtr(t). From analyzing the complex electric field
of a semiconductor PML laser, considering only the effects of
phase and timing fluctuations, the complex optical field is [13]

E (t) =

∞∑
n=−∞

A [t−nTr−Δt (n)] e−j[2πυr(t−nTr)+Δθ(n)+φ(n)]

(1)

where A(n), Δt(n), υr(n), Δθ(n), and φ(n) are respectively
the mode envelope, timing fluctuations, the center frequency,
phase noise, and static phase of the nth longitudinal mode. Tr

is the repetition period. Following [20], the optical spectrum
can be calculated by taking the electric field autocorrelation
function and Fourier transform. A set of Lorentzian modes with
frequencies υn and the full-width at half-maximum (FWHM)
linewidths Δυn compose the optical spectrum as

S (υ) ∼

∣∣∣Â (υ − υr)
∣∣∣2

π

∞∑
n=−∞

Δυn

(υ − υn)
2 +Δυn2

(2)

where Â is the Fourier transform of the mode envelope. The
quantum limited optical phase noise and timing jitter random
walk fluctuations induce the Lorentzian mode shape in all the
comb modes [13]. The FWHM optical mode linewidth is [14]

Δυn = Δυmin + 2πυ2
rD(n− nmin)

2 (3)

where nmin is the mode number corresponding to the min-
imum linewidth Δυmin, υr = 1/ Tr is the repetition rate. In
the same way, the spectrum of the laser intensity, or more
commonly called the RF spectrum, can be calculated as a set
of Lorentzians with the FWHM linewidth of mth harmonic
expressed by ΔνRFm [13]

SRF (υ) ∼ 1

π

∞∑
n=−∞

ΔυRFm

(υ −mυr)
2 +Δυ2

RFm

(4)

It is found to consist of a sum of Lorentzian modes centered
at mυr, each harmonics corresponds to the beating between a
pair of modes separated by m-1 modes in the optical spectrum.
At any given value of m, each harmonics will have integer m2

proportional multiple to the 1st harmonic linewidth, and related
to D given by [14]

ΔνRFm = ΔνRF1m
2 = 2πνr

2Dm2 (5)

From the coefficients of Eq. (5), the relationship between the
first harmonic RF spectrum linewidth and timing jitter diffusion
constant D can be extracted and are given by

ΔυRF1 = 2πυr
2D (6)

The RF spectrum could be possible perturbed by amplitude
noise as with AML laser [8]. Higher harmonics of the pho-
tocurrent could be used to distinguish between phase noise and
amplitude noise. However, in PML laser, the amplitude noise is
dominated by the phase, consequently using any different order
of the harmonics has no influence on the RF linewidth [11] as
shown in Eq. 5. From Eq. (3) and (6), the optical mode linewidth
Δυn and RF harmonic linewidth ΔυRF1 are related by way of
[13], [14]

Δυn = Δυmin +ΔνRF1(n− nmin)
2 (7)

Eq. (7) shows that the first harmonic RF linewidth ΔυRF1

of the semiconductor PML laser can be estimated from mea-
suring the optical linewidth, i.e., optical phase noise, of each
longitudinal mode and performing a parabolic fit as a function
of mode number. This does not require a direct measurement of
the RF PSD which for a high repetition rate laser necessitates
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Fig. 1. (a) Schematic cross-sectional diagram of a shallow-etched ridge-
waveguide InAs/InP QD CCL; (b) a cross-sectional SEM image of the five-layer
InAs/InP QD core region; (c) a cross-sectional SEM image showing the facet of
a fabricated FP InAs/InP QD CCL.

the use of a high speed photodetector. Therefore, this method
is not restricted to measuring lasers with repetition rates below
∼100 GHz. The pulse-to-pulse RMS timing jitter σptp can be
expressed by the first harmonic RF spectrum linewidth ΔυRF1

as [11]

σptp =
1

υr

√
ΔνRF1

2πυr
(8)

where ΔυRF1 can be obtained by parabolic curve fitting the
measured optical linewidth as a function of optical mode number
as shown in Eq. (7). In the same method, the pulse to clock timing
jitter, also called RMS integrated timing jitter could be expressed
by ΔυRF1 as shown in Eq. (18) and (19) in Ref. [14].

III. MATERIALS AND DEVICES

Fig. 1(a) shows a schematic cross-sectional diagram of an
etched ridge-waveguide InAs/InP QD coherent comb laser. The
InAs/InP QD CCLs were grown by chemical beam epitaxy
(CBE) on exactly (100) oriented n-type InP substrates. The QD
lasers with repetition frequencies υr of 11, 25, 34.5 GHz investi-
gated in this work were fabricated from the same wafer. The laser
active region consisted of five stacked layers of InAs quantum
dashes embedded in an undoped 350 nm thick InGaAsP (1.15Q)
waveguide core as the gain medium. This was surrounded by
n- and p- type InP cladding layers and capped with a heavily
doped thin InGaAs layer to form a low resistance Ohmic contact.
This structure provides both carrier and optical confinement
in the QD region. Fig. 1(b) shows a cross-sectional scanning
electron microscopy (SEM) image of a five-layer InAs/InP QD

Fig. 2. (a) Light-current characteristics (b) Optical spectra of 11, 25 and
34.5 GHz QD CCL measured by Anritsu MS9740A optical spectrum analyzer
at 0.01 nm resolution.

core region. More detailed information of the QD CCL material
growth is contained in Ref. [21]. The wafer was fabricated into
single lateral mode ridge waveguide lasers with ridge widths
of 1.8, 2.0, and 2.6 μm. Devices were then cleaved to form
Fabry-Perot laser cavities with cavity lengths of 3848, 1693 and
1225 μm to provide mode spacings of 11, 25 and 34.5 GHz
respectively. Fig. 1(c) shows a cross-sectional SEM image of
the facet of a fabricated Fabry-Perot laser, no facet coatings
were used. The lasers were mounted and wire-bonded onto
a chip-on-carrier platform and driven with an ultra-low-noise
battery powered laser diode driver. A temperature controlled
heat sink was used to maintain an operating temperature range
of 16–20 °C. These lasers passively self-mode-lock with a pulse
repetition rate corresponding to the F-P mode spacing, i.e., 11,
25 and 34.5 GHz, resulting in well-defined phase correlations
between the lasing modes.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

Fig. 2(a) shows the light output of the lasers as a function of
drive current with blue dots for 11 GHz, red dashes for 25 GHz,
and green solid for 34.5 GHz lasers at a heatsink temperature of
20 °C. Fig. 2(b) shows the lasing spectra at the indicated drive
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TABLE I
SUMMARY OF STATIC PERFORMANCE OF THE THREE LASERS AT A

TEMPERATURE OF 20 °C AND INJECTION CURRENTS OF 600, 360, AND 390 mA
FOR THE 11, 25, AND 34.5 GHZ DEVICES RESPECTIVELY

Fig. 3. Measured laser mode optical linewidths vs. mode number and parabolic
fits for 11, 25 and 34.5GHz QD CCL by using OEWaves OE4000 automated
laser linewidth/phase noise measurement system.

current for the three lasers. The static lasing characteristics are
summarized in Table I at injection currents of 600, 360, and 390
mA for the 11, 25, and 34.5 GHz devices respectively. As is
typical for Fabry-Perot semiconductor lasers longer cavity re-
duces the series resistance and lowers the differential efficiency
[22]. The central lasing wavelength also increases with increased
cavity length due to a corresponding decrease in the total cavity
loss as expressed per unit length. This reduces the threshold
current density, hence increasing the wavelength of the peak
gain at threshold.

Fig. 3 shows the measured optical linewidth for individually
filtered longitudinal lasing modes as a function of mode number
(dots) for the three lasers. The linewidth is obtained by analyzing
the frequency noise spectra using an optical auto-correlator
(OE4000 automated laser linewidth/phase noise measurement
system, OEWaves Inc.). A Santec OTF-350 optical tunable filter
is used for filtering the individual longitudinal lasing modes.
The results are average from five measurements. The measured
wavelength ranges are from 1548.7 nm to 1538.6 nm (covering
115 modes), 1545.2 nm to 1537.0 nm (covering 41 modes),

TABLE II
RESULTS OF PARABOLIC FIT, USING EQ. (7), OF δυnim, D, Nnim, δυRF1 AND

STANDARD ERROR OF δυRF1 FROM MEASURED CURVES OF LINEWIDTH VS.
OPTICAL MODE NUMBER FOR 11, 25 AND 34.5 GHZ QD CCL AND FOR THE

SIMILAR LASERS AT 39.6 GHZ IN REF. [14]. THE RESULTS OF DIRECT

MEASUREMENT OF THE RF LINEWIDTH USING A HIGH SPEED

PHOTODETECTOR ARE SHOWN IN THE LAST COLUMN

and 1541.6 nm to 1530.0 nm (covering 44 modes) for the 11,
25, and 34.5 GHz lasers respectively. For the 11 GHz laser the
full range of mode number are not displayed. The minimum
measured linewidth is below 1 MHz for all lasers, and is at the
long wavelength side of the lasing spectrum for all devices. The
linewidth as a function of mode number is well described by
the expression shown in Eq. 7, as demonstrated by the excellent
parabolic curve fits shown in Fig. 3.

Table II shows the parabolic fit results of δυnim, D, nnim,
δυRF1 and standard error of δυRF1 from the optical phase noise
measurements using Eq. (7). The minimum linewidthsΔυmin =
0.59, 0.97, 0.79 MHz are extracted for the lasers withυr = 11, 25
and 34.5 GHz, respectively, which would be the linewidth for all
the modes if there was no timing jitter. The timing jitter diffusion
constant D and the first harmonic RF linewidthsΔυRF1 are then
extracted from the parabolic fit giving D = 0.0014, 0.0091, and
0.0006 fs, ΔυRF1 = 1.07, 3.57, and 4.17 kHz for the υr = 11,
25 and 34.5 GHz lasers, respectively. The small standard fitting
errors of theΔυRF1 as shown in Table II indicate good parabolic
shapes in the optical mode linewidth v.s. mode number, and
verify the Eq. (7). The RF linewidth is found to increase as the
laser repetition rate increases. Table II also shows pulse-to-pulse
timing jitters, σptp, of 11.31, 6.03 and 4.02 fs obtained from
phase noise measurements for the 11, 25 and 34.5 GHz lasers,
respectively.

In order to verify this technique for calculating δυRF1 we
performed a direct measurement of the RF linewidth using a
high speed photodetector as shown in Fig. 4. We focused all
modes of each laser onto a 45 GHz IR photodetector (New Focus
Model-1014) and monitored the electrical output using a 50 GHz
PXA signal analyzer (Keysight Technologies Model N9030A).
The RF signal analyzer was set to a 100 Hz resolution bandwidth
(RBW) and 100 kHz span. Peak frequencies of 11.032, 24.980
and 34.499 GHz were obtained, consistent with the measured
mode spacing from the optical spectra. Fig. 4(a) shows the
normalized RF spectra and curve fits for each laser, offset for
clarity. The Lorentzian line shapes provide good fits for the
measured RF PSD curves for all three lasers. The extracted
FWHM Lorentzian linewidths, ΔυRF1, of 1.09, 3.51, and 4.42
kHz are obtained with standard deviations of 0.0097, 0.053,
0.085 kHz. The ΔυRF1 values obtained from direct RF PSD are
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Fig. 4. (a) Normalized first harmonic (m = 1) RF spectra with related
Lorentzian fits for 11, 25 and 34.5 GHz QD CCL measured by using Keysight
Technologies N9030A 50 GHz PXA signal analyzer at RBW = 100 Hz.
(b) Measured RF linewidths as a function of m with Quadratic fit for the laser
with υr = 11 Ghz. Inset: upper - RF spectra for m = 1 to 4 and corresponding
Lorentzian fits; lower - full span RF spectrum.

very close to those found from the phase noise measurements.
The small fitting deviations verify the perfect Lorentzian shape
in the RF spectrum and confirmed thatΔt(t) is in fact a Gaussian
random walk process for the PML lasers used in this work.
The direct RF linewidth measurement resulted in pulse-to-pulse
RMS timing jitters, σptp, of 11.42, 5.98, and 4.14 fs for the 11,
25 and 34.5 GHz lasers, respectively. These results are shown
in Table II for comparison. The excellent parabolic curve fits of
the optical linewidth and the very good agreement between the
values of pulse-to-pulse timing jitters obtained from parabolic
curve fits of measured optical phase noise with the results from
direct RF measurements confirm the validation of the theory of
pulse-to-pulse timing jitter from the characterization of optical
phase noise for the PML laser. Because of the stochastic process
of the timing fluctuations, the timing jitter is actually a statistical
average, therefore, there is a certain degree of uncertainty. It is
found that the uncertainty in the timing jitter results is not larger
than±20% from the multiple measurements in our experiments.

The linewidths for higher harmonic orders in the RF spectrum
have been measured in order to verify Eq. (5) and provides

evidence that the amplitude noise is dominated by the phase in
the PML laser. Fig. 4(b) shows the fitted Lorentzian linewidths
from the measured RF PSD (shown in the upper inset) as a
function of harmonic order m with a parabolic fit. The expected
quadratic dependence of ΔυRFm on m, given by ΔυRFm =
1.097m2 (kHz), is achieved. The lower inset is a plot of the full
span RF spectrum from 10 to 50 GHz with RBW and VBW set
at 1MHz and 10 kHz respectively. The 1-4 harmonic peaks are
distinctly viewed, however, the peak power of the 4th harmonic
is more than 20 dB lower than the 1st harmonic. The small
standard deviation 0.0169 of the quadratic fit indicates that the
impact of using the 1st harmonic RF linewidth instead a higher
harmonic is negligible for our PML laser.

The last row of Table II compares our results with those from
Ref [14] which were also obtained from the parabolic fit of the
phase noise measurement from a similar QD CCL with υr =
39.6 GHz. By comparing the overall performance of the device
in Ref. [14] to our 34.5 GHz laser we see that the minimum
linewidth Δυmin for our device is 8.2 fold lower (0.79 MHz
vs. 6.5 MHz); the timing jitter diffusion constant D is 15.3 fold
lower (0.0006 fs vs. 0.0092 fs); the RF linewidths ΔυRF1 is 22
fold lower (4.17 kHz vs. 92 kHz); and the pulse to pulse timing
jitter σptp is 3.8 fold lower (4.02 fs vs. 15.16 fs). The ultra-low
time jitter obtained from the QD PML CCLs studied in this work
demonstrates extremely stable mode spacing across the whole
comb.

There is a strong connection between the timing jitter of a
PML laser and its data bandwidth capability since the timing
jitter is strongly related to the optical phase noise of each
individual longitudinal mode. Both the modulation data rate and
the number N of the higher-order data modulation format, i.e.,
PAM-N or N-QAM, are inversely proportional to the phase noise
of each individual laser channel. If the phase noise or the timing
jitter is smaller, we can choose a higher modulation data rate and
a larger N to modulate the laser, increasing the data bandwidth.

To demonstrate the performance of these lasers in a high speed
data transmission system we test both PAM-4 and QAM-16
modulation schemes. Fig. 5(a) shows the experimental setup
for the PAM and QAM data transmission system where the
optical modulation is performed by a dual polarization QAM
transmitter. A PAM-4 base-band signal is created using the
arbitrary waveform generator (AWG) for a NRZ pseudo-random
bit sequence with a pattern length of 215−1 bits at a symbol
rate of 28 GBaud on two uncorrelated channels (IY and IX) in
the transmitter. Fig. 5(b) shows the Bit Error Rate (BER) as a
function of received optical power for B2B and after 25 km of
SMF transmission using a single filtered wavelength mode at
1547.855 nm (one of the 48 channels) in the 34.2 GHz laser.
The upper inset shows the measured eye diagram at −15dBm
received optical power after 25 km SMF transmission showing
open eyes. The lower inset shows the measured BER at all 48
channels at −15 dBm received optical power for B2B and after
25-km of SSMF transmission. It is shown that at some channels
the performance after 25-km SSMF transmission are better than
that of B2B configuration due to the dispersion of fiber would
cancel the effect of the chirp induced by the optical modulator
[23]. The potential aggregate transmission capacity for the 48
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Fig. 5. (a) A schematic of PAM 4 and QAM data format transmission system.
(b) Measured BER versus received optical power for PAM 4 B2B and after
25-km of SMF transmission using the comb lines located at 1547.855 nm of
34.2 GHz QD CCL. The inset: upper - eye diagram at selected channel for
25-km of SMF transmission; lower - BER spectrum for B2B and after 25-km
of SMF transmission. (c) A constellation (d) eye diagram obtained from filtered
channel of 1544.16 nm for the 25 GHz QD CCL in the double polarization
16-QAM data format at 23 GBaud B2B transmission.

channels available using the 34.2 GHz laser is 5.4 Tbit/s (PAM-4
48 × 28 GBaud PDM) over 25 km of standard single mode
fiber transmission. Fig. 5(c) shows a 16-QAM constellation
diagram, and 5(d) shows the eye diagram at a symbol rate of
23 GBaud obtained from a filtered single laser mode at 1544.16
nm for the 25 GHz laser with self-injection feedback locking.
An error vector magnitude (EVM) of 7.74% and bit-error-rate
of 6.15 × 10−6 were obtained. We obtained 16-QAM results at
the base rate of 23 GBaud over 56 individual channels, which
corresponds to an aggregate transmission capacity of 10.3 Tbit/s
(16 QAM 56 × 23 GBaud PDM) back-to-back (B2B) [2]. The
high transmission capacities achieved here verify the low timing
jitter for the QD PML laser obtained in this work.

V. CONCLUSION

We have investigated the pulse-to-pulse time jitter obtained
from optical phase noise measurements in 11, 25, and 34.5

GHz C-band InAs/InP QD single-section coherent comb lasers
(CCLs). These results are compared to those from a directly
measured RF mode beating spectrum. Very good agreement is
achieved between the two methods which verified the theory.
The method of employing optical phase noise can be used in
higher frequency semiconductor passively mode-locked CCLs,
which is restricted by the other methods. Pulse-to-pulse time jit-
ter of about 11, 6 and 4 fs is achieved in 11, 25, and 34.5 GHz QD
CCLs. By using these lasers, we have successfully demonstrates
aggregate data transmission capacities of 5.4 Tbit/s (PAM-4 48
× 28 GBaud PDM) with over 25-km of standard single mode
fiber and 10.3 Tbit/s (16 QAM 56 × 23 GBaud PDM) with
back-to-back (B2B) system.
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