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Entanglement between optical and microwave cavity modes is a critical issue in illumination systems.
Optomechanical systems are utilized to introduce coupling between the optical and microwave cavity
modes. However, due to some restrictions of the optomechanical system, especially sensitivity to the ther-
mal photon noise at room temperature, an alternative optoelectronic system is designed to address the
problem. We study a method by which it may be possible to remove the mechanical part of the previ-
ous systems to minimize the thermally generated photons. Unlike optomechanical systems, in our system,
the optical mode is directly coupled to the microwave cavity mode through the optoelectronic elements
without employing any mechanical parts. The utilized approach leads to generating the entangled modes
at room temperature. For this purpose, the dynamics of the motion of the optoelectronic system is the-
oretically derived using the Heisenberg-Langevin equations from which one can calculate the coupling
between optical and microwave cavity modes. The direct coupling between the optical and microwave
cavity modes is the most important feature and is achieved through the combination of the photodetector
and a Varactor diode. Hence, by controlling the photodetector current, that is, the photocurrent, depend-
ing on the optical cavity incident wave and the Varactor diode-biased voltage, the coupling between the
optical and microwave cavity modes is established. The voltage across the Varactor diode also depends on
the generated photocurrent. Consequently, our results show that the coupled modes are entangled at room
temperature without the requirement for any mechanical parts.
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I. INTRODUCTION

In recent years, fabrication of sensitive sensors has been
a subject of intensive research. Undoubtedly, this techno-
logical trend will replace classical sensors with quantum
sensors because quantum-based sensors are able to pro-
vide some important advantages to improve the sensor’s
performance such as resolution enhancement [1,2] in quan-
tum imaging, sensitivity improvement [3,4] in quantum
radar, and so on. Indeed, the nonclassical and entanglement
methods utilized in quantum-based sensors are produced
in various approaches [5–7]. These alternative phenomena
improve the sensor performance in different applications
such as plasmonics [8,9], Raman spectroscopy [10], and
others. By definition, entanglement is established when
two photons are generated to interact in such a way that
their properties are linked to each other [11,12]. It is sig-
nificant to note that the link between the related photons
or states is nonclassical. In entangled photons, determin-
ing the position, momentum, spin, or polarization of one
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photon does not depend on the interdistance between the
photons. This allows examination of the complementary
position, momentum, spin, or polarization of the partner
photon at that distinct point [3]. To date, this unique quan-
tum property has been widely used in different applications
to improve system specifications. One of the important
systems, that is, quantum illumination, utilizes the entan-
glement to enhance features such as sensitivity and signal-
to-noise ratio [3,4]. The illumination systems especially
produce the entangled modes between the optical cavity
(OC) and microwave (MW) cavity modes. The optome-
chanical subsystem is mostly employed to produce the
entangled modes [13–17]. One of the critical problems
of the illumination systems that utilize a mechanical part
involves the thermal photons induced, which restrict the
system operation at high temperatures. This problem is
basically induced because the mechanical part operates
at a low frequency compared to the OC and MW cavity
frequencies. Consequently, the thermal photons generated
in the mechanical subsystem limit the system’s opera-
tion. However, in order to address the problem mentioned
above, some works have been reported on bandwidth
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engineering [14–16]. Furthermore, in our previous work
[17], an alternative system was designed based on the plas-
monic effect where the plasmon−plasmon interaction was
utilized to modify the total capacitance. As a result, entan-
glement at high operational temperatures (100–150 K)
was achieved. Both bandwidth engineering and manip-
ulating the optical cavity modes through the plasmonic
effect may restrict the generation of thermally induced
photons. Nonetheless, the number of thermal photons gen-
erated at room temperature is so high that it confines
the cavity modes’ entangling in conventional systems. As
mentioned before, there are some critical problems with
employing mechanical parts in the illumination systems.
In fact, operation of the mechanical components at low fre-
quency induces the generation of thermal photons, which
is the main source of the noise that strongly affects the
entanglement between OC and MW cavity modes, espe-
cially at room temperature. Another important point is
that in the classical tripartite systems [13–17], the OC
modes cannot directly couple to the MW cavity modes.
As a matter of fact, the optical mode has to initially cou-
ple to the mechanical mode, and then this mode will
couple to the microcavity mode. In some reported work
[14–16], the unwanted influence of the mechanical unit on
the output modes has been partially suppressed. In fact,
the problem is that the unwanted effect induced by the
mechanical unit can strongly influence the entanglement
between the OC and MW modes [15,17]. In light of the
information discussed above, the main idea of this study is
that bypassing the mechanical unit strongly helps to elim-
inate the generation of thermal photons, thus the resulting
entanglement between the OC and MW cavity modes is
not affected by the extra thermal photons. Therefore, the
mechanical parts are completely removed in this design
to minimize the related noise. By utilization of the opto-
electronic subsystem, the OC modes are directly coupled
to the MW cavity modes without any mechanical unit. It
is shown that bypassing the mechanical unit and utiliz-
ing the optoelectronic unit causes a dramatic decrease in
the generation of thermal photons. With this method, the
entanglement between the OC and MW cavity modes is
strongly enhanced.

In this work, the OC modes are initially coupled to a
photodetector, leading to photocurrent generation in the
near-infrared (NIR) [18–20]. Then the coupling between
the OC and MW cavity modes is established by voltage
developed across the Varactor diode [21], which induces
the photocurrent. The Varactor diode capacitance varies
as a function of the applied voltage. As a result, the res-
onance frequency of the inductor-capacitor (LC) circuit
is expressed as a function of the Varactor diode capac-
itance. In fact, we theoretically prove and illustrate that
using an optoelectronic system enables the cavity modes
to remain entangled even at room temperature, since the
effect of the thermal photons generated into the system

is reduced. Eventually, using the optoelectronic subsys-
tem decreases the complexity of the illumination system
and creates a certain degree of freedom for engineering the
entanglement of the cavity modes.

II. THEORY AND BACKGROUNDS

A. System description

The proposed optoelectronic system illustrated in Fig. 1
shows the system design, which consists of an optical
cavity, a photodetector, a Varactor diode, and an induc-
tor. In this system, the optical cavity mode is initially
coupled to the photodetector to generate a photocurrent,
which is dependent on the incident light i = f1(ω), where
f1 stands for the coupling factor function. The photocur-
rent flows through the Varactor diode, resulting in the
variation of the capacitance C = f2(ω), where f2 is the
other coupling factor. Consequently, the resonance fre-
quency of the MW cavity is strongly related to the Varactor
diode capacitor, which is a function of the photocurrent. In
other words, it should be noted that such an optoelectronic
design enables a direct coupling between the OC and the
MW cavity modes. Additionally, a typical photodetector
with its related responsivity is illustrated in Fig. 1(b). As
shown in Fig. 1(c), a typical model of the Varactor diode
is employed and the change of capacitance is shown as a
function of the applied voltage. The models in Fig. 1(b)
and Fig. 1(c) are only used to demonstrate the photode-
tector’s responsivity and the Varactor diode’s response,
respectively. Figure 1(d) depicts the coupling of the OC to
the photodetector, the photocurrent’s effect on the Varactor
diode capacitance, and the influence of the OC mode on
the MW cavity mode. Aω and ωω in Fig. 1(d) indicate the
MW cavity mode amplitude and frequency, respectively.
Furthermore, ωc stands for the OC mode frequency and Ac
indicates its amplitude. It is important to emphasize that
the coupling between the two cavity modes will be estab-
lished by adjusting f1 and f2. The ratio of f1/f2 defines
the effect of the OC mode on the MW cavity mode. As a
result, by modifying the mentioned ratio, the entanglement
between the cavity modes can be achieved even at room
temperature.

B. Optoelectronic system dynamics of motions

The total Hamiltonian [13,17] of the illustrated opto-
electronic system in Fig. 1(a) is defined as

Htotal = ϕ2

2L
+ Q2

2C
− e(t)Q + �ωca+a − �GOCa+a

+ i�Ec(a+e(−j ωOCt) − ae(j ωOCt)), (1)

where (ϕ, Q) are the canonical coordinates for the MW
cavity and ϕ, L, and Q are the inductor flux, inductance,
and charge on capacitor C, respectively. Also, a, a+, ωOC,
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FIG. 1. Optoelectronic system schematic. (a) OC mode coupling to MW cavity mode through the photodetector and a Varactor
diode; (b) a typical GaAs photodetector responsivity graph [22]; (c) Varactor diode capacitance variation vs biased voltage, which is
the function of photodetector current [23]; (d) simulated photocurrent as a function of optical cavity mode incidence wave frequency
and amplitude. The optical mode center wavelength is around 808 nm.

Ec, e(t), and GOC are the annihilation and creation opera-
tors of the optical cavity, the OC pump frequency, the OC
input driving field, the MW cavity driving, and the cou-
pling factor between the OC and MW modes, respectively.
GOC is a nonlinear function of f1 and f2 that indicates:
(1) coupling between the OC and photodetector leading
to the photocurrent flowing as a function of the incom-
ing photons; (2) coupling between the photodetector and
Varactor diode resulting in a varying capacitance of the
Varactor diode, which then leads to monitoring the MW
cavity modes.

By defining the lowering and raising operators for the
MW cavity and by surpassing the fast oscillating fre-
quencies, the system’s total Hamiltonian is introduced
as

Htotal = ��ωb+b + ��ca+a − �qOCa+ab+b

+ i�Ec(a+ − a) + i�Eω(b+ − b), (2)

where �ω =ωω-ω0ω, �c = ωc-ω0c, and qOC is proportional
to GOC depending on the MW cavity photons. The third

term, qOCa+ab+b, in Eq. (2) defines the interaction Hamil-
tonian. This term specifically defines the degree of the
interaction of the OC mode with the photodetector. In
addition, through a nonlinear process controlled by qOC,
the contributed OC photons are converted to the MW cav-
ity photons. It should be noted that Eq. (2) is derived using
the canonical conjugation method [24] in which the mat-
ter is considered by a harmonic polarization field. In this
study, the Varactor diode capacitor and inductance form
the MW mode, which is basically established from the har-
monic polarization field of their materials. It is emphasized
that the disadvantage of this study seems to be that the
Varactor diode is a macroscopic device whose operation
is based on the interaction of a large number of charged
particles. It can consequently affect the coherent function,
especially at room temperature, which is due to the gener-
ation of the thermal photons. However, this contradiction
is not observed in this design because of the following
reasons: (1) the Varactor diode is utilized in this work
since it has been proved that the capacitance and induc-
tor in a MW circuit can conserve energy in a coherent
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fashion at high temperature [15,16] and (2) the Varac-
tor diode operation frequency is in the range of GHz, so
the density of the induced thermal photons is negligibly
small.

However, the dynamics of the OC and MW cavity
modes in this system is also affected by the damping
rate and noise operators such as thermal noise, quantum
noise, and 1/f noise [25,26] since each mode interacts
with its own environment. The equations of motions of
this study employing the Heisenberg-Langevin equation
are introduced as

•
a = −(i�c + κc)a + iqOCab+b + Ec +

√
2κcain,

•
b = −(i�ω + κω)b + iqOCba+a + Eω +

√
2κωbin, (3)

where ain and bin are the OC cavity input noise and MW
cavity input noise, respectively. κc and κw indicate the
OC and MW cavity decay rates, respectively. In order
to linearize Eq. (3), one can use the fluctuations associ-
ated with the field modes as q = 〈q〉 + δq, where 〈q〉 is
the field average in the steady-state condition and δq indi-
cates the fluctuation of the considered mode [14,17]. The
linearization approach is justified because only the fluctu-
ations, known as the noise around 〈q〉, are linearized, not
the system itself.

Linearization of the noise for this system can be per-
formed when the noise is small. Thus, it is possible to
obtain the equations of motions based on the fluctuation

in the form of linearization approximations as

•
δa = −(i�c + κc)δa + iqOC(|β|2δa + βαδb+ + β∗αδb)

+
√

2κcδain,
•
δb = −(i�ω + κω)δb + iqOC(|α|2δb + βαδa+ + βα∗δa)

+
√

2κωδbin, (4)

where α =〈a〉 and β =〈b〉 are the OC and MW cavity aver-
age modes, respectively. These parameters are calculated
through the steady-state equations introduced as

− (i�c + κc)α + iqOCα|β|2 + Ec = 0,

− (i�ω + κω)β + iqOCβ|α|2 + Eω = 0. (5)

Moreover, it is assumed that |α| and |β| � 1 [13]; hence,
α and β are approximated as

α = Ec

κc + i(�c − qOC|β|2) , β = Eω

κω + i(�ω − qOC|α|2) .

(6)

By calculating α and β as the expectation values of the
OC and MW cavity modes, respectively, Eq. (4) is solved.
To study the entanglement between the modes of the cav-
ities, one needs to use quadrature fluctuation, thus it is
necessary to calculate their complex conjugates as δa+ and
δb+. Finally, the general form of Eq. (4), considering the
operator’s conjugates, is rewritten as

⎡
⎢⎢⎢⎢⎢⎣

•
δa
•
δa

+

•
δb
•
δb

+

⎤
⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎣

−γc + iqOC|β|2 0 iαβqOC iαβ∗qOC
0 −γc

∗ − iqOC
∗|β|2 −iα∗β∗qOC

∗ −iα∗βqOC
∗

iα∗βqOC iαβqOC −γω + iqOC|α|2 0
−iα∗β∗qOC

∗ −iαβ∗qOC
∗ 0 −γω

∗ − iqOC
∗|α|2

⎤
⎥⎥⎦

︸ ︷︷ ︸
Ai,j

×

⎡
⎢⎣

δa
δa+
δb
δb+

⎤
⎥⎦

︸ ︷︷ ︸
u(t)

+

⎡
⎢⎢⎣

√
2κcδain√
2κcδain

+√
2κωδbin√
2κωδbin

+

⎤
⎥⎥⎦

︸ ︷︷ ︸
n(t)

,

(7)

where γ c = κc + i�c and γ ω = κω + i�ω. Equation (7)
yields u(t) = exp(Ai,jt)u(0) + ∫

[exp(Ai,js)n(t – s)]ds, where
n(s) is the noise column matrix. The related input noises
obey the following correlation function [9–11]

< ain(s)a∗
in(s

′) > = [N (ωc) + 1]δ(s − s′); < a∗
in(s)ain(s′) >

= [N (ωc)]δ(s − s′),

< bin(s)b∗
in(s

′) > = [N (ωω) + 1]δ(s − s′); < b∗
in(s)bin(s′) >

= [N (ωω)]δ(s − s′), (8)

where N (ω) = [exp(ω/kBT) − 1]−1 and kB and T stand
for Boltzmann’s constant and the operation temperature,

respectively [9,11]. Indeed, N (ω) is the equilibrium mean
thermal photon numbers of the different modes. It should
be noted that the quantum noise source is deliberately
neglected (i.e., shot noise [25] and 1/f noise [26]), because
these noises are generally negligible compared with the
thermal noise at high band-width operation [25]. In the
simulation part, a GaAs photodetector is typically con-
sidered [27] and its bandwidth is usually assumed to be
around B = 10 GHz. This means 1/f noise can be com-
pletely ignored by considering such a high bandwidth.
Therefore, in the following, particular emphasis is given to
the quantum noise arising due to the quantization. When
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a photodetector is utilized, it senses the incoming signal
in the form of the quantized photons, and this leads to
occurrence of the quantum noise and the related current
fluctuation. During the random detection of the discrete
particles, the rates of the detected particles fluctuate. It has
been reported that the number of arriving discrete photons
in a typical length of time (td) is distributed according to
the Poisson distribution [25]. So, after estimation of the
probability of n arrival photons Pn(t), the photon average
number 〈n〉, and fluctuation 〈δn2〉, one can calculate the
current “i” and its fluctuation 〈δi2〉 as [25]

i = q
td

n −→ I = q
td

< n >,

< δi2 > = q2

td2 < δn2 >
δn=<n>−→ = q

td
I

td=1/2B−→ < δi2 >

= 2qIB, (9)

where q is the electron charge, B is the photodetector
bandwidth, and I is the average current I =〈i〉. Another
important parameter that should be considered in Eq. (10)
is the photodetector quantum efficiency ζ . Every received
discrete photon has a probability ζ of releasing either
an electron or creating an electron-hole pair. Hence, the
current fluctuation in Eq. (9) is rewritten as [25]

< δi2 >= 2qζB
(

qPc

�ωc

)
, (10)

where Pc/-hωOC is the rate of the discrete arriving photons.
However, it will be shown that the fluctuation of the cur-
rent amplitude related to the shot noise is of the order of
pA, whereas the photocurrent amplitude is of the order
of µA. Due to this fact, the effect of the shot noise and
the 1/f noise is ignored in the calculation of the corre-
lation matrix elements. This point will be evaluated in
the result and discussion section in detail. The optoelec-
tronic system stability is another interesting point to study
in detail. Therefore, the matrix’s (Aij ) eigenvalues are
examined and it is shown that all of the real parts of
the contributed eigenvalues are negative, indicating that
the system operates in a stable state [13,14]. Hence, the
quantum features of this system are analyzed. Since the
tendency is toward entanglement between the modes in
the designed system, the entanglement of the OC−MW
cavity modes is especially examined. Considering the
works published in the area, for measuring two-mode
entanglement using Peres-Horodecki criterion [11], one
can define a two-mode Gaussian state characterized by the
corresponding correlation matrix elements. Thus, such a
bipartite entanglement is quantified through the Symplec-
tic eigenvalue introduced as [11,12,28]

η = 1√
2

√
σ ±

√
σ 2 − 2 det(σ ), (11)

where σ = det(A) + det(B)-2det(C), and “det(:)” indicates
the determinant of the related matrix. In addition, A, B,
and C are 2 × 2 correlation matrix elements [A, C; CT, B],
which can be expanded as

A =
[

< X1
2 > − < X1>

2 0.5× < X1P1 + P1X1 > − < X1 >< P1 >

0.5× < X1P1 + P1X1 > − < X1 >< P1 > < P1
2 > − < P1>

2

]
,

B =
[

< X2
2 > − < X2>

2 0.5× < X2P2 + P2X2 > − < X2 >< P2 >

0.5× < P2X2 + X2P2 > − < P2 >< X2 > < P2
2 > − < P2>

2

]
,

C =
[

0.5× < X1X2 + X2X1 > − < X1 >< X2 > 0.5× < X1P2 + P2X1 > − < X1 >< P2 >

0.5× < P1X2 + X2P1 > − < P1 >< X2 > 0.5× < P1P2 + P2P1 > − < P1 >< P2 >

]
, (12)

where X 1, X 2, P1, and P2 are the quadrature fluctuations
of the related modes. It should be noted that Eq. (11) is an
important criterion for identification of the entanglement
between two modes. Based on Eq. (11), it has been found
that if 2η > 1, the considered modes are purely separa-
ble; otherwise, for 2η < 1, the two modes remain entangled
[12]. However, one can use the Peres-Horodecki criterion
for continuous state separability presented [11,28,29] as

λsimon = det(A) · det(B) + (0.25 − | det(C)|)2

− tr(AJCJBJ CTJ ) − 0.25 × [det(A) + det(B)]

≥ 0, (13)

where J = [0, 1; −1, 0]. The Peres-Horodecki criterion
in Eq. (13) is a necessary and sufficient condition for
separability for all bipartite Gaussian states systems. To
understand how entanglement is actually computed in this
work, and how the correlation matrix elements (A, B, and
C) are calculated, one can find sufficient details in the
Appendix [11,28–30].

In this study, this criterion is applied to determine
whether the considered modes are entangled. In the next
section, the OC and MW cavity coupling factor (qOC) is
derived. In fact, it is an important factor by which one
can control the coupling between two cavity modes and
eventually examine the entanglement between the modes.
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(a) (b) FIG. 2. (a) Photocurrent (µA)
vs incident wave energy (ev)
at different temperatures; (b)
Photocurrent fluctuation (pA)
vs incident wave energy (ev);
Pc = Pw = 10 mW.

Determining the factor, qOC, leads to generating the pho-
tocurrent through coupling of the OC mode to the pho-
todiode (f1). Then the photocurrent is found to strongly
influence the voltage across the Varactor diode (f2). Thus,
the MW cavity specifications are also affected by f2.

C. Photocurrent calculation using the time-dependent
perturbation theory

To calculate the current through the photodetector
due to the incidence wave, the time-dependent perturba-
tion theory is employed. This is used because the inci-
dent light amplitude on the materials is relatively weak
compared to the fields within the materials. With this
theory, the wave function at some later time is calcu-
lated. Accordingly, the system Hamiltonian is expressed
as H = H 0 + H int(t). To deal with such a situation, the
time-dependent Schrödinger equation i�d|�>/dt = H |�>

is used, where |�> is the time-varying wave vec-
tor. |�n> and En are assumed as the eigenfunc-
tion and eigenvalue of the time-independent equation
(H 0|�n> = En|�n>). Therefore, one can expand the solu-
tion of the time-dependent equation as |�>={∑na
(t)exp[−iEnt/�]}|�n>. By substituting |�> into the time-
dependent Schrödinger equation and premultiplying in
<�q|, and by considering the perturbation series, the
first-order eigen function [31,32] is obtained as

•
aq

(1)(t) = 1
i�

·
∑

n

an
(0)(t) · e(iωqnt) < �q|Hint(t)|�n >, ωqn

= Eq − En

�
, (14)

where |�n> is the initial state and |�q> is the state
in which we are interested (a favorite state). To solve
Eq. (14), one should know the perturbing Hamiltonian
of the designed system. For the sake of simplicity,
the perturbing Hamiltonian is semiclassically defined as

H int (t) = −q.E(t). Hence, by substituting the interaction
Hamiltonian into Eq. (14) and also with an additional
assumption that the perturbation starts at t = 0 and ends at
t = t0, a(1)

q (t) is given by

a(1)
q (t) = 1

i�
·
∫ t0

0
e(iωqnt) < �q|Hint(t)|�g >dt

= 1
i�

· < �q|Hint0|�g >

∫ t0

0
e(i[ωqn−ω]t)

+ e(i[ωqn+ω]t)dt. (15)

In this study, the OC modes coupling to the photodi-
ode, being proportional to the absorption rate is examined.
Thus, from Eq. (15), the total rate of the transition in the
presence of the OC electric field is given by

qOC = 2π

�
· | < �q|Hint0|�g > |2L(ωqg) · gJ (�ωqg),

(16)

where L(ωqg) is the Lorentzian function. In fact, this func-
tion is utilized because no line becomes arbitrarily sharp,
suggesting that the contributed energy is well defined.
Therefore, a very dense transition as gJ (ωqg) is defined for
this purpose. By considering the interaction Hamiltonian
and using Fermi’s Golden rule [33,34], the coupling factor,
or the total transition rate, is given by

qOC = 2π

�
· e2A2

0

4m2
0

· |Pcv|2 · 1
2π2 ·

(
2μeff

�2

)1.5

·
√

�ωc − Egap(T)L(ωeg) · f (T), (17)

where e, m0, A2
0, and Pcv are, respectively, the electron

charge, the free electron mass, the optical intensity, and the
matrix element that equals 〈c|P|v〉, where c and v denote
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(a)

(c) (d)

(f)

(b)

(e)

FIG. 3. Entanglement analysis
for two (MW and OC) cavity
modes vs �ω/ω at �c = 0 at dif-
ferent temperatures, (a) 80 K, (b)
180 K, (c) 250 K, (d) 273 K,
(e) 298 K, and (f) 310 K.
Pc = Pw = 10 mW.

the conduction and valence bands. μeff is the electron-hole
effective mass. More importantly, f (T) is the tempera-
ture factor that depends on the (i) thermal distribution
of the electrons in the excited and ground states and (ii)
relaxation time from the photo-excited state to other states.
Generally, the function, f (T), is the main reason for the
strong dependence of the photocurrent on the operational

temperature. This means that at higher temperatures, the
photocurrent is dramatically decreased [35,36]. Finally,
Egap(T) is the photodetector energy band gap known to
be dependent on temperature. It has been shown that the
band-gap energy is influenced by the generated phonons
[37,38]. A few useful approaches such as the Varshni rela-
tion have been suggested [38] in which the band gap of the
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(a)

(c) (d)

(b) FIG. 4. Entanglement analysis
for two (MW and OC) cavity
modes vs �ω/ω at different �c,
(a) �c = 0ωω, (b) �c = 0.1ωω, (c)
�c =−0.5ωω, (d) �c = 0.7ωω.
T = 298 K, Pc = Pw = 10 mW.

semiconductor is fitted by some of the parameters’ charac-
teristics of a considered material. However, in this study,
Eq. (18) is employed [37]

Egap(T) = Egap0 − S < �ωphonon

> [coth(< �ωphonon > /2kT) − 1], (18)

where Egap0, S, and 〈�ωphonon〉 are the material band gap
at zero temperature, the coupling constant, and the aver-
age phonon energy, respectively. To simplify, the effect of
the thermal photon on the band-gap broadening is ignored.
This is due to the fact that the system used in this study
does not contain any mechanical parts, so the generated
thermal photons are dramatically decreased. Parameters
fitted for the temperature dependence of the band gap in
Eq. (18) are taken from [37]. Equation (17) introduces the
total transition rate, which is the actual coupling parameter
between the OC and MW cavity modes. Indeed, qOC is a
sole parameter that can be used to control the OC and MW

cavity modes’ coupling. It is emphasized that qOC is dra-
matically affected by the OC mode’s frequency and also by
the ambient temperature.

III. RESULTS AND DISCUSSION

Due to the role of the transition rate factor in the cou-
pling between cavity modes and its effect on the quantum
features of the related modes, the parameters that influ-
ence the photocurrent and its fluctuation are investigated in
this study. It is supposed that this photodetector is a direct
band-gap GaAs photodetector with an energy band gap of
around Egap0 = 1.52 eV. Hence, by sweeping the incoming
light frequencies ωOC, the amount of the generated pho-
tocurrent is estimated [Fig. 2(a)]. It should be noted that by
increasing the temperature, the amplitude of the photocur-
rent due to the thermal noise effect is decreased. Moreover,
the maximum amplitude for each chart in the figure occurs
where the OC mode incident frequency is close to the
band-gap energy. From Eq. (18), it is clearly observable
that the considered photodetector band gap is dependent

024075-8



ENTANGLEMENT OF OPTICAL AND MICROCAVITY. . . PHYS. REV. APPLIED 11, 024075 (2019)

(a)

(c) (d)

(b) FIG. 5. The effect of the optical
cavity pumping on the photocur-
rent (lefthanded) and entangle-
ment between two modes (right
handed) at different optical cavity
pumping; (a),(b) Pc = 100 mW,
(c),(d) Pc = 1000 mW. T = 298 K,
�c = 0.0ωω, Pw = 10 mW.

on the temperature; accordingly, in this figure, it is shown
that by increasing the temperature from 80 to 310 K, the
actual band gap is decreased from 1.5166 to 1.4265 ev.
The decreasing range of the band-gap energy due to the
temperature increase is around �E = 0.09 ev, which is not
sufficiently high to influence the system’s operation. More-
over, the photocurrent fluctuation is simulated based on
Eq. (10) and the result is depicted in Fig. 2(b). It is shown
that the amplitude of the current fluctuation is very small,
8 pA, compared to the photocurrent average, 10 µA. More-
over, for better illustration of the changing of the current
fluctuation within the band-gap energy variation, a dashed
rectangle is attached in Fig. 2(b). Therefore, the simulated
data suggests that the quantum noise effect is negligi-
ble. Furthermore, the dark current effect, for simplicity, is
neglected.

The results of the optoelectronic circuit parameters
influencing the entanglement between the OC and MW
cavity modes are illustrated in Fig. 3. Generally, it is
known that by increasing the system’s temperature, the
entanglement between the two modes should be decreased.

Thus, one can compare the amplitude of the subfigures in
Fig. 3. It is shown that by increasing the temperature, the
amplitude of 2η is generally increased, meaning that the
separability between the cavity modes is increased. How-
ever, it is also observed that the latter expression is valid
for every MW cavity detuning frequency �ω/ω (shown
with a red-dashed circle) except �ω/ω ∼ 0. For better
understanding, one can compare the red-dashed ellipsoid
in the subfigures. For instance, the comparison between
Fig. 3(a) and Fig. 3(e) reveals that at T = 80 K, for many
cavity detuning frequencies, the two cavity modes remain
entangled. Whereas at T = 298 K, the modes’ entangle-
ment is dramatically reduced, which is strongly related to
the thermal photon generation.

Moreover, the important point is that the divergence
slopes at each profile are intensified with the increas-
ing temperature. As a matter of fact, an interesting event
is observed around �ω/ω ∼ 0, which is marked with the
blue-dashed circle on a few figures. In this regard, it is
shown that by increasing the temperature up to 300 K, the
two considered modes remain entangled. This result is the
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most important achievement obtained in this study. In our
previous work [17], it was theoretically shown that the cav-
ity modes’ entanglement at room temperature is not acces-
sible by a plasmonic optomechanical system. Furthermore,
in Fig. 3(f), when the temperature is increased to 310 K,
at �ω/ω = 0, entanglements start declining; however, 2η

remains smaller than unity, indicating the entanglement is
still evident. It can be briefly deduced that using the opto-
electronic system rather than the optomechanical system
helps to reduce the system’s thermal-induced noise, so the
entangled modes are easily accessible at room tempera-
ture. In other words, utilizing the optoelectronic element
as a coupler between the OC and MW cavities leads to
a decline in the generation of the thermal photons, which
strongly disturbs the system’s operation. Meanwhile, the
mechanical element in the optomechanical system is an
original source for introducing the thermal photon noise
into a system. Considering the knowledge about the advan-
tages of an optoelectronic system, one can briefly deduce
that this type of system seems to be the best option for
the replacement of the optomechanical part in a quantum
illumination system.

Another interesting investigation of this study concerns
the engineering of the entanglement area observed in the
vicinity of �ω/ω ∼ 0, shown with the dashed-blue cir-
cle in Fig. 3. The new investigation results are shown in
Fig. 4. This figure reveals that the entanglement between
modes for different detuning factors �c is found at points
where �c = �ω. Therefore, by adjusting the detuning fac-
tor, the region where the two modes are fully entangled
is established. To our knowledge, this point can be con-
sidered as a degree of freedom in quantum properties or
more specifically in the entanglement engineering. From
these simulations, it can be briefly concluded that by
controlling the OC modes’ coupling to the photodiode,
the flowing current is altered, thus the Varactor diode-
biased voltage is mutually changed, and eventually, the
MW cavity modes are affected. In fact, by controlling the
photocurrent, the coupled modes’ entanglement will be
engineered.

Another method for manipulating the entanglement
between modes is varying the OC pumping amplitude (Pc).
In fact, this is the case that directly affects the Varactor
diode’s biasing voltage, and then the MW cavity mode is
changed. For this reason, a few simulations are carried out
in which the effect of changing the OC pumping amplitude
is considered. Initially, the effect of Pc on the photocur-
rent amplitude is studied. It is clear that by increasing the
OC driving power, the generated current amplitude Ac is
increased. To understand the situation better, one should
compare Figs. 5(a) and 5(c), even though it is theoretically
proved by Eq. (17). At a quick glance, it is comprehensi-
ble that by increasing Pc, the amplitude of the 2η generally
decreases, meaning that by increasing the coupling factor,
the modes are going to be strongly entangled. Comparing

Fig. 3(e) with Figs. 5(b) and 5(d) reveals that the amount of
divergence in the entanglement profile for different �ω is
dramatically reduced. This is explained in that increasing
Pc leads to intensifying the total transition rate [Fig. 5(c)].
The entanglement between the related modes is broadened
by increasing the coupling factor for the case of different
�ω (red-dashed line). Accordingly, as an interesting con-
clusion of this work, it is shown that the entanglement
at �ω = 0 is not affected by any parameters (blue-dashed
line) at room temperature.

The above results show that removing the mechani-
cal part of the traditional tripartite system [13–17] does
not has any catastrophic effects on the system perfor-
mance, such as OC and MW cavity modes’ entanglement
and dynamics equations’ stability [13,14]. Instead, it is
shown that removing the mechanical part leads to strongly
decreasing the system complexity, simplifying the analyz-
ing approach, and more importantly, the design without
the mechanical part operates safely at room temperature.
The latter case, which is an important feature of this study,
strongly contributes to decreasing the thermal photons
generated in the system. The thermal photons’ noise is
largely generated due to the low-frequency operation of
the mechanical part in traditional tripartite systems. There-
fore, due to the reasons mentioned in this work, through
bypassing the mechanical parts, the photodetector together
with the Varactor diode directly couple the OC mode to
the MW cavity mode with no need for any mechanical
parts.

IV. CONCLUSIONS

In this article, an alternative optoelectronics system is
designed for direct coupling of the OC and MW cavity
modes. One of the major aims of this study is to inves-
tigate the entanglement between the OC and MW cavity
modes. For this reason, the dynamics of the motion of the
designed system is analyzed with Heisenberg-Langevin
equations. The main question is how the photocurrent
created as a function of the OC mode coupling to the
MW cavity modes manipulates the characteristics. Accord-
ingly, the photocurrent is affected by the voltage devel-
oped across the Varactor diode, suggesting that the Var-
actor internal capacitance is directly dependent on the
photocurrent. Also in this study, the details of coupling
between the OC and MW cavity modes are investigated.
Finally, the entanglement between the OC and MW cav-
ity modes is theoretically analyzed, and the results indicate
that the two modes can be entangled at room tempera-
ture. It is also shown that the classical optomechanical
systems can be replaced by the optoelectronic system
proposed in this study. The optoelectronic system design
provides a degree of freedom to control the thermally
generated photons to maintain entanglement and also to
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allow simplifying the complexities due to the mechanical
elements.

APPENDIX

We briefly present a two-mode entanglement criterion
introduced by Simon [11]. This criterion is based upon
the negativity of partial transposes of a bipartite system
and is a necessary and sufficient condition for a Gaus-
sian state [11,28,29]. A Gaussian state is a more important
and simple class of continuous variable systems and is
characterized as a state whose Wigner function (quasiprob-
ability distribution) is a Gaussian state [29]. It is a popular
method because using the Wigner distribution, the quan-
tum operators are related to their corresponding phase
space variables [30]. It has been shown that the system’s
density matrix (quantum ensembles) is a Gaussian state
when it is presented as a form of the Wigner distribution
for a single-mode coherently squeezed (or coherent) state.
Hence, information only about the mean and variance are
sufficient to describe this system’s state. Therefore, we are
ready to apply the separability criterion proposed by Simon
[11], which is basically a generalization of the Peres-
Horodecki criterion for two-mode entanglement measur-
ing. Generally, bipartite (two-mode) separable states can
be expressed in terms of a summation of tensor products

between the two subsystems’ density matrices, which is
given by

ρ =
∑

j

Pj ρ
j
1 ⊗ ρ

j
2 (A1)

where ρ1, ρ2, and Pj are the subsystem’s density matrices
and probability, respectively. An entangled state is a state
that cannot be presented in the form of Eq. (A1) and the
subsystems’ behaviors correlate to each other in a nontriv-
ial fashion. In the following, for two-mode entanglement
measured by the Peres-Horodecki criterion, we define a
two-mode Gaussian state, which can be completely char-
acterized by its corresponding correlation matrix elements
as

Vij = 1
2

< ŶiŶj + Ŷj Ŷi > − < Ŷi >< Ŷj >, Y

= [x̂1, p̂1, x̂2, p̂2], x̂i_out = (ai_out + a+
i_out), p̂i_out

= 1/i
√

2(ai_out − a+
i_out) (A2)

After calculation of the correlation matrix V4×4 = [A, C;
CT, B] the two-output modes’ separability measurements
are analyzed. In this equation, A, B, and C are 2 × 2
matrixes whose elements are calculated from Vij as

A =
[

< X 2
1 > − < X1>

2 0.5× < X1P1 + P1X1 > − < X1 >< P1 >

0.5× < X1P1 + P1X1 > − < X1 >< P1 > < P2
1 > − < P1>

2

]
,

B =
[

< X 2
2 > − < X2>

2 0.5× < X2P2 + P2X2 > − < X2 >< P2 >

0.5× < P2X2 + X2P2 > − < P2 >< X2 > < P2
2 > − < P2>

2

]
,

C =
[

0.5× < X1X2 + X2X1 > − < X1 >< X2 > 0.5× < X1P2 + P2X1 > − < X1 >< P2 >

0.5× < P1X2 + X2P1 > − < P1 >< X2 > 0.5× < P1P2 + P2P1 > − < P1 >< P2 >

]
. (A3)

Finally, the exact form of the Peres-Horodecki criterion for
continuous state separability presented by Simon [11,28] is
introduced as

λsimon = det(A) · det(B) + (0.25 − | det(C)|)2

− tr(AJCJBJ CTJ ) − 0.25 × (det(A) + det(B))

≥ 0, (A4)

where J = [0, 1; −1, 0]. The Peres-Horodecki criterion in
Eq. (A4) is a necessary and sufficient condition for separa-
bility for all bipartite Gaussian state systems. In this article,
for simplicity, we call this criterion the “Simon criterion.”

Furthermore, two-mode entanglement can be measured by
considering the Symplectic eigenvalue calculation, which
is given by [28].

η = 1/
√

2 ×
√

σ(V) −
√

σ(V) − 4 det(σ (V)), σ(V)

= det(A) + det(B) − 2 det(C). (A5)
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