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Optomechanical detection of weak microwave signals with the assistance of a plasmonic wave

A. Asghari Nejad,* H. R. Askari, and H. R. Baghshahi
Department of Physics, Faculty of Science, Vali-e-Asr University of Rafsanjan, Rafsanjan 7718897111, Iran

(Received 27 November 2017; published 29 May 2018)

Entanglement between optical fields and microwave signals can be used as a quantum optical sensing technique
to detect received microwave signals from a low-reflecting object which is encompassed by a bright thermal
environment. Here, we introduce and analyze an optomechanical system for detecting weak reflected microwave
signals from an object of low reflectivity. In our system, coupling and consequently entanglement between
microwave and optical photons are achieved by means of a plasmonic wave. The main problem that can be
moderated in the field of quantum optical sensing of weak microwave signals is suppressing the destructive effect
of high temperatures on the entanglement between microwave signals and optical photons. For this purpose,
we will show that our system can perform at high temperatures as well as low ones. It will be shown that the
presence of the plasmonic wave can reduce the destructive effect of the thermal noises on the entanglement
between microwave and optical photons. Also, we will show that the optomechanical interaction is vital to create
an appropriate entanglement between microwave and optical photons.
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I. INTRODUCTION

In recent years considerable efforts have been devoted to
study and fabricate quantum systems, in which optical modes
interact with mechanical resonators, creating different physical
phenomena, such as cooling of mechanical oscillations [1–3],
optical bistability [4–8], photon blockades [9,10], and optome-
chanical mass sensors [11]. Due to their remarkable coupling
capability, micromechanical and nanomechanical resonators
have been coupled with different physical systems, such as
Cooper pair boxes [12,13], superconducting microwave cir-
cuits [14–16], and Josephson junctions [17]. Among proposed
works in optomechanics, the possibility of quantum detection
of microwave signals has been investigated in some hybrid
optomechanical systems [16,18,19]. Quantum target detection
is a modern way for detecting reflected microwave signals from
a low-reflecting object, which is embedded into a thermal bath
[16,20–22]. In this area of research, entanglement between
optical and microwave photons is denoted as the detection
mechanism [19]. A typical protocol toward approaching this
purpose is optomechanical interaction, which enables creation
of entanglement states between microwave and optical photons
by means of a mechanical resonator [16,19,23,24].

The main problem in entanglement between microwave and
optical photons is the destructive effect of the thermal noise
on it. Some proposed optomechanical systems for quantum
target detection are based on direct coupling of both optical and
microwave photons with mechanical oscillators of the system
[16,20]. Presented results in Ref. [20] show the destructive
effect of the increasing temperature of the environment on the
entanglement between optical modes and microwave signals.

In this paper, we introduce a scheme as a quantum target
detection system which employs a different mechanism to
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entangle between optical and microwave photons and also can
perform at high temperatures. In spite of the presented systems
in Refs. [16,19], our system utilizes a plasmonic wave which
acts as an interface between the microwave signal and the
optical field to create a considerable entanglement between
them. Potentially, our system can be used as an appropriate
device for detection of the weak reflected microwave signals
from a low-reflecting object which is embedded into a bright
thermal environment.

II. SYSTEM DESCRIPTION

As sketched in Fig. 1, we consider a driven optomechanical
cavity (annihilation operatora, resonance frequencyω0a, decay
rate κa) which on its fixed side is coupled to the circuit
of a microwave cavity (annihilation operator aw, resonance
frequency ω0w, decay rate κw) by means of a propagating
plasmonic wave (annihilation operator b, resonance frequency
ω0p, decay rate κp) through the fixed side. Optically, the system
is driven by an external optical field with a frequency of ωc and
an amplitude of Ec, which is applied to the optomechanical
cavity. The oscillating side of the optomechanical cavity is a
movable mirror with a resonance frequency of ωm, correspond-
ing decay rate γm, and effective mass m. The fixed side of the
optomechanical cavity is a thin, high-reflecting metal plate, the
plasmonic wave of which plays the role of an interface between
the optical mode and the microwave field to convert them
together and is supplied by an external pump (frequency ωdpw,
amplitude Edpw). A weak microwave signal, reflected from a
low-reflecting object, with a frequency of ωw and amplitude
Ew is applied to the microwave cavity. The Hamiltonian of the
system is given by (considering RWA conditions)

H = H0 + Hint + ih̄Ec(a† − a) + ih̄Ew(a†
w − aw)

+ih̄Edpw(b† − b),
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FIG. 1. Schematic of plasmonic assisted quantum optical detector
of reflected microwave signals from a low-reflecting object. The
propagating plasmonic wave (PW) is the interface between the optical
and microwave photons, where the conversion between them is carried
out by the plasmonic wave.

H0 = h̄�0aa
†a + h̄�0wa†

waw + h̄�0pb
†b

+ 1
2 h̄ωm(P 2 + Q2),

Hint = −h̄ga†aQ + h̄J (ab† + a†b) + h̄G(awb† + a†
wb).

(1)

First, the three terms of H0 show the free Hamiltonians
of the optomechanical cavity (detuning of �0a = ω0a − ωc),
microwave cavity (detuning of �0w = ω0w − ωw), and the
plasmonic wave (detuning of �0p = ω0p − ωdpw), respectively.
The last term of H0 depicts the energy of the mechanical
resonator (movable mirror), where, respectively, P and Q are
its dimensionless momentum and position operators which
satisfy the commutation relation [Q,P ] = i. Hint shows in-
teractions in the system, where the first term arises from the
interaction between the optical cavity (OC) and mechanical
resonator (MR) (with coupling strength g), the second term
accounts for the interaction between the optical mode and
plasmonic wave (PW) (with coupling strength J ), and the last
one depicts the coupling between the microwave cavity (MC)
and plasmonic wave (with coupling constant G). The third
(fourth) term of H in Eq. (1) gives the interaction between the
optomechanical cavity (plasmonic wave) and the driving laser
(external driving field). Also, the last term of H represents the
interaction between the microwave cavity and the weak input
microwave signal.

III. EQUATIONS OF MOTION

The dynamics of the system is governed by the quantum
Langevin equations of motion, given by

Q̇ = ωmP, (2)

Ṗ = −ωmQ − γmP + ga†a + ξ (t), (3)

ȧ = −[i(�0a − gQ) + κa]a − iJ b + Ec

+
√

2κaδain(t), (4)

ȧw = −[i�0w + κw]aw − iGb + Ew

+
√

2κwδain,w(t), (5)

ḃ = −(i�0p + κp)b − iJ a − iGaw + Edpw

+√
2κpδbin(t). (6)

Respectively, δain(t), δain,w(t), and δbin(t) are quantum noise
operators to OC, MC, and the plasmonic wave with zero mean
values, which satisfy the following correlation relations [25]:

〈δain(t)δa†
in(t ′)〉 = (N (ω0a) + 1)δ(t − t ′), (7)

〈δain,w(t)δa†
in,w(t ′)〉 = (N (ω0w) + 1)δ(t − t ′), (8)

〈δbin(t)δb†in(t ′)〉 = (N (ω0p) + 1)δ(t − t ′), (9)

in which N (ω0a) = [exp(h̄ω0a/kBT ) − 1]−1, N (ω0w) =
[exp(h̄ω0w/kBT ) − 1]−1, and N (ω0p) = [exp(h̄ω0p/kBT ) −
1]−1 are equilibrium mean thermal photon numbers of
the optical cavity, microwave cavity, and plasmonic wave,
respectively. In this paper, in the range of considered
frequencies for optical, microwave, and plasmonic
modes we have approximately N (ω0a) = N (ω0p) � 0 and
N (ω0w) �= 0. Also, ξ (t) is the Brownian noise operator,
which describes the heating of the movable mirror by
the thermal bath at temperature T with zero mean value,
where [26]

〈ξ (t)ξ (t ′)〉 = γm

2πωm

∫
dω

[
1 + coth

(
h̄ω

2kBT

)]
ωe−iω(t−t ′).

Applying the steady-state conditions, i.e., all time derivatives in
Eqs. (2)–(6) are set equal to zero and considering 〈ξ (t)〉s = 0,
〈δain(t)〉s = 0, 〈δain,w(t)〉s = 0, 〈δbin(t)〉s = 0, from
Eqs. (2)–(6), the steady-state mean values of the operators are
obtained as

Ps = 0, (10)

Qs = g

ωm
|as|2, (11)

as = Ec − iJ bs

i�a + κa
, (12)

aws = Ew − iGbs

i�0w + κw
, (13)

bs = Edpw − iJ as − iGaws

i�0p + κp
, (14)

where �a = �0a − g|as|2 is defined as the effective detuning
of the optical cavity. Also, the subscript “s” denotes the steady-
state mean value.
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IV. DYNAMICS OF THE FLUCTUATIONS

We consider each operator as a sum of its steady-state value
with a small fluctuation with zero mean value, e.g., O(t) =
Os + δO(t). Therefore, from Eqs. (2)–(6), one can obtain

δQ̇ = ωmδP, (15)

δṖ = −ωmδQ − γmδP + ga(asδa
† + a∗

s δa) + ξ (t), (16)

δȧ = −(i�a+κa)δa + igaasδQ−iJ δb+
√

2κaδain(t), (17)

δȧw = −(i�0w + κw)δaw − iGδb +
√

2κwδain,w(t), (18)

δḃ = −(i�0p + κp)δb − iJ δa − iGδaw+√
2κpδbin(t). (19)

To study entanglement properties of the
system, we define quadratures of optical

(δxa = (δa + δa†)/
√

2, δya = i(δa† − δa)/
√

2), microwave
[δxw = (δaw + δa

†
w)/

√
2, δyw = i(δa†

w − δaw)/
√

2], and plas-
monic [δxb = (δb + δb†)/

√
2, δyb = i(δb† − δb)/

√
2] fields

and Hermitian input noise operators δx in
a = (δain + δa

†
in)/

√
2,

δy in
a = i(δa†

in − δain)/
√

2, δx in
w = (δain,w + δa

†
in,w)/

√
2,

δy in
w = i(δa†

in,w − δain,w)/
√

2, δx in
b = (δbin + δb

†
in)/

√
2, and

δy in
b = i(δb†in − δbin)/

√
2 to rewrite Eqs. (15)–(19) as the

following compact form:

u̇(t) = Au(t) + n(t), (20)

where, uT (t) = (δQ,δP,δxa,δya,δxb,δyb,δxw,δyw), nT (t) =
[0,ξ (t),

√
2κaδx

in
a ,

√
2κaδy

in
a ,

√
2κpδx

in
b ,

√
2κpδy

in
b ,

√
2κwδx in

w ,√
2κwδy in

w ] (the superscript T denotes the transpose matrix),
and

A =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 ωm 0 0 0 0 0 0

−ωm −γm
1√
2
g(as + a∗

s ) −i√
2
g(as − a∗

s ) 0 0 0 0
i√
2
g(as − a∗

s ) 0 −κa �a 0 J 0 0
1√
2
g(as + a∗

s ) 0 −�a −κa −J 0 0 0

0 0 0 J −κp �0p 0 G

0 0 −J 0 −�0p −κp −G 0

0 0 0 0 0 G −κw �0w

0 0 0 0 −G 0 −�0w −κw

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

. (21)

If all eigenvalues of the drift matrix A possess negative real
parts, the system is stable and reaches a steady state. The
stability conditions of the system can be obtained by applying
Routh-Hurwitz criteria [27], however, they are not reported
here. Because of the Gaussian nature of the noise terms
in Eq. (20), the dynamics of the fluctuations is determined
by a continuous-variable Gaussian state, given by a 8 × 8
correlation matrix (CM) as

Vij =
∑
k,l

∫ ∞

0
dt

∫ ∞

0
dt ′Mik(t)Mjl(t

′)	kl(t − t ′), (22)

where M(t) = exp(At) and 	kl(t − t ′) = 〈[nk(t)nl(t ′) +
nk(t ′)nl(t)]〉/2 is the matrix of stationary noise correlation
functions. In Eq. (20), except ξ (t), all the input noise terms
have Gaussian natures. Also, ξ (t) is not a δ correlated function.
However, for a mechanical resonator with a high quality factor,
Q = ωm

γm
→ ∞, it can be assumed as a δ correlated function,

whose correlation relation is given by 〈ξ (t)ξ (t ′) + ξ (t ′)ξ (t)〉 �
2γm(2n̄m + 1)δ(t − t ′), where n̄m = [exp(h̄ωm/kBT ) − 1]−1

is the mean thermal excitation number of the oscillating mirror.
Consequently, one can obtain 	kl(t − t ′) = Dklδ(t − t ′) with
D = Diag{0,γm(2n̄m + 1),κa,κa,κp,κp,κw[2N (ω0w) + 1],κw

[2N (ω0w) + 1]} being the diffusion matrix. Therefore, V in
Eq. (22) becomes

V =
∫ ∞

0
dtM(t)DM(t)T . (23)

In a stable regime (M(∞) = 0), Eq. (23) is equivalent to the
first theorem Lyapunov equation, which is given by

MV + V MT = −D. (24)

Equation (24) is linear in V and can be solved straightfor-
wardly, however, the explicit expression of the solution will
not be reported here.

V. ENTANGLEMENT PROPERTIES

To investigate the entanglement properties of the system,
we use the logarithmic negativity. The proposed system
in this paper is formed of four subsystems. There are six
possible bipartite subsystems where the correlation matrix
of each bipartite subsystem (Vbp) is obtained by neglecting
rows and columns of the uninteresting modes. The loga-
rithmic negativity is defined as EN = max[0, − ln(2η−)],
where η− ≡ 2(−1/2)[�(Vbp) − √

�(Vbp)2 − 4 det Vbp]1/2 and
�(Vbp) = det B + det B ′ − 2 det C. Note that, B, B ′, and C

are 2 × 2 block matrices which form bipartite correlation
matrix (Vbp) as

Vbp =
[

B C

CT B ′

]
. (25)

To analyze the entanglement properties of the system, we use
experimentally realizable values for the parameters as ωc =
1.785 45 × 1015 Hz (λc = 1055 nm), ωm/2π = 21.9 MHz,
m = 6.8 × 10−16 kg, Q = 1.2 × 105, Pa = 10 μW (power
of the input optical field), Pdpw = 10 μW (input power to
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the plasmonic wave), �a = −ωm, κa = 0.2ωm, J = 1.5κa,
κp = 0.2ωm, ωdpw/2π = 100 THz, G = 4.5κa, �0p = 2ωm,
κw = 0.06ωm, ω0w/2π = 10 GHz, Pw = 10 μW (power of
the input microwave signal).

The main problem in entanglement between microwave
signals and optical photons in optomechanics is the destructive
effect of the reservoir temperature on this entanglement.
Regarding this problem, the presented system in this paper
shows a different way to employ optomechanics for creating
a significant and stable entanglement between microwave
and optical photons. The obtained results show that, with
an increase of the temperature of the environment, not only
the entanglement between the optical mode and microwave
signal decreases, but we also see a considerable increase in it.
Figure 2 shows logarithmic negativities of the three bipartite
subsystems: (a) MC-OC, (b) MC-MR, and (c) OC-MR, versus
normalized detuning of the microwave cavity �w/ωm at dif-
ferent temperatures: T = 30 mK (dotted blue lines), T = 3 K
(dashed red lines), and T = 8 K (solid black lines). We see
that [Fig. 2(a)] with the increase of the temperature, an increase
occurs in the entanglement between the microwave and optical
photons. Also, as can be seen in Figs. 2(b) and 2(c), the
two other bipartite subsystems experience increased entan-
glements for increasing temperatures. However, the presented
logarithmic negativities do not behave in the same way, but
increasing the temperature of the environment of the system
has no destructive effect on the entanglement between optical
and microwave photons in the range T < 8 K. Note that the
system is stable in the chosen parameters regime in Fig. 2.
The physical concept behind results presented in Fig. 2 can
be explained as follows. With the increase of the temperature,
the thermal energy of the movable mirror increases, leading
to increased energy transfer from the oscillating mirror to the
optical mode. But in our system, the plasmonic wave moderates
the energy transfer rate between optical, mechanical, and
microwave modes. Indeed, the plasmonic wave acts as a buffer,
which decreases effect of the thermal noise on entanglement
between different subsystems of our proposed scheme. If we
continue increasing the temperature, i.e., T > 8 K, logarithmic
negativities of the three bipartite subsystems, MC-OC, MC-
MR, and OC-MR, continue to increase and become higher
than EN = 1 at some values of �w/ωm, which are not stable
regions. But in this situation, one can find some regions for
�w/ωm which are stable and give significant and nonzero en-
tanglements between the optical mode and microwave signal.
We tried high temperatures to see the behaviors of the three
bipartite subsystems. Figure 3 shows logarithmic negativities
of the three bipartite subsystems, MC-OC (a), MC-MR (b),
and OC-MR (c), as functions of normalized detuning of the
microwave cavity at T = 203 K. As can be seen, there are
some detuning regions of the microwave cavity in which
entanglement between microwave and optical photons is sig-
nificant. In comparison with Ref. [16], we see a different effect
of the temperature on the entanglement in our system, i.e.,
with the increase of the temperature, entanglements of the
three bipartite subsystems, MC-OC, MC-MR, and OC-MR,
intensify. Consequently, our system is a good candidate for
detecting reflected microwave signals from a low-reflecting
object at high temperatures by assisting a plasmonic wave and
a developed optomechanical system. In spite of the presented

FIG. 2. Performance of our quantum optical detector at
different temperatures. Plots show logarithmic negativities of
the three bipartite subsystems, (a) MC-OC, (b) MC-MR, and
(c) OC-MR, as functions of the normalized detuning of the mi-
crowave cavity (�w/ωm) at T = 30 mK (dotted blue lines), T = 3 K
(dashed red lines), and T = 8 K (solid black lines). Other param-
eters are considered as ωc = 1.785 45 × 1015 Hz (λc = 1055 nm),
ωm/2π = 21.9 MHz, m = 6.8 × 10−16 kg, Q = 1.2 × 105, Pa =
10 μW, Pdpw = 10 μW, �a = −ωm, κa = 0.2ωm, J = 1.5κa, κp =
0.2ωm, ωdpw/2π = 100 THz, G = 4.5κa, �0p = 2ωm, κw = 0.06ωm,
ω0w/2π = 10 GHz, Pw = 10 μW.

system in Ref. [16], in our system, the microwave signal
and the oscillating mirror are not directly coupled together.
Therefore, it is possible to detect microwave signals with
low powers which are reflected from a low-reflecting object.
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FIG. 3. Performance of proposed quantum optical device at high-
temperature regime. Graphs present logarithmic negativities of the bi-
partite subsystems, (a) MC-OC, (b) MC-MR, and (c) OC-MR, versus
normalized detuning of the microwave cavity at T = 203 K. The rest
of the parameters are considered as ωc = 1.785 45 × 1015 Hz (λc =
1055 nm), ωm/2π = 21.9 MHz, m = 6.8 × 10−16 kg, Q = 1.2 ×
105, Pa = 10 μW, Pdpw = 10 μW, �a = −ωm, κa = 0.2ωm, J =
1.5κa, κp = 0.2ωm, ωdpw/2π = 100 THz, G = 4.5κa, �0p = 2ωm,
κw = 0.06ωm, ω0w/2π = 10 GHz, Pw = 10 μW.

If the microwave cavity and oscillating mirror are coupled
directly, i.e., direct interaction between radiation pressure of
the microwave field and the oscillations of the oscillating
mirror, sufficient power of the microwave field is needed to
affect on the position of the oscillating mirror, while reflected
microwave signals from a low-reflecting object are so weak

FIG. 4. Plot of the logarithmic negativity of the bipartite sub-
system MC-OC in the fixed optical cavity regime, i.e., both sides
of the optomechanical cavity are fixed, as a function of normalized
detuning of the microwave cavity at T = 30 mK. Other param-
eters are considered as ωc = 1.785 45 × 1015 Hz (λc = 1055 nm),
ωm/2π = 21.9 MHz, m = 6.8 × 10−16 kg, Q = 1.2 × 105, Pa =
10 μW, Pdpw = 10 μW, �a = −ωm, κa = 0.2ωm, J = 1.5κa, κp =
0.2ωm, ωdpw/2π = 100 THz, G = 4.5κa, �0p = 2ωm, κw = 0.06ωm,
ω0w/2π = 10 GHz, Pw = 10 μW.

that they have a weak radiation pressure. Also, according to
our results, the existence of the optomechanical interaction in
our system is necessary to obtain a considerable and significant
entanglement between microwave and optical photons. If we
omit optomechanical terms from the Hamiltonian of the system
[Eq. (1)], i.e., replace the oscillating mirror with a fixed one,
we see an insignificant entanglement between the microwave
signal and the optical mode as depicted in Fig. 4.

VI. CONCLUSIONS

We have introduced an optomechanical scheme for detec-
tion of reflected microwave signals from a low-reflecting object
which can perform at high temperatures. The proposed scheme
performs based on coupling between microwave signals and
a plasmonic wave which propagates through the fixed side
of the optomechanical cavity. We have shown that with the
increase of the temperature of the environment of the system,
the entanglement between the microwave signal and the optical
mode increases for temperatures below T = 8 K. It has been
seen that, even for the temperatures higher than T = 8 K, e.g.,
T = 203 K, it is possible to find some regions of the detuning of
the microwave cavity in which the system shows nonzero and
significant logarithmic negativities for the bipartite subsystem
MC-OC, where the system is stable in these regions. Also,
we have shown that the existence of the oscillating mirror and
consequently the presence of optomechanical interactions are
necessary to create a significant and considerable entanglement
between the optical mode and microwave signals. As a final
conclusion, our system is an appropriate candidate in detection
of reflected microwave signals from a low-reflecting object,
which can perform at high temperatures.
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