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Abstract: We report on the experimental analysis of the statistics of the optical phase of the
light emitted by a distributed-feedback (DFB) laser. We measure the dependence of the phase
diffusion coefficient on the applied bias current in the region around the threshold current. We
measure the phase noise statistics using three different methods based on i) averages of the noise
phase trajectories over different temporal windows, ii) the variance of the phase noise difference,
and iii) the frequency noise spectral density. The comparison between the results obtained with
these methods is succesful. We obtain that the phase diffusion coefficient monotonously decreases
with the bias current in the region around threshold. We finally compare our experimental
results with simple analytical expressions for the below and above threshold cases based on
Schawlow–Townes laws.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The study of semiconductor laser phase fluctuations is relevant in quantum communications
since many quantum random number generation (QRNG) [1–4] and quantum key distribution
(QKD) [5–7] systems are based on those fluctuations. QRNGs are random number generators
that utilize the intrinsic randomness of fundamental quantum processes to generate completely
unpredictable random numbers. QRNGs find applications in many fields like cryptography,
computer simulation, lotteries, fundamental physics test, data processing, industrial testing, etc
[1–4]. QRNGs have been demonstrated with different optical systems such as single photons
[8,9], optical vacuum states [10,11], and phase fluctuations from a semiconductor laser [12–25].
The laser phase noise originates from spontaneous emission that is quantum mechanical in origin
[26,27].

Two types of phase noise QRNGs can be distinguished. In the first one, the laser operates in
cw mode with a constant applied bias current above the threshold value [12–16]. Unbalanced
Mach-Zehnder interferometers [12,13,16], or optical hybrids feeded with one [15] or two
independent laser sources [14] have been used to measure the random phase fluctuations induced
by spontaneous emission noise, from which the random numbers are obtained. In the second type,
the laser diode is gain-switched from below to above the threshold current in order to generate
trains of pulses with random phases [17–25]. During the below threshold operation the optical
phase becomes random, faster than in the above threshold operation, due to the predominance of
amplified spontaneous emission in the below threshold regime. Phase fluctuations are converted
into amplitude fluctuations by using an unbalanced Mach-Zehnder interferometer with a delay
matching the pulse repetition period. The amplitude values, measured with a photodetector,
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are postprocessed to provide the random numbers. This type of QRNG has the advantage of
generating samples that follow an arcsine distribution that is markedly distinct from that of
the electronic noise [18]. Both types of QRNGs have the advantages of being fast, robust,
and low-cost. Also both types of QRNGs can be integrated in photonic integrated circuits
[13,16,20,23–25]. Since in both types of QRNGs the randomness of the optical phase is the
basis of the generators, the statistical characterization of phase fluctuations is a problem worth
studying.

This characterization has been mainly performed when a single-frequency semiconductor
laser is biased above its threshold current because a high degree of temporal coherence is
required in applications like coherent optical communications [28,29], fiber-optic sensing [30], or
high-resolution spectroscopy [31]. For QRNG applications the analysis of phase noise for lasers
biased below threshold also becomes of interest. The phase noise is characterised by a Gaussian
statistics with zero average and a variance that increases linearly with time with a proportionality
constant given by twice the phase diffusion coefficient [26,29,32–38]. This coefficient is also
shown to be proportional to the lasing spectral linewidth [32,35–37]. We have recently performed
direct phase measurements using a 90o optical hybrid in a cw-discrete mode laser (DML) for
a current slightly below the threshold value showing a Gaussian statistics of the phase with a
variance growing linearly in time [39]. This is in agreement with the diffusive behaviour of
the optical phase obtained theoretically from first principles [26,33–38]. In the gain-switching
regime some indirect measurements of phase fluctuations have been performed [21,22]. In [21]
the distribution of intensities at the output of an asymmetric interferometer is measured to obtain
the variance of the phase noise as the fitting parameter of that distribution. Also the standard
deviation of the phase noise has been obtained from the visibility of the pulse interference fringes
[22].

In this work we will focus on the measurement of the phase fluctuations in a single-mode
laser diode. We will restrict to the simplest case of a laser operating in cw-mode. We will
consider several methods for measuring the variance of the phase noise, going from the well
established methods based on the average of the squared phase noise difference or the frequency
noise spectral density [29,32], to the recently proposed based on averages over different phase
noise trajectories [39]. Our measurements will focus on the dependence of the phase diffusion
coefficient on the applied bias current in the region around the laser threshold. This experimental
analysis has not been performed up to now to the best of our knowledge. We will show that there
is a decreasing monotonic dependence of the diffusion coefficient on the applied bias current.

Our paper is organized as follows: in section 2, we present our experimental setup and
characterization of the laser. Section 3 is devoted to explain the different methods that we have
used for measuring the phase diffusion coefficient. Section 4 is devoted to show our experimental
results. Finally, in section 5 we discuss and summarize our results.

2. Experimental setup and characterization of the distributed feedback laser

The experimental setup is shown in Fig. 1. A 1550 nm commercial distributed-feedback (DFB)
laser (JDS Uniphase model CQF915/108) has been characterized. The light of this laser (denoted
as SIG in Fig. 1) is launched through an optical isolator into the signal input of a dual-polarization
coherent receiver (Finisar CPRV2222A, 25 GHz bandwidth). A low-linewidth tunable laser
(Pure Photonics PPCL300, with measured linewidth of 75 kHz) is used as a local oscillator (LO),
providing an optical power of PLO = - 10 dBm. At every DFB current the LO is slightly tuned to
emit at the DFB wavelength, which is checked by measuring both spectra in a Brillouin optical
spectrum analyzer (BOSA, Aragon Photonics model 400 C+L, 10 MHz resolution). At the
input of the coherent receiver, the polarization of the LO is adjusted to maximize the electrical
output of one of the polarizations. The n-and p- output voltages corresponding to the in-phase
and quadrature components are combined by means of two different baluns (Marki Microwave
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BALH0010, bandwidth of 200kHz to 10 GHz) and are digitized by a real-time oscilloscope
(denoted OSC in Fig. 1, Keysight MSOS804A, 8 GHz bandwidth). The electronic bandwidth in
our measurement system is limited by our oscilloscope. We have checked that it is enough to
capture the fast optical phase variations in the considered experimental conditions [40].

Fig. 1. Schematics of the experimental set-up. LO: local oscillator, SIG: laser signal; PC:
polarization controller; OSC: oscilloscope.

The measurement of the threshold current of the laser, Ith, is performed by using the method
of Refs. [41,42]. In summary, when the current, I, is close to Ith, the optical power around the
lasing frequency, P, can be written as

FP =
1
2

(︂
I − Ith +

√︁
(I − Ith)2 + C

)︂
, (1)

where F is the scale factor between the value of P above threshold and the injected current,
P = (I − Ith)/F, C is a constant given by C = 4e2Rth

sp/(τnτpGN), e is the electron charge, Rth
sp is

the spontaneous emission rate coupled to the laser mode at threshold, τn is the differential carrier
lifetime at threshold, τp is the photon lifetime, and GN is the differential gain [42].

Fig. 2. Measured FP as a function of the bias current. Experimental data are plotted with
squares. The best fit to Eq. (1) is plotted with solid line. Results obtained with Eq. (1) for
another two values of Ith are also plotted with dotted and dashed lines.

We have measured P as a function of I with the BOSA using a 10 GHz span. A linear relation
is found between P and I above 12.8 mA, that is our first estimation of Ith. By linearly fitting
the points above that estimation to P = (I − Ith)/F we obtain that F = 2.62 mA/mW. We can
now represent FP as a function of I and use Eq. (1) to calculate Ith and C. We show in Fig. 2
with symbols the experimental values of FP in a logarithmic scale when I is around threshold.
Using a fitting procedure similar to that in [42] we obtain the best fit for Ith = 12.80 ± 0.02 mA
and C = 0.015 ± 0.05 mA2. This fit, also shown in Fig. 2 with a solid line, agrees well with the
experimental values. We also show in that figure the results obtained with Eq. (1) using two
values for Ith out of the estimated range.
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3. Evaluation methods of phase noise statistics

We now explain the three methods that we have used to measure the phase noise statistics.
We depart from the expressions of the electrical field corresponding to the DFB and the local
oscillator, S(t) = As exp [i(ωst + φ(t))], LO(t) = ALO exp [iωLOt], where As and ALO are the
corresponding amplitudes. ωs and ωLO are the angular optical frequencies of the DFB and the
LO, and φ(t) is the phase noise of the DFB. We have considered that the strength of the phase
noise of the LO is much smaller than that of the DFB, a condition that is fulfilled for the values
of the current that we apply to the DFB, around Ith. Outputs at photodetectors 1 and 2, VI(t)
and VQ(t), are proportional to 1√

2
AsALO sin[θ(t)], and 1√

2
AsALO cos[θ(t)], respectively, where

θ(t) = ∆ωt + φ(t), and ∆ω = (ωs − ωLO).
The first method, detailed in [39], calculates θ(t) from VI(t) and VQ(t). θ(t) is calculated from
θ(t) = arctan(VI/VQ) that gives results between −π/2 and π/2. These results are then processed
with the algorithm detailed in the Appendix B of [43] to obtain a continuous and unbounded value
of θ(t). Alternatively, the arctan2 function can be used to obtain wrapped phases between -π and
π that can be processed with a phase unwrapping algorithm, like unwrap (Matlab or Python), to
obtain the unbounded and continuous θ(t) within the temporal window.

A long sequence of data is divided in windows of duration Tw. Phase noise is then obtained
for each window from φ(t) = θ(t) −∆ωt by assuming that ∆ω remains constant over that window.
Since fluctuations of the laser instantaneous frequencies on long time scales are large [44]
measurements with small values of Tw must be performed so that ∆ω can be considered as
approximately constant in each window. The value of ∆ω for each temporal window is calculated
as ∆ω = dθ

dt where dθ
dt is the temporal average of dθ

dt over a window of duration Tw [39]. Each
window is divided in j equal intervals, Tw = j∆t, where ∆t is the sampling time. dθ

dt is calculated
by discretising the derivative dθ

dt
]︁

ti
= (θ(ti+1) − θ(ti))/∆t, where ti = i∆t, and i = 0, . . . , j − 1.

The temporal average of this derivative is calculated in the following way:

dθ
dt
=

1
j

j−1∑︂
i=0

dθ
dt

]︃
ti
=
θ(Tw) − θ(0)

Tw
= ∆ω, (2)

and φ(ti) = θ(ti) − ∆ωti. Statistical moments of φ(t) are denoted as ⟨φn(t)⟩, where the angled
brackets mean an average over different windows. In these averages we have considered that the
initial value in each window, φ(0), corresponds to the value at the end of the previous window
but converted into the [−π, π) interval. The phase diffusion coefficient, Dϕ , is defined from
σ2
ϕ(t) = 2Dϕ t, where σ2

ϕ(t) = ⟨φ2⟩ − ⟨φ⟩2. In this method Dϕ is calculated from the linear fitting
of σ2

ϕ(t) versus t for small values of t.
The second method [29,32,35] is based on the analysis of the difference in phase fluctuations

at times t and t + τ, ∆φτ(t) = φ(t + τ) − φ(t), that is a stationary random process. For each value
of τ, the variance of the phase noise, σ2

ϕ(τ) = ⟨∆φ2
τ(t)⟩ does not depends on t because ∆φτ(t)

is stationary, and therefore it can be calculated from the temporal average σ2
ϕ(τ) = ∆φ

2
τ(t). We

calculate this quantity in the following way:

∆φ2
τ(t) =

1
j − int(τ/∆t) + 1

j−int(τ/∆t)∑︂
i=0

(φ(ti + τ) − φ(ti))2 . (3)

We consider the upper limit in the summatory, j − int(τ/∆t), in order to have all the evaluated
values of φ inside the window. For each value of τ we calculate this sum, so σ2

ϕ = ∆φ
2
τ(t) is a

function of τ. The phase diffusion coefficient obtained with the second method, Dτ , is obtained
from σ2

ϕ(τ) = 2Dττ, that again is calculated from the linear fitting of σ2
ϕ(τ) versus τ for small
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values of τ. A good agreement between the values of Dϕ and Dτ was found in [39] for a value of
the bias current below threshold.

The third method [29,32] relies on the calculation of the FM-noise spectrum, SF(f ), defined
as the power spectral density function of the instantaneous frequency fluctuations. It can be
calculated from the Fourier transform, F(f ), of the instantaneous frequency fluctuation, 1

2π
dϕ
dt , by

SF(f ) = lim
T→∞

1
T
⟨F∗(f )F(f )⟩. (4)

The instantaneous frequency fluctuation can be calculated from 1
2π

dϕ
dt =

1
2π

(︂
dθ
dt − ∆ω

)︂
. In the

ideal case of white FM noise its single-sided spectral density, SF(f ), defined as SF(f ) = 2SF(f ),
f ≥ 0, is constant and given by

SF(f ) =
DF

π2 . (5)

where DF = Dτ when the bias current is above threshold [29,32].
In the next section we will use linear fits of σ2

ϕ(t), σ2
ϕ(τ), and Eq. (5) to obtain Dϕ , Dτ and DF ,

respectively. In this way we will check if these values are similar, as obtained from the solution
of the stochastic semiconductor laser rate equations [29,32,35].

4. Experimental results

In our experiments we have measured phase noise characteristics in a range of currents around
Ith spanning from 12.3 mA to 13.9 mA. Figure 3(a) and Fig. 3(b) show the temporal evolution
of phase noise for eight trajectories when the laser is biased below and above Ith, respectively.
These trajectories are obtained from a long sequence of data (2 ms) that is divided in windows of
duration Tw = 1µs with a sampling rate of 2 GSa/s. In both figures a dispersion of the initial
conditions is observed that corresponds to the way in which φ(0) values have been chosen, as
explained in the previous section. The typical Brownian broadening of the trajectories is observed
during the initial stages of the evolution. The comparison between Fig. 3(a) and Fig. 3(b) shows a
larger widening of the trajectories as the bias current decreases. We also check the assumption of
constant ∆ω during each temporal window for the cases shown in Fig. 3. In order to do this we
have calculated ∆ω/(2π) for each of 2000 windows. This quantity fluctuates around its averaged
value, ⟨∆ω/(2π)⟩=-9.0 MHz (-12.6 MHz), with a standard deviation of 19.8 MHz (4.6 MHz)
when the bias current is 12.7 mA (13.2 mA).

Fig. 3. Phase noise for different temporal trajectories for a bias current of (a) 12.7 mA, and
(b) 13.2 mA. In this figure the sampling rate is 2 GSa/s and Tw = 1 µs.

Let us now calculate the variance of the phase noise by using the first two methods, σ2
ϕ(t) and

σ2
ϕ(τ), as explained in the previous section. Figure 4 shows those quantities for two values of
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the bias current in the initial stages of the evolution, in which a linear dependence on time is
observed, as expected. The size of temporal windows is Tw = 1µs and Tw = 32.768µs for the
first and two methods. A longer window is chosen for the second method for a more accurate
calculation of the required temporal average, ∆φ2

τ(t).

Fig. 4. Temporal evolution of the phase variance for short values of t for two values of the
bias current, 12.7 and 13.2 mA.

The results obtained with both methods agree well when the current is below threshold. The
linear fit of the points from 0 to 10 ns gives the following values of the phase diffusion coefficients:
Dϕ = 3.37 ± 0.02 rad2/ns (Dτ = 3.40 ± 0.01 rad2/ns) for the first (second) method when I = 12.7
mA. For the case of I = 13.2 mA we obtain that the slopes are very similar, Dϕ = 0.43 ± 0.01
rad2/ns (Dτ = 0.45 ± 0.01 rad2/ns) for the first (second) method although the values are different.
This is due to the nonzero value of the variance at t = 0 obtained with the first method in contrast
to the zero value that is obtained with the second method when τ = 0.

Figure 5 shows the one-sided spectral density of FM noise for four different values of the
current, including the two previously analysed. Each spectrum is calculated by averaging
one-sided spectra over 480 windows of 2.048 µs duration, with a 500 ps sampling time. As
expected, there is a wide range of frequencies in which spectra are flat [29]. The phase diffusion
coefficient, DF , is obtained by using DF = π

2SF, where SF is the averaged value of SF(f ) over the
interval (0.01, 0.8) GHz shown in Fig. 5. The values of DF for I = 12.7mA and I = 13.2 mA are
3.6 rad2/ns and 0.52 rad2/ns, respectively, that are close to those found with the first two methods.
We note that a shallow resonance peak appears in the spectrum at 0.46 GHz when the current is
13.2 mA. This frequency corresponds to the relaxation oscillation frequency. A resonance peak
in the FM-noise spectra appears at the relaxation oscillation frequency [28]. When the current is
below the threshold value the peak does not appear. We have also checked that when the current
increases (13.6 mA) the peak appears at a larger frequency (0.82 GHz) that corresponds to the
relaxation oscillation frequency at that value of the current.

The dependence of the phase diffusion coefficient on the bias current in the region around the
threshold value is shown in Fig. 6. This figure also shows the comparison between the results
obtained with the three methods when the sampling rate is 2 GSa/s. We note that the values of Dτ

have been obtained by averaging the values obtained with the method previously described over
30 windows. Similar results are obtained with the three methods. Dϕ , Dτ and DF monotonously
increases as the bias current decreases until reaching I = 12.8 mA.

Below that current, saturation of the diffusion coefficients around a constant value is obtained.
This saturation should not appear since further increase of the diffusion coefficient would be
expected as the current decreases. The reason why this saturation appears is that the sampling
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Fig. 5. Single-sided FM-noise spectrum for several values of the bias current. The sampling
rate is 2 GSa/s.

Fig. 6. Phase diffusion coefficients obtained with different methods as a function of the bias
current. Results for a sampling rate of 2 GSa/s (10 GSa/s) are shown with red circles, green
stars, and black squares (white stars). The threshold current is marked with the vertical
dotted line.

rate is insufficient to capture the faster phase variations in this range of currents. This can be
checked by increasing the sampling rate to 10 GSa/s as shown in Fig. 6 with the white stars
symbols. These represent the values of Dτ obtained for I ≤ Ith (the value obtained at I = 13.4
mA has also been included to check the convergence with the results obtained for 2GSa/s). As
expected, Dτ increases when I decrease in the region below Ith, again reaching a saturation
behaviour at 12.4 mA due to the same reason as before. This increase of the diffusion coefficient
can be illustrated by comparing the phase noise trajectories obtained with 10 GSa/s, shown in
Fig.7, with those obtained with 2GSa/s that were shown in Fig. 3(a). A larger widening of the
trajectories appears in Fig. 7. In this way fast enough sampling rate is necessary to capture the
broadening of the trajectories.

We now discuss how the diffusion coefficient depends on the bias current. Figure 8 shows this
dependence in vertical logarithmic scale. The experimental points are shown with black squares
and correspond to Dτ if I ≤ Ith and DF if I>Ith, obtained for 10 GSa/s and 2 GSa/s, respectively.
We have chosen the values of DF because the most fundamental function for evaluating the phase
noise is the FM-noise spectrum, since σ2

ϕ(τ) is derived from SF(f ) [29,32].
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Fig. 7. Phase noise for different temporal trajectories for a bias current of 12.7 mA. In this
figure the sampling rate is 10 GSa/s and Tw = 1 µs.

Fig. 8. Diffusion coefficient as a function of the bias current. Experimental values of Dτ

(DF) are plotted with black squares for I ≤ Ith (I>Ith). Fits of the experimental points to
linear and inversely linear relations are shown with dashed and solid lines, respectively.

The diffusion coefficient decreases when increasing I with a small shoulder appearing slightly
above Ith, between 12.9 mA and 13.2 mA. Similar shoulders have been observed in a directly
related quantity, the spectral linewidth, ∆ν, both in experiments and theory [45–47]. The
appearance of this characteristic is related to the non-zero value of the linewidth enhancement
factor, α. Moreover, shoulders can develop into local maxima as α increases [45]. The solution
of the Fokker-Planck equation (FPE) associated to the laser diode around threshold has described
well the observed experimental results [45–47].

Solving the FPE to obtain phase statistics could accurately describe the experimental results
shown in Fig. 8, but that is beyond the scope of this work. As an alternative description we will
use approximate analytical expressions valid close to threshold, but not exactly at threshold, to
get the approximate dependence of Dϕ on I.

The rate equations that describe the dynamical evolution of the photon number, P, optical
phase, ϕ, and carrier number, N are [37]:

dP
dt
=

[︃
GN(N − Nt)

1 + ϵP
−

1
τp

]︃
P + βBN2 +

√︂
2βBP̄N̄Fp(t) (6)
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dϕ
dt
=
α

2

[︃
GN(N − Nt) −

1
τp

]︃
+

√︃
βB
2P̄

N̄Fφ(t) (7)

dN
dt
=

I
e
− (AN + BN2 + CN3) −

GN(N − Nt)P
1 + ϵP

(8)

where GN is the differential gain, ϵ is the non-linear gain coefficient, Nt is the carrier number at
transparency, τp is the photon lifetime, β is the fraction of spontaneous emission coupled into the
lasing mode, α is the linewidth enhancement factor, I is the injected current, e is the electron
charge, and A, B and C are the non-radiative, spontaneous, and Auger recombination coefficients,
respectively. N̄ and P̄ are the averaged number of carriers and photons, respectively, and Fp(t) and
Fφ(t) are the Langevin noise terms for the photon and carrier number, respectively. The optical
phase ϕ(t) is written in the reference frame of the optical frequency at the threshold current, ωth,
so the relation between ϕ(t) and the phase noise φ(t) is given by φ(t) = ϕ(t) − (ωs − ωth)t [39].

When I ≲ Ith the solution of the stochastic rate equations gives σ2
ϕ = 2Dϕt, where Dϕ =

βBN̄2/(4P̄) [37]. Applying the Schawlow-Townes law, ∆ν = βBN̄2/(2πP̄) [36,37], we obtain
Dϕ = π∆ν/2. ∆ν can be expressed in terms the differential carrier lifetime at threshold, τn,
as ∆ν = τnGN(Ith − I)/(2πe), where τn is obtained as τn = (A + 2BNth + 3CN2

th)
−1 [38,42].

Substituting this value in the previous expression for Dϕ we obtain

Dϕ =
τnGN

4e
(Ith − I) if I ≲ Ith (9)

If I>Ith the solution of the stochastic rate equations gives σ2
ϕ = 2Dϕ t, where Dϕ = βBN2

th(1 +
α2)/(4P̄) [37], where Nth is the carrier number at threshold. Applying the modified Schawlow-
Townes law, ∆ν = βBN2

th(1 + α
2)/(4πP̄) [36,37], we obtain Dϕ = π∆ν. Since P̄ = τp(I − Ith)/e,

we obtain that

Dϕ =
(1 + α2)eβBN2

th
4τp

1
I − Ith

if I>Ith (10)

Equation (9) and Eq. (10) are approximate expressions that are not valid very close to Ith
since when I = Ith give unreasonable results. In order to check if Eq. (9) gives an approximate
description of Dϕ = Dϕ(I) when I ≲ Ith we have fitted the points below threshold to a linear
relation Dϕ = b(Ib − I) to obtain that b = 23.8 rad2/(ns mA) and Ib = 12.88 mA. Similarly, when
I>Ith we fit the experimental points to the following relation, Dϕ = a/(I − Ia) to obtain that
a = 0.16 rad2mA/ns and Ia = 12.87 mA. The two previous fits have been included in Fig. 8 with
dashed and solid lines showing that Eq. (9) and Eq. (10) approximately describe the relation
between the phase diffusion coefficient and the bias current, providing that I is not too close to
Ith. The comparison between the experimental values of a and b and those calculated from the
previous expressions using the laser physical parameters would strengthen the validation of the
analytical model. However, unfortunately we do not know the values of the physical parameters
corresponding to the DFB laser of the experiment. In previous works we performed a complete
extraction of the physical parameters, but for a different type of single-mode laser (DML, discrete
mode laser) [48]. Since we do not know the DFB parameters we have not calculated a and b from
the laser parameters. However we think it is interesting to check it and we plan it for future work.

5. Discussion and summary

The discussion of the statistical properties of the optical phase near the threshold is important
because phase noise gain-switched QRNGs can operate at faster rates if the off bias current
is close to threshold, providing that phase randomisation during turn-off is large enough.
Operation close to threshold is also relevant because phase randomisation is expected to increase
significatively below the threshold value. The performance of phase noise QRNGs improves
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as faster randomisation of the optical phase takes place, that is, with larger values of the phase
diffusion coefficient. This coefficient has already a large value at threshold (12.8 mA), around 3
rad2/ns. Slightly decreasing the current (to 12.4 mA) leads to Dτ=12 rad2/ns, so going from
Ith to 0.97 Ith increase four times the value of Dτ . In this way the laser slightly below threshold
is a good candidate for efficient QRNGs. We have analysed the phase diffusion for a constant
value of the bias current. An extension of our method to gain-switching operation, a regime in
which high-performance phase noise QRNGs operate, is difficult from an experimental point of
view since optical frequency excursions are much higher than available instrumental bandwidths.
However, our results can be representative of the phase diffusion in gain-switched QRNGs
operating at rates in which the steady state is reached during the low value of the bias current.
When this value is around threshold, like in our case, the steady state is reached in a few hundred
of ps, meaning that our results can be representative for QRNGs operating at 1 GHz rate or below.

In [39] we performed measurements of the phase diffusion coefficient for another type of
single-mode laser, the DML. However, those measurements were restricted to just one value
of the bias current, slightly below threshold, showing that the values of Dϕ and Dτ coincide,
as in this experiment. This was in fact one of our main motivations to choose the DFB for our
experiment: to check that qualitative results do not depend on the choice of single-mode laser.
We would expect that most of the observed features in our experiment do not rely on the specific
type of single-mode laser. However, some qualitative new features could appear in lasers with
high values of α: the observed local maximum in the laser linewidth at a certain bias current
slightly above the threshold current value [45] could suggest the presence of a local maximum
also in the phase diffusion coefficient.

It is well known that the α factor vary continuously with the bias current [49,50]. However we
expect that this variation would be small in our experiment because the considered bias current
goes from 0.961 Ith to 1.086 Ith. The variation of the α factor with the current has been measured
in a variety of quantum well structures [49,50]. The measured variation of α over ranges like that
considered in our experiment is small [49,50], so we expect that considering a constant value of
α in our analysis is a reasonable approximation.

In this work we have measured the statistics of the optical phase of the light emitted by a DFB
laser. We have focused on the bias current region around the threshold value. In that region
we have shown that the phase diffusion coefficient monotonously decreases as bias current is
increased with a shoulder shaped appearing for a current slightly above the threshold value. A
good agreement has been obtained when using different methods to measure the phase noise.
Finally, we have shown that our experimental results are well described by simple analytical
expressions based on the Schawlow-Townes laws, providing that the bias current is not too close
to the threshold value.
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