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Abstract: We report an experimental study of the effect of the temperature of the VCSEL on the
probability of excitation of a linearly polarized mode when gain-switching the device. We consider
different modulation frequencies and amplitudes. We show that the probability of excitation of a
linearly polarized mode significantly changes with the value of the temperature of the device. We
also show that for low values of the temperature the probability of excitation saturates to a constant
value as the amplitude of the modulation increases. This extends our previous results obtained at
larger temperatures for which that saturation was not observed. We identify situations in which the
distributions of the linearly polarized signals at a sampling time are approximately uniform. For
these cases we evaluate the quality of the random numbers by using statistical test.

Keywords: semiconductor laser; VCSEL; gain-switching; spontaneous emission noise; quantum
random number generation

1. Introduction

Theoretical and experimental understanding of the fluctuations of laser light began
shortly after the invention of the laser [1-5]. Special attention has been paid to fluctuations
of the light emitted by semiconductor lasers [6-9] due to their vast variety of applications.
In most of these applications the effect of laser noise is detrimental. For instance, sponta-
neous emission noise causes enhancement of the lasing optical spectrum [8], timing jitter
fluctuations during the laser turn-on [10-12], or random excitation of different longitudinal
lasing modes [13]. However, novel applications are emerging in which the fluctuating
character of laser light is beneficial. One example is the random number generation (RNG)
using semiconductor lasers.

Random numbers are a vital resource for numerous applications, including cryptogra-
phy, Monte Carlo simulations, quantitative finance, massive data processing, etc. [14-16].
Quantum random number generators (QRNGs) stand out from RNGs because their ran-
domness stems from quantum processes, this being the best guarantee for offering optimum
privacy and security while maintaining high performance [15,16]. QRNG have advantages
in quantum computation and quantum communications [17-22]. QRNGs have emerged
as certifiable source of true random numbers, being basic elements in practical quantum
key distribution (QKD) systems [23]. Device-independent randomness expansion using
entangled photons [24] and source-independent QRNGs [25] have been recently demon-
strated. QRNGs based on the detection of single-photon events [26-30] and multiphoton
QRNGs [31-47] have been demonstrated.

One of the most common multiphoton tecniques for QRNG is based on the phase
fluctuations of the light emitted by pulsed semiconductor laser diodes [34,37-40,43,45].
These fluctuations are caused by spontaneous emission photons. Spontaneous emission
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is a useful mechanism to generate quantum fluctuations, as it can be ascribed to the
vacuum fluctuations of the optical field [34,48]. In these QRNGs, light pulses with similar
amplitudes and randomized phases are generated by repetitive gain-switching of a single-
mode semiconductor laser from below to above its threshold. One way of converting those
phase fluctuations into amplitude fluctuations is by using an unbalanced Mach-Zehnder
interferometer. From these amplitude fluctuations, random numbers are obtained after
proper digitization. Advantages of this type of generators include simplicity, fast operation
at Gbps rates (up to 68 Gbps [39]), robustness, low cost, multiclock frequency flexibility,
and full integration on an InP platform [40]. Gain-switched single-mode semiconductor
lasers and QRNGs based on this system have been recently used for state preparation in
QKD [23,49].

Gain-switching of multimode semiconductor lasers, in particular vertical-cavity surface-
emitting lasers (VCSELs), has also been used for QRNG. VCSELs usually show two orthog-
onal linearly polarized modes in such a way that polarization switching (PS) between them
can be observed when changing the bias current or the temperature of the device [50,51].
When the VCSEL’s bias current is modulated from below to above the threshold value,
the linear polarization mode that is preferably excited is random because it is determined
by the sequence of spontaneous emission noise events. This randomness is the basis of
the QRNGs using gain-switched VCSELs that have been proposed [46,52-56]. QRNGs
based on VCSELs have the advantages of low fabrication costs, small size, compactness,
and simplicity (coherent detection is not required). VCSELSs also offer advantages such
as on-wafer testing capability, fast operation, high energy efficiency, and ease of 2D array
packaging [51].

Using VCSEL'’s polarization behavior for random number generation was firstly
proposed by Chizhevsky [52]. He experimentally demonstrated random bit generation
of up to 2 Mbps by using the polarization bistable behavior arising in some of the PS
in VCSELs [52]. Polarization bistability has also been used in subsequent theoretical
analysis [53,54,56]. Although bistable operation is desirable for obtaining that, given a
particular pulse, most of the total power is emitted in one of the two linearly polarized
modes, it can be a drawback if we want to achieve unbiased operation of the QRNG (that
is, equal probability for “0” and “1” generated bits). In fact, equal probability of occurrence
of pulses with orthogonal polarizations has only been obtained for specific values of some
internal laser parameters: the photon lifetime and the linear birefringence [54] or different
fractions of spontaneous emission noise coupled to each polarization mode [53]. One
simple way of obtaining similar probabilities of excitation of both linearly polarized modes
was experimentally achieved by adjusting the modulation conditions and the sampling
time in a VCSEL having PS under continuous wave operation [55]. This VCSEL has a
very narrow bistable region, so bistable operation is not essential for generating random
numbers when gain-switching this device [55]. In fact, a QRNG based on the random
excitation of the linearly polarized modes of this gain-switched VCSEL was experimentally
demonstrated [46]. In [46], we obtained a large random bit stream that, after appropriate
post-processing, fully passed all tests in the standard test suite for RNGs provided by the
National Institute of Standards and Technology (NIST) [57].

It has been shown that the laser substrate temperature has a large impact on the
polarization properties of VCSELs, and in particular on the PS of VCSELs [50,51,58,59].
This is due to the large effect of the temperature on the laser parameters determining
the VCSEL'’s polarization, such as material gain, optical losses, effective dichroism, and
nonlinear dichroism [50,51,58,59]. It is therefore expected that the temperature has a large
impact on the probability of excitation of a linear polarization mode when gain-switching
the VCSEL, affecting, then, the characteristics of QRNGs based on this system. In this
paper, we perform a systematic experimental analysis of the effect of the temperature on
the linear polarization mode emitted by the VCSEL when modulating the bias current from
below to above the threshold value. Different modulation frequencies and amplitudes are
considered in our analysis. We show that for low values of the temperature, the probability
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of excitation of a linearly polarized mode saturates to a constant value as the amplitude of
the modulation increases. This extends our previous results obtained at larger temperatures
in which that saturation was not observed [55]. We also identify modulation conditions and
sampling times for which the distributions of the signals for each linearly polarized mode
are approximately uniform. This situation is of interest because a minimum post-processing
of the raw data when using the system for QRNG would be expected. Evaluation of the
quality of the randomness of the numbers distributed in that way is performed by using
NIST statistical test.

The paper is organized as follows. In Section 2 we describe the experimental setup
and the device characterization. Section 3 is devoted to describing the dependence of the
probability of excitation of a linearly polarized mode in gain-switched VCSELs on the
temperature of the device. Finally, in Section 4, a discussion and a summary are presented.

2. Experimental Setup and Device Characterization

The experimental setup is shown in Figure 1. A quantum-well long-wavelength
(1550 nm) VCSEL (RayCan) is used in the experiments. The same device was used in [46,55].
The laser is mounted in a laser mount that includes a bias-tee. The VCSEL is gain-switched
by applying a superposition of two electrical signals: a constant bias current (I,¢) and an
RF square signal provided by a pulse pattern generator. The control of the temperature
of the VCSEL is performed using a temperature controller. An optical isolator (OI) is
used to minimize optical feedback effects in the laser. A polarization controller (PC) and
a polarization beamsplitter (PBS) are used to separate the two linearly polarized modes
of the VCSEL. Two fast-photodiodes (9 GHz bandwidth) are used to detect the signal
corresponding to each linearly polarized mode. These signals are recorded in a real-time
oscilloscope (13 GHz bandwidth) to obtain the temporal profiles of the power of each
linearly polarized mode. A more detailed description of the elements of the setup can be
found in [55].

ol PC
Bias-T

m VCSEL () 000) PBS
| Temperature controller B

¢
)

Figure 1. Experimental setup. OI: optical isolator, PC: polarization controller, PBS: polarization beam

RF Source

splitter, PD: photodetector, OSC: oscilloscope.

The VCSEL operates in a single transverse and longitudinal mode over the whole
bias current range. However, the emitted polarization changes when changing the bias
current, as shown in Figure 2. This figure shows the polarization-resolved light—current
curve for two different temperatures of the VCSEL. PS from the short-wavelength (labeled
as y) to the long-wavelength (x) linearly polarized mode is observed for both temperatures.
The optical frequency splitting between the y and the x linear polarizations is 29.8 GHz [55].
The current at which the PS is observed slightly decreases when increasing the temperature
(from 6.81 mA at T = 20 °C to 6.73 mA at T = 25 °C).

Narrow polarization hysteresis cycles are observed: PS is observed at 6.38 mA and
6.50 mA when decreasing the bias current in Figure 2a,b, respectively. The width of bistable
regions are 0.43 and 0.23 mA for T = 20 °Cand T = 25 °C, respectively. The thresh-
old current of the VCSEL, Iy,, slightly increases with the temperature: I, changes from
2.39 mA (T =20 °C) to 2.51 mA (T = 25 °C). In this work we will consider I, = 0.921,,



Photonics 2023, 10, 474

40f13

since a switch-off bias current value below the threshold is required for the VCSEL to
operate as a QRNG.

400 ~
350 (a)

300 -
< 250
3

Figure 2. Polarization-resolved light—current characteristics when increasing (solid lines) and de-
creasing the current (dashed lines) for a temperature of (a) 20 °C and (b) 25 °C.

3. Experimental Results

A square wave modulation is applied to our VCSEL in which I is below the threshold
value during P/2, and a voltage pulse of constant amplitude Vq, is applied during the rest of
the period, P. The temporal waveforms of the x- and y-signals measured at the oscilloscope,
Vy and Vj, are shown in Figure 3a when the temperature is 20 °C, I = 2.2 mA, Von =04 V.
The modulation frequency, fi,o4, is 100 MHz since P = 10 ns. The signal corresponding to the
total power, Vy + V), is also shown in the figure. The VCSEL switches off in all the periods
in such a way that there is a random excitation of both linear polarization modes induced
by spontaneous emission noise. The total power fluctuates much less than the individual
linear polarizations [55,60]. One way of obtaining random numbers from the fluctuations
of both linear polarizations is by regularly sampling the x- and y-signals at a sampling time,
ts, measured with respect to the beginning of each modulation cycle, that is, the time at
which Vo, is applied (¢ = 0 in the figure for the first cycle). In this way, for the m cycle, the
signals are sampled at t;;, = t; + mP, where m =0, 1, ... is an integer. We show in Figure 3a,
with symbols, the signals sampled with 1/ P frequency, V(ts) and V;(ts). The comparison
between Vi (ts) and Vj(t5) is one way to determine the obtained random bit. We considered
that if Vi (ts) > Vy(ts) (Vi(ts) < Vy(ts)) then we obtain a “0” (“1”) bit, similarly to [55].

Figure 3b shows the the probability density functions (pdfs) of the x- and y-polarized
signals at t; = 3.35 ns. These normalized histograms are obtained with 10* data. The tem-
perature of the VCSEL is different to that considered in [55]. In addition, the modulation
parameters and sampling time were chosen in order to obtain pdfs of V,(ts) and V;(f;)
with a shape closer to that corresponding to a uniform distribution. This contrasts with the
shapes obtained in [55] in which both pdfs had clear local maxima close to the maximum
and minimum values of the signals in such a way that the probability of obtaining values
in the central part of the histograms was low.

In order to analyze the effect of the temperature on our system, we consider the
probability of excitation of the x-polarization, P(X > Y), as the probability of obtain-
ing Vy(ts) > Vj(ts), that is, the probability of obtaining a “0” bit. As an example,
P(X > Y) = 0.501 for the case analyzed in Figure 3. In [55], we analyzed the dependence
of P(X > Y) on the amplitude of the voltage pulse. We found that P(X > Y') increases with
Von for the considered operation temperature, T = 25 °C. This is also shown in Figure 4,
in which P(X > Y) is shown as a function of Vo, for T = 25 °C. However, the situation
changes when decreasing the value of T, as can be seen in Figure 4 for the case of T = 20 °C.
After an initial increase of P(X > Y) when Vyy, is small, a clear saturation of the values
of P(X > Y) is obtained for a very wide range of values of V,n. We also note that the
change of P(X > Y) when the temperature changes in 5 °C can be very large. For instance,
for Vonh = 0.6 V, P(X > Y) decreases from 0.641 to 0.361 when T changes from 20 °C
to 25 °C.
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Figure 3. (a) Time traces of the signals corresponding to the x-polarization (blue line), y-polarization
(red line), and total power (black line). The signals at the sampling time, 3.35 ns, are also plotted
with symbols. (b) Histograms of x and y signals at the sampling time. In this figure, T = 20 °C,
fmod = 100 MHz, Von = 0.4V, and I = 2.2 mA.
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Figure 4. Probability of excitation of the x-polarization as a function of Vo, for two different values of
the temperature. In this figure, f;,,qg = 100 MHz, I ¢ = 0.92Iy,, and fs = 3.35 ns.

Figure 5 shows the histograms of the signals corresponding to both linear polarization
modes at t; = 3.35 ns for several values of V,n when T = 20 °C. Figure 5 shows that for
small values of V;,,, both pdfs are close to those corresponding to uniform distributions.
As Vo increases, both pdfs evolve in such a way that the distribution corresponding to
Vi (ts) develops a clear peak close to the maximum value of the signal, while the pdf of
Vy(ts) develops a clear peak close to zero. Figure 5 shows that the shapes of both pdfs do
not change significantly while 0.9 V < V,, < 1.8 V, which is precisely the region in which
saturation is observed in Figure 4 for T = 20 °C. In fact, due to the small fluctuations of the
total power, Vy(ts) + Vy(ts) ~ C, where C is constant for a given value of Von. C increases
from 0.075 V to 0.1 V when V;, changes from 0.9 V to 1.8 V. In this way, we can write that
P(X >Y) = P(Vy(ts) > C/2), which remains constant in the range 0.9V < V;, < 1.8V, in
this way explaining the region of saturation of P(X > Y) in Figure 4.
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Figure 5. Histograms of the signals corresponding to (a) x- and (b) y-polarizations at the sampling time
for several values of Von. In this figure, T = 20 °C, fi,0q4 = 100 MHz, [ ¢ = 2.2 mA, and ts = 3.35 ns.

The previous saturation behavior is also observed when changing the sampling time,
as demonstrated in Figure 6. This behavior can be explained in a similar way to that
reported in Figure 5 in terms of the evolution of the pdfs of Vy(ts) and V;(ts) for different
values of t; (not shown).

0.9 -
0.8 '/v‘ DA S A S S
0.7
%
% 061
o
/ —e®—t=3ns
05 v /e —=—t=335ns|"
—A—t=4ns
0.4 - —v—t=45ns
03 T T T 1 T T T T 1

——
02 04 06 08 10 12 14 16 18 20
Von (V)

Figure 6. Probability of excitation of the x-polarization as a function of Vo, for different values of the
sampling time. In this figure, T = 20 °C, fy,0q4 = 100 MHz, and I, = 2.2 mA.

We now discuss the results obtained when increasing the pulse repetition frequency to
200 MHz, which corresponds to P = 5 ns. Figure 7a shows the time traces corresponding
to both linearly polarized modes when T = 20 °C, f;,,q = 200 MHz, and V,n = 0.6 V.
The random excitation of both polarization modes illustrated in Figure 7a is quantified
in Figure 7b, where the histograms of Vy(t;) and V;(ts) are plotted for t; = 2.2 ns. As
shown in Figure 3, the modulation parameters and f; were chosen in order to obtain pdfs
of Vi(ts) and Vj(ts) with a shape close to that of a uniform distribution in such a way that
P(X >Y)=0.517.
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Figure 7. (a) Time traces of the signals corresponding to the x-polarization (blue line), y-polarization
(red line), and total power (black line). (b) Histograms of x and y signals at the sampling time.
The signals at the sampling time are plotted with circles. In this figure, T = 20 °C, f;,0,q = 200 MHz,
Von =0.6V, Iy =22mA, and t; = 2.2 ns.

The dependence of P(X > Y) on Vi, for several values of ts when f,,,q4 = 200 MHz
and the temperature is 20 °C is shown in Figure 8. This figure shows that we obtain a
similar qualitative behavior to that described in Figure 6 for a modulation frequency of
100 MHz. These similarities also appear when measuring P(X > Y) as a function of V, for
several values of the temperature, as shown in Figure 9. Again, a clear saturation behavior
appears when T = 20 °C. In addition, P(X > Y) increases in the considered Vo, range
when T = 25 °C, similarly to the results included in Figure 4.
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Figure 8. Probability of excitation of the x-polarization as a function of Vo, for different values of the
sampling time. In this figure, T = 20 °C, f,,,q = 200 MHz, and [ = 2.2 mA.
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Figure 9. Probability of excitation of the x-polarization as a function of Vo, for different values of the
temperature. In this figure, f,oq = 200 MHz, I,¢ = 0.92I, and ts = 2.2 ns.
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The dependence of P(X > Y) on the temperature is analyzed in Figure 10 for several
values of the amplitude of the modulation for the same conditions of Figure 9. This figure
shows that the probability of excitation of the x-polarization decreases with the temperature.
The reasons for this dependence are discussed in the next section.

0.60 -
A\ o
0.55 T
\\\v ‘‘‘‘‘‘
A TV
0.50 ~ N 3
\ —m—V_=0.5V S
- \ AV, =07V h
> 0.45 - | on N
& " vV, =16V v
a ] . V=19V
0.40 - A

0.35 A

0.30

20 22 24 26
T(°C)

Figure 10. Probability of excitation of the x-polarization as a function of the temperature for different
values of Von. In this figure, f,0q = 200 MHz, I ¢ = 0.92]y,, and ts = 2.2 ns.

4. Discussion and Summary
4.1. Discussion of Experimental Results

As discussed in the introduction, we expected to observe a significant effect of the
temperature on the probability of excitation of a linearly polarizated mode when gain-
switching the VCSEL, as the temperature of the device has a large impact on its polarization
properties [50,51,58,59]. This is precisely what we observed in our measurements. In
addition, we showed in Figure 10 that the probability of excitation of the x-polarized mode
decreases with the temperature. This dependence can be explained by considering the
dependence of the effective dichroism, 9, on the temperature. Our VCSEL has a Type I PS
(from the shorter to the longer optical wavelength) [51] similar to those observed in [59,61]
for similar devices. We recently showed that the experimental dependence of P(X > Y)
on Vo, is theoretically well described with the model of [61] only when a dependence of
the effective dichroism on the bias current, I, is considered [62]. This dependence has been
experimentally observed [59,61] in such a way that it is approximately linear around the PS
current. Wetheoretically obtained that P(X > Y') decreases when d-y(/dI decreases [62]. We
experimentally observed that dvy(/dI decreases from —660 MHz/mA to —980 MHz/mA
when increasing the temperature from T = 15 °C [59] to T = 25 °C [61], respectively. This
explains why P(X > Y) decreases with the temperature.

The dependence of P(X > Y) on the pump current at a given f; can be explained
as follows. The usual situation is that P(X > Y) increases with the bias current because
the x-polarized mode is favored as the current increases, as seen in Figure 2. This is, for
instance, the situation observed in Figure 4 for T = 25 °C. A good agreement between
experiments and theory is found at that temperature when we consider in the model a
linear dichroism, 7,, that decreases linearly with the bias current [62]. This situation is
found in experiments for a similar device at the same temperature in the range of currents
where polarization switching is observed [61]. The detailed dependence of 7y, on the
current is therefore essential in determining P(X > Y). A possible explanation for the
saturation observed at T = 20 °C of P(X > Y) as the current increases is that -y, reaches
a constant value in the saturation region since we theoretically obtained that P(X > Y)
changes only slightly with the current when v, is independent of the current [62]. This
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could be experimentally confirmed by measuring the dependence of 7y, on the current at
T = 20 °C following the procedure explained in [61].

Since the considered modulation frequencies are well below the small signal modu-
lation bandwidth of the VCSEL, we used the V-I curve to relate the values of V,, to the
value of the current when Vi, is applied, Ion [55,62].

The dependence of P(X > Y) on t; at a given pump current appears because random
bits are obtained in each period before the steady state is reached. We proceeded in this
way in order to obtain situations in which P(X > Y) is close to 0.5 at high modulation
frequencies. As mentioned above, the detailed dependence of P(X > Y) on t; can be
described when considering the dependence of the linear birefringence on the injected
current in a rate equation model. High frequencies have been considered for obtaining
fast bit rates. The situation would change if much smaller modulation frequencies are
considered in such a way that the VCSEL is able to reach the steady state. For the VCSEL
considered in this work, in which the bistable region is very narrow, if Vo, is large enough
for the x-polarization to be the only one that emits with non-negligible power, P(X > Y)
would be close to 1 if t; is chosen when the laser has reached the steady state. In this case,
no dependence would be observed on f;, but the VCSEL would not be useful to generate
random numbers. At these low frequencies, using VCSELs with large bistable regions,
as suggested in [52-54,56], is more interesting because P(X > Y') has an intermediate value
between 0 and 1 that is independent of ¢;, providing that the steady state has been reached.
Future work is planned in this direction.

4.2. Digitization and Post-Processing of the Data

Post-processing is necessary in RNGs because raw outputs of physical generators
show deviations from the mathematical ideal of statistically independent and uniformly
distributed bits [14,15]. We showed, in [46], that post-processing of the complete set of
raw bits was required in order to fully pass the NIST tests. We now propose a method of
obtaining the raw bits that is different to those described in [46,55]. Using this new method,
the post-processing is greatly reduced. The method is based on choosing the situations for
which the distributions of V(ts) and V;(t;) are approximately uniform. Some examples
have been already identified: Figures 3 and 5 for Vo, = 0.3 V, and Figure 7. The method
consists of obtaining random numbers, u, between 0 and 1 in the following way. We
consider Vy > (Vy 1) as a value that is slightly smaller (larger) than the maximum (minimum)
value of Vy(ts). If Vi1 < Vi(ts) < Vio, we calculate u = Vi(ts)/(Vya — Vi 1); otherwise,
we do not use Vi (ts) to calculate u. We also obtain u numbers from Vj(ts), exchanging x
for y in the previous expressions.

The results of this procedure are shown in Figure 11, where the pdf corresponding
to the u-values obtained from the data of Figure 7 is shown. In obtaining this figure, we
used (Vi 1, Vip) = (—0.00076,0.054), (Vy1,V,,2) = (—0.00016,0.065), 10* values of V(ts),
and 10 values of Vj(t;). In this way, 19,236 u-values were used to plot the histogram of
Figure 11 (only 3.8% of the data were discarded). Figure 11 shows that the distribution of u-
values is approximately uniform. We obtained digital bits from the u-data by converting the
integer part of u 2?7 into a binary number. In this way, we obtained 519,372 bits. Defining
the bias, ¢, as e = p(0) — 1/2, where p(0) is the probability of obtaining a “0” bit in the
string, we obtained e = 3.44 x 10~* for our data.

Table 1 shows the results obtained with the NIST statistical test applied to our bit
string. Each test was performed using 519 sequences of 1000 bits, each with a statistical
significance level & = 0.01. If the bits are random, mean p-values must be close to 0.5 and
the proportions of sequences that pass the test must be in the interval [0.9768, 1] [57]. Table 1
shows that our bits are sufficiently random for passing the considered statistical test of
NIST. We did not consider all the NIST test because our bit number was small. In this way,
we only calculated the proportions of sequences for those tests that can work with short bit
strings. Our results try to demonstrate that certain levels of randomness can be achieved
when directly using the raw data and a minimum level of post-processing. In our case,



Photonics 2023, 10, 474 10 of 13

the post-processing consisted just of evaluating if the raw data were in a certain interval.
For our bit string, we obtained a high accepted bit rate of 96.2%.

1.4 4
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0.0 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Figure 11. Normalized histogram of data corresponding to Figure 7b.

Table 1. Output of NIST test.

Test Mean p-Value Proportion Pass
Frequency 0.479 0.985
Block frequency 0.490 0.992
Run 0.488 0.990
Longest run 0.486 0.990
DFT 0.490 0.979
Cumulative sums forw. 0.507 0.988
Cumulative sums back. 0.495 0.990

Our number of bits was small so the question of whether all the NIST tests are fully
passed with sufficient number of data still remains. We showed in this paper that the proba-
bility of excitation of a linear polarization significantly depends on the VCSEL temperature.
This means that some bias can appear due to unwanted and slight variations of the tempera-
ture. The situation is similar with respect to slight variations of the modulation parameters.
Taking into account that uniform distributions such as those observed in Figures 3, 5 and 7
only appear for rather specific values of parameters such as the applied current, tempera-
ture, and sampling time, we would expect that NIST tests could be only fully passed if a
large stability of those parameters over long periods of operation is achieved. We note that
NIST tests were not fully passed when using low-bias raw bits obtained with a different
method [46]. In the same way, we would expect the same result with the method proposed
in this section. Regardless, usual post-processing of the raw bits can be applied for fully
passing the NIST test, as carried out in [46,56]. In any case, we remark that passing the
NIST test is not a confirmation of true randomness or “quantumness”. There is, however,
an advantage of obtaining random bits as we achieved in this section. The bit rate obtained,
10.4 Gbps (2 x 27 x 2 - 108 x 0.962, corresponding to the number of polarizations, bits/data,
fmod, and accepted bit rate, respectively) is larger than 0.1-0.2 Gbps in [46,55], in which
only one bit per period was obtained.

The method described in this work to obtain a uniform pdf is not a randomness
extractor. The random bits obtained in this way can be used in Monte Carlo simulations.
The use of these bits for cryptographic purposes would require further post-processing,
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for instance, such as that performed in [56]. We note that the choice of a uniform distribution
density of the raw sequence may not be the best choice for cryptographic applications.
The probability of intermediate values of the signal is appreciable, the proportion of pulses
affected by classical (nonquantum) noises of the detector can be significative, and “0”-s and
“1”-s resulting from the digitization of such pulses can be considered as “untrusted” bits [56].
The quantum reduction factor, which contains information on the amount of classical noise
falling into the digitized random sequence due to fluctuations in the photodetector [56],
would increase. The value of the quantum reduction factor also determines how much
the raw random sequence should be “compressed” using a randomness extractor [56].
A Dbetter choice to -decrease the quantum reduction factor would be using pdfs with
two well-defined maxima, similar to those obtained in [55], for a better operation of the
VCSEL in the context of QRNG [56]. Future work will be devoted to measurements using
VCSELs with a large polarization bistable region for which a small quantum reduction
factor is expected. In any case, post-processing of the raw bits is required for cryptographic
applications. For instance, a combination of an FIR-filtering method [38,56] with random
Boolean Toeplitz matrices was recently proposed in [56].

In summary, we experimentally analyzed the effect of the temperature on the prob-
ability of excitation of a linearly polarized mode when gain-switching the VCSEL. We
showed that this probability significantly depends on the value of the temperature of the
device. We also showed that for low values of the temperature, the probability of excitation
saturates to a constant value as the amplitude of the modulation increases. We identified
situations in which the distributions of the linearly polarized signals at a sampling time are
approximately uniform. For these situations, we discussed the randomness of our data by
using the NIST statistical test.
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