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Abstract: In this paper, we report an experimental and theoretical study of the random excitation
of the linearly polarized modes of a gain-switched VCSEL characterized by having polarization
switching under continuous wave operation. We show that equal probability of excitation of both
linearly polarized modes can be achieved by adjusting the modulation conditions and the sampling
time. Our VCSEL is such that the bistable region associated to the polarization switching is very
narrow, indicating that the random process of excitation of the polarizations works independently
of the existence of those bistable regions. A characterization of the random polarization switching
is performed by analyzing the dependence of the probability of excitation, autocorrelation, and
histograms of both polarized signals on the modulation conditions and sampling times. We
finally present preliminar results on random number generation using the analyzed system.
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1. Introduction

Semiconductor laser modulation is one of the technologies that have enabled the development
of versatile and efficient light sources for quantum communications [1]. Several quantum key
distribution (QKD) protocols with state-of-the-art performance have been demonstrated using
such technologies [1]. Modulated semiconductor lasers can also be used for Quantum random
number generation (QRNG) [2-13]. QRNG based on gain-switching modulation of laser diodes
is used for high speed random bit generation for state preparation in QKD [1,9,14]. Other
applications of QRNG include Monte Carlo simulation, industrial testing, gambling, quantitative
finance [2,3], etc. There are also other different strategies for obtaining QRNG [15-24]. The
main advantage of QRNG:s is that their randomness is inherent to quantum mechanics making
these systems a perfect source of entropy for random number generation [3]. The semiconductor
lasers that have been used for QRNG are single-mode edge-emitting lasers, typically distributed
feedback lasers (DFB). There are several advantages in using modulated edge-emitters for QRNG.
They are made of commercially available components and the high signal level permits the use
of standard photodetectors. They are simple, fast, robust, have low cost, and operate with flexible
clock frequencies.

Vertical-cavity surface-emitting lasers (VCSELs) offer many advantages in comparison to
edge-emitters, including high coupling efficiency to optical fibers, low threshold current, single-
mode operation, compactness, high energy efficiency, low fabrication costs, ease of 2D array
packaging, and on-wafer testing capability [25]. Recent work also shows integration of VCSELSs
on a silicon photonic integrated circuit [26]. VCSELSs usually show two linear orthogonally
polarized modes, and polarization switching (PS) between these two orthogonal modes can be
observed with temperature or bias current changes [25,27].

A question arises whether PS in VCSELs subject to gain-switching modulation can be used
for QRNG. This could be done by applying a periodically modulated current to the VCSEL
from a below threshold value to a value above threshold. While the laser is below threshold
the optical phases of both linear polarization modes become random due to the spontaneous
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emission noise. More importantly, the linear polarization that emits more power during the initial
stages of pulse formation is random because it is determined by the sequence of spontaneous
emission noise events. The probability of emission of both linear polarization modes during
pulse formation can be similar because both linear polarizations have not very different modal
gains and losses. Equalization of both probabilities would be expected when operating with
a VCSEL with PS because that point is characterized by similar net gains (gain-losses) for
both polarization modes. Random excitation of the VCSEL polarizations can be considered
as a quantum entropy source because spontaneous emission events are induced by zero-point
oscillations of the electromagnetic field [28,29]. In this way spontaneous emission can be treated
as amplified vacuum fluctuations and can be considered as quantum noise [28,29].

To the best of our knowledge only two recent theoretical works [29,30] have discussed the
possibility of generating random numbers using the random excitation of polarization modes in a
gain-switched VCSEL. This approach has the following advantages: i) it is compact because the
basic ingredients are a VCSEL, a polarization beamsplitter and the detection apparatus [29,30], ii)
it has "all-optical" functionality, meaning that the final binary random bit streams can be directly
obtained at the output port of the VCSEL in real time [30], and iii) it is fast because its ultimate
rate is limited by the switching time of the polarization modes, that is similar to the switching
time from a non-lasing state of the total laser power [30]. However the starting point of both
approaches is the modulation of the VCSEL from the non-lasing state to a polarization bistable
regime [29,30]. Although bistable operation is desirable for obtaining that given a particular
pulse most of the total power is emitted in one of the two linear polarization modes, it can be
a drawback if we want to achieve unbiased operation of the random number generator (that
is equal probability for "0" and "1" generated bits). In fact equal probability of occurence of
pulses with orthogonal polarizations has only been obtained for specific values of some internal
laser parameters: the photon lifetime and the linear birefringence [29] or different fractions of
spontaneous emission noise coupled to each polarization mode [30].

In this paper we follow a different approximation to achieve equal probabilities of excitation of
the two linearly polarized modes emitted by the gain-switched VCSEL. Our starting point is to
consider a VCSEL with PS in continuous wave (cw) operation and to look for the modulation
conditions for which unbiased operation can be achieved. We study this problem mainly from an
experimental point of view although some results from numerical simulations are also include.
We show that the unbiased operation can be easily achieved for a VCSEL with PS. Our VCSEL is
such that the bistable region associated to this PS is very narrow. This indicates that our method
works independently of the existence of those bistable regions. It has also the advantage of
getting unbiased operation for a given device, just by changing the modulation conditions and
without changing any of its internal laser parameters.

The paper is organized as follows. In Section 2 we describe the experimental setup and the
VCSEL device. Section 3 is devoted to show our experimental results. In Section 4 we present
our theoretical model and results. In Section 5 we discuss our results. Finally, in Section 6 the
conclusions are summarized.

2. Experimental setup and device characterization

The experimental all-fiber setup is shown in Fig. 1. The optical pulses were generated by
gain-switching a VCSEL. This device is a commercially available quantum-well long-wavelength
(1550 nm) VCSEL (RayCan), based on InAlGaAs active region. Control of the temperature of
the device is performed using a temperature controller (Thorlabs TED200C). The temperature is
held constant at 298 K for all the measurements. At this temperature, the threshold current of the
VCSEL (I;,) is 2.51 mA. The laser is mounted in a laser mount (Thorlabs LDM56M) that includes
a bias-tee. The maximum RF modulation frequency is 600 MHz. The laser is driven by the
superposition of two electrical signals: a bias current (/og), provided by a current source (Thorlabs
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LDC200C) and a square signal provided by a pulse pattern generator (Anritsu MU181020A).
An optical isolator (OI), and FC/APC fiber connectors are used to minimize optical feedback
effects in the VCSEL. A polarization controller (PC) and a polarization beamsplitter (PBS) are
used to separate the two linear polarization modes of the VCSEL. I,¢ is held constant at a value
close to or below threshold for all the measurements. Two fast-photodiodes (9 GHz bandwidth,
Thorlabs PDA8GS) were used to transform the optical signals corresponding to each polarization
mode to the electrical domain. These signals were recorded in a real-time oscilloscope (13 GHz
bandwidth) with a sampling rate of 20 GSa/s to get the temporal profiles of the linearly polarized
optical pulses. The output power was also spectrally characterized by means of a high resolution
(10 MHz) Brillouin optical spectrum analyzer (BOSA) (Aragon Photonics BOSA 210).
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Fig. 1. Schematics of the experimental setup. OI: optical isolator, PC: polarization
controller, PBS: polarization beam splitter, PD: photodetector, BOSA: optical spectrum
analyzer.

Our VCSEL operates in a single longitudinal and transverse mode over the whole bias current
range. The polarization-resolved light-current curve is shown in Fig. 2(a). These measurements
correspond to the power measured in both output ports of the PBS. PS from the short-wavelength
(labelled as y) to the long-wavelength (x) polarization mode is observed at Ipg =6.73 mA bias
current value (Ips = 2.681,). Optical spectrum before and after PS are shown in Fig. 2(b) and
Fig. 2(c), respectively. The optical frequency splitting between the y and the x polarizations is
29.8 GHz. A very narrow polarization hysteresis cycle is observed in Fig. 2(a): PS is observed at
6.50 mA when decreasing the bias current. This indicates a polarization bistable region of just
0.23 mA width.
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Fig. 2. (a) Polarization-resolved light-current characteristics when increasing (solid lines)
and decreasing the current (dashed lines). Optical spectra for a bias current of (b) 6.4 mA,
and (c) 7 mA.

3. Experimental results

Our VCSEL is subject to a square wave modulation in which the bias current, I, is close to or
below threshold during 7'/2, and a voltage pulse of constant amplitude V,, is applied during the
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rest of the period. Figure 3 shows the temporal waveforms of the x— and y—signals measured
at the oscilloscope, V, and V), when the bias current is slightly below threshold, I,g= 2.5 mA,
Von=1.3V, and T= 10 ns. For these values the injected current while V,, is applied is I,, = 6.3
I, Figure 3 shows that the laser switch-offs in all pulses in such a way that there is a random
excitation of both linear polarizations after Vy, is applied (at t = 0). Figure 3 also shows the signal
corresponding to the total power. Polarization mode partition noise is observed: both linear
polarizations fluctuate in such a way that the fluctuations of the total power are much smaller
than those corresponding to the individual polarizations [31]. There are some pulses in which
one of the polarizations dominates over the other during all the pulse. In some other pulses there
is competition between both polarizations. When this competition appears the x—polarization
always recovers (see for instance the pulses #1, #3, and #6). We have observed that if T is
sufficiently increased V, always dominates at the end of the voltage pulse with negligible values
of V. This corresponds to a current applied to the laser that is above the PS current. In this way
the x—polarization is stable and the y—polarization is unstable. This situation is maintained if
Von> 0.55 V (Ign>Ips = 2.681y,), so this is the voltage amplitude for which PS is achieved when
biasing at 2.5 mA.
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Fig. 3. Experimental 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
are also plotted with symbols. In this figure I, = 2.5 mA, Vop = 1.3 V, and t; = 3.5 ns.

The fact that for long enough T the x—polarization always dominates the emission is not an
impediment for obtaining random number generation. The key point is to consider small enough
values of T for the VCSEL to be always in a transient regime, without letting the device to arrive
to its steady state. This is in fact the situation illustrated in Fig. 3. In this way operation in
a polarization bistable region is not a requisite for QRNG using the VCSEL polarization, in
contrast to [29,30]. Random number generation can be obtained by regularly sampling the x—and
y—signals. Figure 3 shows with symbols the signals (sampled with 1/T frequency) at a sampling
time, t;, measured with respect to the time at which V,, is applied. The value of ¢, in Fig. 3 is
3.5 ns (Vo is applied at # = 0 ns). The comparison between V.(t;) and V,(t) determines the
obtained random bit. In our case we consider that if V,(,)>V,(t;) (Vi(t;) < Vy(t;)) we obtain a
"0" ("1") bit. An alternative way for deciding the bit is to use both outputs of the PBS as inputs
into a balanced photodetector. We have checked that this decision process works well with a
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photodetector of 1.6 GHz bandwidth (Thorlabs PDB480C-AC). The decision is simplified since
the bit is assigned depending on the positive or negative value of the signal at the sampling
time. However in this work we have followed the criterion using two photodetectors since they
have much larger bandwidth and permit us to analyze the simultaneous evolution of both linear
polarizations.

Figure 4 shows the results of our random number generation process for the conditions
considered in Fig. 3. Our results are obtained with 5x10* bits. Figure 4(a) shows the probability
function of the random sequence of bits. Both probabilities are very close to 0.5, so the bias of this
generator can be made very small. Figure 4(b) shows the autocorrelation function of the sequence
of 5x10* y—signal samples up to a delay of 600 samples. The correlation level close to zero for
all correlation distances different from zero indicates that the correlation of the obtained random
number sequence is small. A very similar autocorrelation function (not shown) is obtained for
the x—polarized signal. Confidence intervals with 95 % and 99.5 % confidence level are also
shown in the figure. The probability density functions (pdf) of the x— and y—polarized signals at
the sampling time are shown in Fig. 4(c). Both have similar shapes and have local maxima close
to the maximum and minimum values of the signals. Of course, this situation appears for the
specific sampling time that we have chosen and will significantly change if that time is varied. In
Fig. 4(d) we show the pdf of R defined as R = max(Ry, R,), where R, = V. (t,)/(V,\(t;) + V,(ts))
and Ry = V,(t;)/(Vi(t;) + V,(t,)). This parameter was introduced in [29] in order to analyze if for
a particular pulse the whole power goes into a single polarization mode (this would correspond to
R close to 1). The pdf has a maximum at R = 0.94 and the averaged value of R is <R> = 0.803.
This value is similar to the best values obtained theoretically for the bistable operation [29].

0.52+

(@) 0% (b)

* Positive values
Y polarization Negative values

o
o
N
!
-
o

Probability
o <
o
o
Correlation

<o

'S

©
N

1N
'S
®

Bit Correlation distance

20+

| ! : 0 : : : : : | :
0.00 0.05 0.10 015 04 05 06 07 08 09 10 1.1
Signal at sampling time (V) R

Fig. 4. (a) Histogram, (b) autocorrelation function where black (green) circles correspond
to positive (negative) correlation coefficients, (c) histograms of x and y signals at #; =3.5 ns,
and (d) histogram of R evaluated at #; =3.5 ns. In this figure I, = 2.5 mA, and Vop = 1.3 V.
The horizontal solid and dashed lines in Fig. 4(b) represent the confidence intervals for the
autocorrelation with 95% and 99.5% confidence level.

Some remaining questions about this way of generating random numbers are the sensitivity of
the obtained results on the amplitude of the voltage pulse and on the sampling time that is chosen.
Results illustrating these dependencies are shown in Fig. 5. We first define the probability of
excitation of the x—polarization, P(X>Y), as the probability of obtaining V,(;)>V,(t;), that is the
probability of obtaining a "0" bit. Figure 5(a) shows P(X>Y) as a function of V,, for several
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values of the sampling time. P(X>Y) increases when V,, increases for all the considered values
of #;. The probability of exciting the x—polarization increases with V,,, because that is precisely
the polarization that is excited at large values of the applied current, as it can be seen in Fig. 2(a).
This can also be seen in Fig. 6 where time traces corresponding to both linear polarizations are
plotted for two values of V,,. Figure 6(a) shows that when V,, is small, y—polarized pulses
are preferably excited: P(X>Y) = 0.23 when choosing a sampling time at the middle of the
pulse (¢, = 3.5 ns). The situation is the opposite when increasing Vi, to 2 V, as it is shown in
Fig. 6(b): x—pulses are excited with larger probability (P(X>Y) = 0.61 for the same value of ),
in agreement with the results shown in Fig. 5(a).
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of ;. In this Figure I,g = 2.5 mA.
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Fig. 6. Experimental time traces of the signals corresponding to the x-polarization (blue
line), y-polarization (red line), and total power (black line) for (a) Von = 0.5V, and (b)
Von = 2V (Ion = 2.471,, and Ion = 9.761y,, respectively). The signals at the sampling time,
ts = 3.5 ns, are also plotted with symbols. In this Figure I, = 2.5 mA.

The situation illustrated in Fig. 6(b) is similar to that previously discussed in Fig. 3 since in
both I,,>1Ips. In contrast, in Fig. 6(a) the situation is the opposite: I,,<Ips. In this way the
polarization that should be always excited at the steady state is the y-polarization (see Fig. 2(a)).
In Fig. 6(a) the y-polarization is the one that is excited at the end of the pulse in almost all the
cases with the exception of the first pulse. This happens because in Fig. 6(a) the system has not
arrived to the steady state yet. During the first pulse the y-polarization is not excited because Vo,
should be applied for a time much longer than 5 ns for letting the y—polarization to recover and
to arrive to the steady state. In fact, we have also checked (not shown) that the y-polarization is
always excited when increasing that time long enough. We note that the time it takes a laser to
arrive to the steady state when two modes are competing with very similar gains and losses can
be very large, much larger than the time the total power takes to arrive to a constant value, as
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shown in [32]. The main difference between [29,30] and our work is that their VCSELSs operate
in a bistable regime while our VCSEL does not operate in that regime because the bistable zone is
very small, as it can be seen in Fig. 2(a). Bistable operation means that either x or y-polarization
pulses can be excited at the steady state. However, as previously discussed, we have not observed
this situation.

The dependence of P(X>Y) on the value of 7, illustrated in Fig. 5(a) shows that the range
of variation of this probability increases as the sampling time increases. Results included in
that figure also show that there is a value of V,, for which P(X>Y) does not depend on f:
P(X>Y) ~ 0.39 when Vo, = 0.9V (I, = 4.31;,). In order to understand better the evolution of the
probability of excitation when changing the value of #; we have plotted in Fig. 7 the histograms
of V,(t,) and V,(t) for two different values of #, for the case illustrated in Fig. 3 and Fig. 4, that is
Von = 1.3 V. For this value of V,,, Fig. 5(a) shows that P(X>Y) increases when z; increases. At
small values of #; the y—polarization is preferably excited as it can be seen in Fig. 7(a). The range
of variation of both, V,(t,) and V,(z,), is large because the signals are sampled close to the time at
which the first spike of the relaxation oscillations is excited (see Fig. 3). Increasing the value of
t; to 3.5 ns lead to similar pdfs for both signal, as it was shown in Fig. 4(c). When ¢, is increased
to 4.5 ns the x—polarization becomes preferably excited as it is shown in Fig. 7(b). This is due to
the recovery of the x—polarization at the end of the pulse because that polarization is stable, as
was discussed in reference to Fig. 3.
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Fig. 7. Histograms of x and y signals at (a) z; = 2 ns, and (b) #; = 4.5 ns. In this Figure
Von = 1.3V, Iyg = 2.5 mA.

Figure 5(b) shows the dependence of the averaged value of R, <R>, on V,, for several sampling
times. Our results show that there is a value of V,,, at which <R> is minimum. Figure 5(b) also
shows that <R> increases as the sampling time increases. The highest values of <R> are close
to 0.885 and are obtained for #; = 4.5 ns and V,, = 0.5 V. These are the optimum conditions in
our experiment for which most of the power goes to a single polarization.

We now analyze the results obtained when the bias current is below threshold. Figure 8(a)
shows the time traces corresponding to both linear polarizations when I, = 2.3 mA and V,,, = 1.4
V, corresponding to Iog = 0.921;, and I, = 6.531;, respectively. Similar qualitative behavior to
that described when the bias current is very close to threshold is observed. The probability of
excitation of the x—polarization is close to 0.5 for a similar sampling time to that considered in
Fig. 4. The dependence of P(X>Y) on the amplitude of the excitation pulse is shown in Fig. 8(b).
This probability increases with V,, similarly to the behavior illustrated in Fig. 5(a). Again, as
in the case analyzed in Fig. 5, changing V,, is a straightforward way of obtaining an unbiased
random number generator.
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Fig. 8. (a) Experimental time traces of the signals corresponding to the x-polarization (blue
line), y-polarization (red line), and total power (black line) for Vo = 1.4V. (b) Probability
of excitation of the x—polarization as a function of V. In this Figure I, = 2.3 mA, and
ts = 3.5 ns.

4. Model and theoretical results

We describe the dynamical evolution of the linear polarization modes of a single-mode VCSEL
by using the SFM model [33]. The linearly polarized complex E-fields in the x and y directions
are denoted as E, and E,, respectively. The other variables are D = (N — N;)/(Ny, — N;) where N,
Ny, and N, are the carrier number, carrier number at threshold, and at transparency, respectively,
and n, that is the difference of the carriers associated with the spin-up and spin-down levels. The
SFM equations modelling VCSELSs subject to modulation of the bias current are [33-36]:

% = —(k + va)Ey — i(ka + yp)Ex + k(1 + ia)(DE; + inEy)
6]
R, R_
+ ( ERURRY 75_@))
dE,

— = —(k = Ya)E, — i(ka = y,)Ey + k(1 + ia)(DE, — inEy)

dt @

dD _ I(l) _ _ 2 2 . v *
T T oW~ RO - ADUESL + |, P) + inlEy B L) )
d
== =y = YI(EL + B+ iD(EE-EE})] )
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Ru=Bsry | (D + ) + 5)
R(D) =A(D+D,) +B(D+D,)2+C(D+Dt)3 6)

,and D; = N;/(Ny, — N;). We consider an injected current following a square-wave modulation of
period T with I(¢) = I,,, during T/2, and I(t) = I,5 during the rest of the period. This modulation
is such that I, <Iy;,, where I is the threshold current of the laser, for obtaining a random evolution
of the optical phases and power of both linear polarizations induced by the spontaneous emission
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noise. The function R(D) corresponds to the nonlinear carrier recombination. Gaussian white
noises, &;(f) and £_(¢) are considered to simulate the effect of spontaneous emission noise. Both
noises have zero mean <&;(f)> = 0 and time correlation given by <§i(t)gfjfk(t’)> = §(t — t’) where
i,j correspond to subindexes + and -. The parameters y, and 7, are the linear dichroism and
the linear birefringence of the VCSEL, respectively. The meaning of the rest of the VCSEL
parameters with their corresponding numerical values can be found in Table 1.

Table 1. VCSEL'’s parameter values

Parameter  Meaning Value
K Field decay rate 33ns~!
Yp Linear birefringence 103.34 ns~!
Ya Linear dichroism -0.1ns7!
a Linewidth enhancement factor 2.8
BsF Spontaneous emission parameter 6.5 - 1074
y Decay rate of D 1.59 ns~!
Gy Differential gain 1.7 -10%s7!
N; Carrier number at transparency 2.04 - 107
N Carrier number at threshold 2.43 - 107
Vs Spin-flip relaxation rate 1000 ns~!
A Nonradiative coefficient 2.1-107 571
B Radiative coefficient 6.0-107 571
C Auger coefficient 7100571

Some of these parameters (y,, Gy) have been extracted for the laser of our experiment. The
other parameters correspond to a similar 1550-nm wavelength VCSEL characterized in [34] by
following the method developed in [34,37] with the exception of some parameters like A, B, and
C, that were extracted for another 1550-nm VCSEL in [35]. The theoretical value of I, is 2.6
mA, close to the experimental value.

We show in Fig. 9(a) and Fig. 9(b) the time evolution of the power of the two-linear polarizations
of the VCSEL, plotted in logarithmic scale, for different modulation frequencies and I,g. The
corresponding dynamical evolution of the carrier number normalized by its value at threshold is
shown in Fig. 9(c) and Fig. 9(d). Results in Fig. 9 (a),(c) correspond to a 100 MHz modulation
frequency and I,g slightly below threshold, situation similar to that considered in Fig. 3. This
figure shows that spontaneous emission noise dominates the evolution of the photon number in
each polarized mode during the laser’s switch-off and the initial stages of the laser’s switch-on.
Figure 9(c) shows that the cavity is depleted of carriers after the laser is switched-off at 125 ns.
During that depletion spontaneous emission noise dominates the evolution of both polarization
modes in such a way that it rules which linear polarization mode will be preferably excited
during the next pulse. We note that this is the case in which the off-current is larger in this work,
L = 0.9961, so the effect of spontaneous emission noise will be stronger when /g is smaller
(Fig. 8). Therefore in the experimental cases that we have considered the RF modulation is such
that the off time is long enough and at a low enough current for the spontaneous emission to rule
the next emission event.

Our model does not consider any fluctuations in the VCSEL bias current and gives qualitatively
the same polarization switching results than in the experiment. Therefore the generation of
random numbers in our experiment comes from the polarization switching, and not from the
variations in current which are inherent from the driving of the electrical circuit, like jitter or
current noise.
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Fig. 9. (a)-(b) Simulated time traces of the power of x (blue line) and y (red line) polarization
modes. The total power is also plotted with black lines. (c)-(d) Simulated time traces of the
ratio between the carrier number and carrier number at threshold. In (a),(c) the modulation
frequency is 100 MHz, Ion = 6.31y,, Iog = 0.9961;,. In (b),(d) the modulation frequency is 2
GHz, Ion = 6.31, Iy = 0.

5. Discussion

The modulation frequency considered up to now in our experiment is not very fast, 100 MHz.
Experimental results obtained for a higher modulation frequency, 200 MHz, are shown in Fig. 10.
Time traces of the signals corresponding to both linear polarizations when P(X>Y) is close to 0.5
are shown in Fig. 10(a). The dependence of P(X>Y) on V,, is also shown in Fig. 10(b). Again,
similar qualitative behavior to that described for smaller modulation frequencies is observed.
Modulation rates in our experiment are limited by the maximum RF modulation frequency
of our laser mount. To show that the random number generation process can go beyond the
considered frequencies we have obtained theoretical results when the modulation frequency is 2
GHz. Results are shown in Fig. 9(b) and Fig. 9(d). While the value of I, is similar to that in
Fig. 9(a), the value of I, has been decreased to zero in order to randomize the evolution of both
linear polarizations before the next emission event. Our results confirm that random excitation
of both linear polarizations is also obtained at modulation frequencies much higher than those
considered in our experiments.

The speed of QRNGSs based on PS in VCSELs would be limited by the switching times of
the polarization modes. With the usual definition of switching time (time at which the power
crosses a prescribed fixed level) the switching time for the total power is very similar to that of
the excited polarization mode, providing that most of the power is emitted in that mode. If both
polarization modes are excited during the rising edge of the pulse, the switching time of the total
power is slightly smaller that those corresponding to individual polarizations. In any case the
switching time for the polarizations is similar to that corresponding to the total laser power, and
hence the speed of the random generator is limited by the current modulation bandwidth of the
VCSEL. Continuous improvements in this bandwidth have been obtained motivated by the use of
VCSELs for data communications [38]. Modulation bandwidths beyond 35 GHz and data rates
beyond 50 Gbps in the on—off keying modulation format have been demonstrated [38]. Future
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Fig. 10. (a) Experimental time traces of the signals corresponding to the x-polarization (blue
line), y-polarization (red line), and total power (black line) for Vo, = 1.5V. (b) Probability of
excitation of the x—polarization as a function of V. In this Figure the modulation frequency
is 200 MHz, I, = 2.5 mA, and #; = 2.4 ns.

work is planned on increasing the bit rate of our generator. Also a detailed comparison of our
experimental results with those obtained with the theory would permit to characterize better
this type of QRNG. This comparison will be performed by using the complete set of extracted
parameters for our VCSEL following the procedure developped in [34,37].

In this work we have focused on describing the random polarization switching obtained when
gain-switching a VCSEL with PS under cw operation. Periodic modulation of the bias current
applied to the device and the effect of spontaneous emission noise induce random PS. In this way
unbiased random generators can be obtained just by changing the parameters of the modulation.
We note that in order to minimize bias in these type of generators a feedback loop applied on
the voltage could be necessary for maintaining a constant value of V,,. In these generators
randomness increases as the bias current is decreased below threshold. In our study we have
analyzed two cases: Iog ~ Iy, and I, = 0.921y, for which we have obtained an unbiased generator
by tuning the pulse amplitude and the sampling time. Unbiased operation for smaller values of
I can be obtained by increasing the values of the pulse amplitudes. The value of V,, for which
unbiased operation is obtained also depends on the current at which PS is obtained under cw
operation, Ipg. For our device PS is obtained at Ipg =2.68 I;;,. Using VCSEL devices with smaller
values of Ipg is a strategy for obtaining unbiased operation for smaller values of I,¢ and similar
excitation levels to those used in this work. Changing Ips for a given VCSEL can be done by
applying anisotropic strain to the device [39]. A simpler way of changing /ps for a given device is
by modifying the temperature of operation [27,40]. Unfortunately we could not use this method
in our VCSEL because the change of Ipg with the temperature is small, that is an indication of
the non-thermal origin of our PS [40].

The process of generating random bits in our system is based on sampling the signals
corresponding to both linear polarizations in such a way that the time between consecutive
samples corresponds to the modulation period. If the signal corresponding to the x—polarization
is larger than that corresponding to the y—polarization we assign a "0" bit, otherwise a "1" bit is
obtained. In this way bit streams have been obtained, for instance the 5 X 10* bit stream that has
been used in Fig. 4. We have repeated the experiment of Fig. 4 several times several weeks apart,
just by using the same parameters and without adjusting any setup parameter. Results obtained
with streams of 5 X 10* bits have been very similar. In the experiments the obtained biases of the
random number generator, b =(Probability("0") - Probability("1"))/2, have been of the order of
+1073. This indicates the good repeatibility of our experiment.
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We have also repeated the experiment under the same conditions but increasing the number
of data, from 5 x 10* to 2.5 x 10° bits. We have considered a post-processing of our data by
using the von Neumann algorithm described in [2] to obtain a data set of 6.2 x 10> bits. The
post-processed bit string has a bias of —1.04 x 10~* and a min-entropy value of 0.9997 per bit.
We have also done an initial study in order to test the randomness of our data. As a preliminar
step we have splitted the 6.2 x 10° bits in five sequences of 1.24 x 103 bits each. All these
sequences pass a chi-square test of goodness-of-fit with a 0.01 level of significance [41]. The
second step has been to use the 6.2 x 10° bits sequence as input for the NIST SP800-22 statistical
test suite with a 0.01 level of statistical significance [42]. The sequence of 6.2 x 10° bits passes
all the NIST tests. However, since the bit number is small, we have been able to calculate the
proportions of sequences that pass the tests only for those that can work with short bit streams.
P-values and proportions are shown in Fig. 11 for the experimental conditions of Fig. 3. Averaged
P-values and proportions are calculated using 1000 sequences of 625 bits each for the Frequency
test, Frequency within a block, Runs test, Longest-Run-of-Ones in a Block, and Cumulative
sums forward and backward. The same calculations have been done for the FFT test but using
500 sequences of 1250 bits. For the other tests we plot the results using only the sequence of
6.2 x 10° bits, and therefore no data on proportions are included in Fig. 11. The distributions of
P-values for the tests for which we have calculated proportions are rather uniform. Averaged
P-values are around 0.5 and the range of the standard deviation of the P-values goes from 0.288
(Frequency within a block) to 0.307 (FFT test). We are aware that the number of analyzed data is
small and more work has to be done in order to collect a sufficient number of data to fully pass
batteries of statistical tests like NIST SP800-22. Anyway we think that these preliminar results
indicate that our system can be a good candidate for random number generation.
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Fig. 11. NIST test results for a modulation frequency of 100 MHz, I, = 2.5 mA, Von = 1.3
V and ¢, = 3.5 ns. Tests without star correspond to those run with one long sequence, then
no proportion data are given.

Our method for random number generation and those based in DFB lasers share some
characteristics. In both methods a semiconductor laser is gain-switched with a bias current below
threshold. Also both methods rely on the random characteristics of the spontaneous emission
while the laser is below threshold. However, while QRNGs that use DFBs are based on the
random character of the optical phase of the pulses and the polarization of the light plays no role
because the laser maintains its linear polarization, our generator is based on the random excitation
of the linear polarizations of the VCSEL. Another important difference between our all-optical
approach and those using DFB lasers is that we do not need an unbalanced Mach-Zehnder
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interferometer to convert phase fluctuations into the amplitude fluctuations that, adequately
sampled and postprocessed, generate the random numbers.

6. Summary and conclusion

Summarizing, we have analyzed in an experimental and a theoretical way the random excitation
of the linear polarization modes of a gain-switched VCSEL characterized by having PS under cw
operation. Our VCSEL is such that the bistable region associated to the polarization switching is
very narrow, indicating that our generator works independently of the existence of those bistable
regions. We have characterized the random excitation of the polarized modes by measuring
how the probability of excitation, autocorrelation, and histograms corresponding to each linear
polarization depend on the modulation conditions and sampling times. We have demonstrated
that equal probability of excitation of both linear polarization modes can be achieved by adjusting
the modulation conditions and the sampling time. In this way there is no need of changing any
of the internal VCSEL parameters to get an unbiased operation of a random number generator
based on this system. A good qualitative agreement between our experimental and theoretical
results has been obtained, as seen from the comparison of Fig. 3 and Fig. 9(a). Future work will
be devoted to a complete extraction of the VCSEL parameters in order to perform a quantitative
comparison between the results of our model and experiments, as it has been done previously
for gain-switched edge-emitting laser diodes for QRNG [13,43]. This comparison is useful
for selecting optimal parameters to maximize the QRNG performance and monitor the device
behavior to detect malfunctioning of the device [43]. In this work we have presented preliminar
results on random number generation based on gain-switching VCSELs. We are aware that we
do not have a random number generator yet because much more data must be collected in order
to fully pass several batteries of statistical tests. Our main intention has been to present and
analyze in detail the random polarization switching in VCSELSs that can make this device become
a candidate for random number generation.
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