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The theory and practical realization of a broadband quantum-noise generator based on an original inte-
grated optical beam splitter in the form of a Mach-Zehnder interferometer is demonstrated. The beam
splitter with a double output, made on a lithium niobate substrate, provides accurate electro-optical bal-
ancing of the homodyne quantum-noise detection circuit. The experimentally obtained excess of quantum
noise over classical noise is 12 dB in the frequency band over 4 GHz, which is the best parameters of
quantum-noise generators known from the literature.
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I. INTRODUCTION

Quantum-noise generators and random-number genera-
tors based on them are in demand for many applications
[1–3]. The homodyne detection of vacuum fluctuations is
one of the most efficient techniques to build a quantum-
noise generator. As a rule, quantum-noise generators are
used for the subsequent development of quantum-random-
number generators. To do this, the analog signal must be
converted into a digital code [4–14].

It is also worthwhile to note that quantum-noise gener-
ators belong to a wide class of microwave or rf photonics
devices, which have been developing rapidly over the past
decade [15]. Therefore, such devices are of interest in areas
other than for the generation of digital sequences only.

Quantum vacuum fluctuations are used as a physical
source of entropy of the noise generator. Its technical
implementation is based on a local oscillator, beam splitter,
and balanced detection scheme, that provides suppression
of classical noise and registration of quantum shot noise.
From the point of view of the informational throughput
of the random-number generator, one of the most use-
ful parameters here is the frequency band of the quantum
noise at the output of the balanced detector [6]. The cur-
rently experimentally achieved maximum band of homo-
dyne detection of vacuum fluctuations is about 1 GHz
[8,9], which is due to the use of schemes on the so-called
“volumetric” optics.
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The integrated optical design provides much better
mechanical and temperature stability compared to the vol-
umetric or fiber-optic implementation. The use of electro-
optical lithium niobate (LiNbO3) allows fast and accurate
adjustment of the interferometer arm, as well as use of high
light powers (hundreds of milliwatts), which is very help-
ful for obtaining a high level of quantum noise, which is
proportional to the intensity of light.

Integrated optical beam splitters based on silicon opti-
cal waveguides [10] can only partially solve the prob-
lems of volumetric optics. Sufficiently high absorption
and photosensitivity at telecommunications wavelengths
(1500–1600 nm) produce sources of additional classical
noise and limit the maximum optical power, and the ther-
moelectric control used in Ref. [10] for active tuning has a
high inertia and is not suitable for broadband devices. This
did not allow the generation of quantum noise in the band
of more than 150 MHz.

To construct a quantum-noise generator, a scheme based
on balanced homodyne detection of a vacuum field is
widely used. However, such an implementation of the gen-
erator has a significant limitation: the lack of the ability to
control interference when mixing fields on the beam split-
ter. Violation of the ideal symmetry of the beam-splitter
coefficients leads to a violation of the balance on the detec-
tors, which negatively affects the visibility of the signal,
and, as a result, the speed of random-number generation.
To solve this problem and implement the control of the bal-
anced detector, we use an integrated optical Mach-Zehnder
interferometer formed by input Y branch, output X coupler,
and with the electro-optical control of phase difference
between arms of the interferometer.
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Note that the Y branch despite the presence of only one
input port (Fig. 1) serves as a mixer of fields of a local
oscillator and vacuum fluctuations. Vacuum fluctuations
penetrate in the Y branch from the substrate as leakage
modes. It is not difficult to prove that there is a second
port, given the unitarity of conversion of the input radiation
to the output produced by the beam splitter. By organiz-
ing the illumination of the circuit from the output side
and varying the phase difference of the fields, it is possi-
ble to see the points of the output radiation through the
substrate in a situation where the central mode is sup-
pressed by destructive interference. It is these output points
that will correspond to the second, unlit (vacuum) input of
the beam splitter when the circuit is normally illuminated
from left to right. Thus, we describe the input Y branch
of the scheme under consideration as a four-port device
[16] like a X coupler or volume beam splitter, on one of
the ports of which there is a field in the vacuum state.
Then the whole system under consideration is similar to
the “usual” Mach-Zehnder interferometer with two inputs
and two outputs.

II. THEORY

Although the actual experimental scheme corresponds
to that shown in Fig. 1(c), we can formally describe Y
branch as an X coupler, as noted in the Introduction, mean-
ing the input vacuum modes penetrate the interferometer’s
input through the substrate. Let us consider the case when
the strong classic field from the local oscillator ELO(z, t)
enters the beam splitter at input 1, and only the vacuum
field Êvac(z, t) enters at input 2 [Fig. 1(c)]. After mixing on
the first beam splitter, the fields are given a relative phase
delay φ, after which the fields are mixed again on the sec-
ond beam splitter and detected. It is the phase difference
φ that acts as a parameter that additionally controls the
interference conditions on the second beam splitter. The
transformation of the fields on the first and second beam

splitters can be set by matrices MBS,1, MBS,2:

MBS,i =
(

cos (αi) sin (αi)

sin (αi) − cos (αi)

)
, i = 1, 2. (1)

Here the parameters α1, α2 are set so the cos (αi) is equal
to the amplitude transmission coefficient of the beam split-
ter ti, and the sin (αi) is correspondingly equal to the
reflection coefficient ri. It can be noted that with the cho-
sen parametrization, the conservation law r2

i + t2i = 1 is
fulfilled automatically.

The phase delay in one of the arms of the interferometer
is given by the matrix:

MPh =
(

exp {iφ/2} 0
0 exp {−iφ/2}

)
. (2)

Next, one can write down the expression for the fields at
the output of the scheme Êout,1, Êout,2 in terms of the initial
fields:

(
Êout,1

Êout,2

)
= U

(
ELO

Êvac

)
(3)

U = MBS,2 × MPh × MBS,1. (4)

Here and below, hats denote quantum-mechanical opera-
tors. The elements of the transformation matrix are

U11 = eiφ/2 (
cos (α1) cos (α2) + e−iφ sin (α1) sin (α2)

)
,
(5)

U12 = eiφ/2 (
sin (α1) cos (α2) − e−iφ cos (α1) sin (α2)

)
,
(6)

U21 = eiφ/2 (
cos (α1) sin (α2) − e−iφ sin (α1) cos (α2)

)
,
(7)

U22 = e−iφ/2 (
cos (α1) cos (α2) + eiφ sin (α1) sin (α2)

)
.
(8)
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FIG. 1. (a) Definition of the coefficients ri and ti for the volumetric beam splitter cube. (b),(c) The possible types of tunable integrated
optical beam splitters. (b) Beam splitter, based on two X couplers, that form the Mach-Zehnder interferometer with two inputs and two
outputs; input 1 is directly connected by optical fiber to the source of ELO, only the mode of the local oscillator gets to this input; input
2 is open, only the modes of vacuum fluctuations corresponding to the modes of the optical waveguide enters this input; (c) based on
one Y branch and one X coupler, that form the Mach-Zehnder interferometer with one input and two outputs. The additional, second
input in2’ for vacuum fluctuations occurs due to the leakage modes (dashed arrows).
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The photocurrent operators on both detectors can be writ-
ten as follows:

ĵ1 = Ê†
out,1Êout,1 = (U∗

11E∗
LO + U∗

12Ê†
vac)

× (U11ELO + U12Êvac), (9)

ĵ2 = Ê†
out,2Êout,2 = (U∗

21E∗
LO + U∗

22Ê†
vac)

× (U21ELO + U22Êvac). (10)

Now, for convenience, let us move on to the quadrature
components (with numeric representation for the classical
field and operator for the quantum one): ELO = ε′ + iε′′,
Êvac = x̂ + iŷ; in addition, let us denote |ELO|2 = ILO. The
differential signal ĵ−(φ) can be written as follows [we
denote α± = 2(α1 ± α2)]:

ĵ−(φ) = ĵ1 − ĵ2 = [
ILO − x̂2 − ŷ2]

× [
cos2(φ/2) cos(α−) + sin2(φ/2) cos(α+)

]
+ 2

[
ε′x̂ + ε′′ŷ

]
× [

cos2(φ/2) sin(α−) + sin2(φ/2) sin(α+)
]

− 2
[
ε′ŷ − ε′′x̂

]
sin(φ) sin(2α2). (11)

In the case when the beam splitters are symmetric ri =
1/

√
2 = ti, the transformation matrix has a simple form:

U =
(

cos φ/2 i sin φ/2
i sin φ/2 cos φ/2

)
. (12)

The difference photocurrent with symmetric beam splitters
j s
−(φ) will be modulated by the phase difference φ:

ĵ s
−(φ) = (ILO − x̂2 − ŷ2) cos φ − 2(ε′ŷ − ε′′x̂) sin φ.

(13)

As you can see, with the phase difference φ = π/2 the
first term proportional to the intensity of the fields will
be completely suppressed, and homodyne detection of the
quadrature components of the quantum field is carried
out in the Mach-Zehnder interferometer scheme. For sim-
plicity, here and further, we select the phase of the local
oscillator so that ε′′ = 0, then the difference signal can be
written as follows:

ĵ s
−(π/2) = −2ε′ŷ. (14)

Expression (14) shows that with an appropriate choice
of the phase difference between the arms of the interfer-
ometer, the differential signal will be proportional to the
quadrature component of the quantum vacuum field ŷ. It
is well known that vacuum quadratures have a zero mean
value but a nonzero second moment, which means the pres-
ence of a quantum-random result of a single measurement.

Thus, we get the possibility to generate a sequence of truly
random numbers in the proposed scheme. As can be seen
from Eq. (14), the dispersion of the noise field y increases
in proportion to the magnitude of the field of the local
oscillator.

Now we take into account the differences between the
real experimental situation and the ideal one described
above. First of all, we take into account the possible asym-
metry of the beam splitter. Let us assume that one of the
beam splitters (for example, the output one) is asymmetric,

choosing r2 = 1/
√

2 + d, t2 =
√

1 − (1/
√

2 + d)2, here d
is the asymmetry parameter. We can write down the depen-
dence of the difference current in the case of an asymmetric
beam splitter ĵ a

−(φ) on the phase, leaving the field of the
local oscillator purely real and keeping only linear terms
in the small parameter d expansion:

ĵ a
−(φ) =

(
1 + 3d

2
√

2

)
cos(φ)

(
I 2
LO − x̂2 − ŷ2)

− 2
(

1 + 3d

2
√

2

)
sin(φ)ε′ŷ − 4

√
2dε′x̂. (15)

As one can see, the second quadrature component begins
to appear in the signal. Moreover, the last term in Eq.
(15) is phase independent. However, the contribution from
the first term, proportional to the intensity of the fields,
which is most harmful for noise generation, can be com-
pletely compensated by choosing a suitable phase of the
modulator. When the phase difference is φ = π/2 we get

ĵ a
−

(π

2

)
= −2

(
1 + 3d

2
√

2

)
sin(φ)ε′ŷ − 4

√
2dε′x̂. (16)

Note that the obtained form of recording the signal allows
us to talk about the measurement of the generalized
quadrature of the noise field, that is, the measurement in
the basis rotated by some angle. Since the distribution of
the vacuum field on the phase plane is absolutely symmet-
ric, the reversal of the basis does not introduce any changes
in the operation of the noise generator. Thus, in the absence
of other factors of the “imperfection” of the scheme, the
asymmetry of the beam splitter would be insignificant for
the generation of random numbers.

The key factor here, however, is the fact that if the beam
splitter is not symmetric, an additional classical noise com-
ponent will be present in the difference current, which is
completely subtracted when considering a symmetric cir-
cuit. We show this explicitly by introducing coefficients
η1, η2 associated with the presence of classical noise, and
1 − η1, 1 − η2 is the losses in corresponding arms of the
interferometer. Then, instead of Eq. (4) used above, the
field at the output of the interferometer will be set by the
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expression:

(
Êout,1

Êout,2

)
= Ũ

(
ELO

Êvac

)
(17)

Ũ = MBS,2×
(

η1 0
0 η2

)
MPh × MBS,1. (18)

We repeat all the calculations made without taking into
account losses, preserving the assumptions made earlier
about the symmetry of the first beam splitter and the real-
ness of the field of the local oscillator. The difference
current ĵ−(φ) will then have the form:

ĵ−(φ) = 1
2

cos(2α2)
(
η2

1 − η2
2

) (
ILO + x̂2 + ŷ2)

+ η1η2 sin(2α2) cos(φ)
(
ILO − x̂2 − ŷ2)

+ ε′x̂ cos(2α2)
(
η2

1 + η2
2

)
− 2η1η2ε

′ŷ sin(2α2) sin(φ). (19)

In the case of symmetrical output beam splitter α2 = π/4,
the expression (19) is reduced by the choice of phase φ =
π/2 to Eq. (14) with extra multiplication by factor η1η2.
However, as one can see, for any asymmetric beam splitter
in Eq. (19), there remains a phase-independent first term
containing the intensity of the field of the local oscillator,
which will dominate the signal of interest. This term can
be removed by analyzing the phase φ and selecting it so
that the following equation is performed:

cos(φ) ≈ −
(
η2

1 − η2
2

)
2η1η2

cot(2α2). (20)

Such a choice of the modulator phase leads to complete
mutual compensation of the first two terms in expres-
sion (19). As a result, the expression for the difference
photocurrent can again be represented as the amplifica-
tion of the generalized noise quadrature [similar to Eq.
(15)], where the gain is lesser than the original one by
a factor of η1η2. It is interesting to estimate the amount
of phase adjustment required for balancing the circuit.
The theoretical evaluation shows that, for example, for
cos(2α2) = −0.02, η1 = 0.9, η2 = 0.85 to compensate for
the term containing ILO, we need to add to the phase
φ = π/2 only the 3 × 10−4π . However, to obtain the sup-
pression of the ILO terms equal to 10 dB we need the phase
precision to be only about 0.02π . The control system we
use in this work ensures the accuracy of phase control
approximately 0.01π , so the theoretical calculations com-
pletely explain the experimental results, shown at the Fig.
4. Thus, the use of a phase modulator makes it possible to
balance the circuit in the presence of not only asymmetric
detector operation, but also various classical noises in the
interferometer channels.

A

B

UC

out

+

_
LO

BS BD

OPC

FA

FIG. 2. Experimental realization: quantum-noise generator
based on integrated-optic Mach-Zehnder beam splitter with the
electrical control. LO is the local oscillator, BS is the beam split-
ter, FA is the fiber-optic assembly, BD is the balanced detector,
OPC is the operating point control system.

III. EXPERIMENT

We propose and experimentally implement a broad-
band quantum-noise generator using an integrated optical
Mach-Zehnder interferometer with a single input and a
double output as an electrically controlled beam split-
ter (BS), made on the basis of optical waveguides in a
lithium niobate crystal substrate (Fig. 2). The LiNbO3
congruent single-crystal plate of the X cut had the size
5 × 50 × 1 mm3. The single-mode channel optical waveg-
uides are manufactured using the technology of thermal
diffusion of Ti ions [17]. Light propagated along Y crystal-
lographic axes. A push-pull electrodes is deposited along
one of the arms of the interferometer, which made it possi-
ble to adjust the amplitude transmission coefficient of the
beam splitter ti using the electro-optical effect.

A single frequency laser with distributed feedback with
a wavelength of 1552 nm, a radiation line width of 170
kHz, and a power of 100 mW is used as a local oscillator
(LO).

Special attention is paid to the design of the balanced
detector (BD). The radiation from the beam-splitter out-
puts is transmitted through the fiber assembly (FA) to
the (In,Ga)As-pin photodiodes (A, B) that form the bal-
anced detector. The difference of the optical paths of the
fiber-optic assembly did not exceed 0.1 of the operating
wavelength.

The band of each photodiode is 10 GHz, which pro-
vides the band of the balanced detector above 4 GHz.
For this purpose, photodiodes with the closest possible
frequency response and the same sensitivity of approxi-
mately equal to 0.78 A/W are selected. A high saturation
current (approximately 30 mA) and a dark current of less
than 1 μA provides a high dynamic range. The operating
point control system (OPC) provides accurate balancing
of output currents (< 0.1%) [18]. To suppress classical
noise, antiphase subtraction of synchronous signals is pro-
vided by equalizing the optical and electrical paths in the
balanced circuit. It should be noted that for such balanc-
ing precision we perform phase adjustment according to
expressions (19) and (20) with the precision of 0.001%.
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The efficiency of the balanced photodetector is evalu-
ated by suppressing common-mode interference. To emu-
late the common-mode signal the laser radiation is modu-
lated in amplitude and differential signal is applied to the
tunable integrated optical BS. The suppression is defined
as the ratio of the frequency response to a differential sig-
nal to the frequency response to a common-mode signal.
The common-mode interference suppression by more than
15 dB is observed in the band over 3 GHz. The decrease
in the suppression efficiency with increasing frequency is
due to increased requirements for the accuracy of perform-
ing phase matching and the difference in the frequency
response of photodiodes.

A part of the electrical signal from the output of the bal-
anced detector is sent to the OPC unit, which generates a
feedback signal with a control voltage ±UC. This voltage
is applied to electrodes, which made it possible to change
the phase delay between the arms, and, consequently, to
control the splitting coefficient of the beam splitter. The
accuracy of the splitting control is not worse as 0.1% in
power.

Measurements of the noise signal at the output show an
excess of the spectral power density of the detected quan-
tum noise by an amount of more than 12 dB above the level
of technical noise of the measuring system with a preamp
in the band of more than 4 GHz [Fig. 3(a)]. The level of
classical noise caused by random intensity noise (RIN) of
the laser has a value much smaller than the quantum ones,
which is confirmed by the proximity to the linear depen-
dence characteristic of quantum shot noise [Fig. 3(b)]. The
power level of the recorded quantum noise is in good
agreement with the theoretical estimation, which predicts a
linear growth of the output electrical power P as a function
of the optical power Popt of local oscillator:

N (f ) = 2qPoptAR0|H 2
pd(f )|, (21)

where N (f ) is the spectral power density, q is the electron
charge, Popt is the power on the input of the photodiodes, A
is the direct current sensitivity of the photodiodes, Hpd(f )

is the transfer function of the balanced photodetector, R0 is
the output loading resistor of the balanced detector. As can
be seen from Fig. 3(b), the experimental dependence has a
form close to linear.

In our opinion, it is interesting to compare the poten-
tial rate of generating a sequence of random numbers using
various realizations of noise sources. There are many types
of such sources known in the literature [1], so we consider
only those that use the balanced detection and the use of
quantum noise as a source of entropy. For such a compari-
son, one can use the methodology [8], according to which
the upper limit of the rate of random-number generation C
is determined from the Nyquist theorem:

C = 2�F log2 V, (22)

(a)

(b)

FIG. 3. Experimental results. (a) The spectral power density
N (f ) at the output of balanced detector. 1: local oscillator “off,”
2: local oscillator “on”; (b) the electrical power Pel at the output
of the balanced detector as a function of optical power Popt of
the local oscillator (LO). The red dotted line shows theoretical
predictions of expression (21).

where �F is the bandwidth of the spectrum, and V =
2n is the quantization level for digitization resolution n.
Then, for the case when a 16-bit analog-to-digital con-
verter (ADC) is used, and the frequency band �F is from
2.5 to 3 GHz for the average of 10 dB of quantum to classi-
cal signal-to-noise ratio (QCNR) clearance, the estimation

0 1.0 2.0 3.0 4.0
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dB(
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23
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15

20

Frequency G(F )Hz

FIG. 4. Dependence of QCNR on frequency for different real-
izations of the quantum-noise generator. 1—[8], 2—[9], 3—[10],
4—[19], 5—our realization.
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of the potential speed of extraction up to 70 Gbit/s random
bits out of detector was obtained in Refs. [8,19].

From the experimental data presented in Fig. 3(a) it can
be seen that the average of 12 dB of quantum to classical
signal-to-noise ratio clearance has a frequency band of at
least 4.0 GHz. Provided that a similar 16-bit ADC is used,
it is possible to obtain, for our case, an upper estimation of
the potential extract speed of at least 110 Gbit/s.

Obviously, the bandwidth has the greatest influence on
the generation speed, and not the bit depth of the ADC.
Therefore, we demonstrate, Fig. 4, that shows the depen-
dences of QCNR for different realizations of quantum-
noise sources on frequency for various implementations of
quantum-noise sources [8–10,16]. These data are obtained
by us through the appropriate processing of experimental
data published in the listed works.

In the early 2010s, the generation rate achieved in Ref.
[4] was 6.5 Mbits/s, and the potential was estimated as
200 Mbits/s, further in Ref. [8,19] the potential was esti-
mated as 70 Gbits/s. In Ref. [9], for different types of ADC
transformation, the generation rate achieved was 6 Gbits/s
and 12 Gbits/s with the used spectral band 1.4 GHz. In
Ref. [10] with the spectral range 120–140 MHz, the esti-
mated speed of generation was reported as 1 GBit/s. In
Ref. [20] the reported speed of generation was 43 Mbit/s.
It should be noted that the estimates given depend sig-
nificantly on the number of ADC sampling levels and
postprocessing algorithms. Nevertheless, the general trend
of the connection of the increase in the generation rate with
the bandwidth is obvious.

IV. CONCLUSION

We design and experimentally implement a quantum-
noise source with remarkable characteristics. Three factors
mainly determine the broadband source with a spectral
bandwidth of more than 3 GHz.

First of all, such a broad generation band turns out to
be possible due to the integrated-optical chip-based imple-
mentation of homodyne detection with the field mixer in
the form of Y branch. It should be noted that, in con-
trast to traditional volumetric beam splitters or waveguide
X couplers, the reflection and transmission coefficients of
which depend quite critically on the the light wavelength
[21], integrated optical Y branches are much more broad-
band elements. Thus, the spectral width of our generator
is determined by the spectral characteristics of the detec-
tors, not the beam splitters. This factor allows us to build a
theory without considering the spectral dependence of the
beam-splitter coefficients.

The second factor that makes it possible to achieve
record results is developing a feedback loop that allows us
to quickly and accurately control the delay in the arm of the
Mach-Zehnder interferometer. As shown in the theoretical
part of the paper, fine tuning of the balance allows getting

rid of the influence of classical noises in the system. The
presence of asymmetric losses in the interferometer chan-
nels leads to degeneration of interference and the uncom-
pensated currents proportional to the homodyne intensity
mixing into the signal. Even a weak asymmetry can signifi-
cantly impair the signal visibility due to large values of the
homodyne amplitude. Controlling the interference phase
using a feedback loop enables the achievement of the visi-
bility of the quantum-noise signal above the classical noise
by more than 12 dB.

It should be noted that if we imagine an ideal situation in
which there are no classical noises in the system, then the
asymmetry of the beam splitter does not worsen the obser-
vation parameters of quantum noise but rotates only the
observation basis, which is not significant for symmetric
noise distribution. Correctness of the quantum-mechanical
description of the measurement in the presence of a feed-
back loop should also be discussed here. It is a well-known
situation when feedback stabilizes the photoelectron flux
but degrades the noise characteristics of light that produce
this flux [22–24]. In the mentioned case, the direct connec-
tion between the operators of the light’s quadratures and
the photocurrent’s operator is lost. There is no such prob-
lem in our case since the feedback controls not the quantum
system but the classical one.

Finally, the third factor is the experimental selection
of detectors with the closest possible characteristics. The
selection of suitable photodiodes is an essential factor in
improving the performance of the circuit, and we suggest
that it is this block of the circuit that define cut-of fre-
quency of the spectral characteristics of the device as a
whole.
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