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Dear editor,

Quantum illumination [1] is a new quantum information

technique for detecting quantum targets with low reflectivity

via quantum entanglement and correlation measurements.

Compared with its classical variant, quantum illumination

offers a higher signal-to-noise ratio and lower energy con-

sumption. Thus far, quantum illumination has attracted

considerable research attention; these studies have focused

on three main objectives: (1) realizing more powerful quan-

tum sources for target detection [2, 3]; (2) determining effi-

cient measurement schemes [4,5]; and (3) identifying poten-

tial applications in quantum communication [6] and for read-

ing data in semiconductor devices [7]. This study focuses

on the second objective. We demonstrate that quantum il-

lumination performance can be further improved through

a series of displacement and anti-displacement operations.

This work proposes a deterministic method for improving

the performance of quantum illumination schemes.

Scheme description. The scheme of quantum illumina-

tion is presented in Figure 1(a). A two-mode squeezed state

ρAB = |ψ〉TMSS〈ψ| serves as the source with |ψ〉TMSS =√
1− λ2

∑∞
n=0 λ

n|n, n〉, λ = tanh(r). A and B are the

idle and signal modes, respectively. The target with reflec-

tivity κ is modeled with a beam splitter of transmittance

T = 1 − κ. The E mode is a single-mode thermal state

ρth = (1 − µ)
∑∞

n=0 µ
n|n〉〈n| (average number of photons:

NB = µ
1−µ

) for simulating thermal noise. The outgoing

mode E′ after the coupling of the beam-splitter is collected

using a detector; E′ and A are measured jointly to deter-

mine the existence of the target. If the target is present,

ρE′A is obtained at the receiver. However, if the target is

absent, the product state ρE ⊗ ρA = ρE′A (κ = 0) is ob-

tained, where ρA = TrB [ρAB] is the reduced density matrix

in the optical mode A. Generally, joint quantum measure-

ments are more effective for quantum state discrimination;

this explains the higher efficiency of quantum illumination,

as compared with that of classical state illumination.

Here, we propose using the sequential displacement op-

eration D(β) and anti-displacement operation D(−β) be-

fore and after the interaction of B with the target, respec-

tively, in order to improve the performance of target de-

tection (Figure 1(b)). The interaction of B with the tar-

get can be considered as a quantum channel E, such that

E : ρB → Tr[UEB(ρE ⊗ ρB)U†
EB]. A plot of the equivalence

to the channel is shown in Figure 1(c). By setting β = 0, the

original quantum illumination can be recovered, as shown in

Figure 1(a). This displacement operation can be easily im-

plemented in a deterministic manner using a beam splitter

and ancillary coherent states (Figure 1(d)).

Quantitatively, the performance of target detection is

evaluated based on the probability of erroneous inferences of

the existence of the target. This is equivalent to the discrimi-

nation between two mixed states, i.e., ρ
(0)
E′A

= ρE′A (κ = 0)

and ρ
(1)
E′A

= ρE′A (κ = κt), where κt is the reflectivity

of the target. In the absence of prior information regard-

ing the target, the a priori probability can be assumed as

P (κ = 0) = P (κ = κt) =
1
2
. According to the theory of op-

timal quantum state discrimination, the minimal error prob-

ability is [8] Perr,M = 1
2
(1 − 1

2
||(ρ(0)

E′A
)⊗M − (ρ

(1)
E′A

)⊗M ||)
with ||γ|| = Tr(

√

γ†γ) =
∑

i si(γ); si(γ) is the absolute

value of the eigenvalue [8], and M is the number of copies

of ρE′A. When M is considerably large, the precise eval-

uation of Perr is upper-bounded by the quantum Cher-

noff bound (QCB) [4]: Perr,M 6 PM
QCB = 1

2
QM

E′A
, where

QE′A = min06s61 Tr[ρ
(1)s
E′A

ρ
(0)1−s

E′A
].

Performance analyses. Here, we consider the scheme in

Figure 1(b) as an example; additional information regarding

the analysis of Figure 1(d) can be found in the supplemen-

tary material. As the displacement and anti-displacement

operations are Gaussian, the states collected by the receiver

(ρE′A) are two-mode Gaussian states, which can be conve-

niently described by their covariance matrices and the aver-

age values of quadrature operators [9].

By setting κ = 0 and κ = κt, the quadrature average and

covariance matrix of the Gaussian state for both the absence

(ρ
(0)
E′A

) and presence (ρ
(1)
E′A

) of the target can be obtained

as follows:

V
(0)
EA =

(

NB +
1

2

)

I2 ⊕ cosh(2r)

2
I2, (1)
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Figure 1 (Color online) (a) Target detection in the two-mode squeezed state. (b) Enhanced target detection via displacement and

anti-displacement operations. On considering a displacement amplitude of zero, this scheme is reduced to the traditional quantum

illumination scheme. (c) Channel model of the interaction with the target. (d) Practical implementation of displacement operation

using a beam splitter with transmittance T0, ancillary coherent states |β0〉, and | − β0〉 in F and G modes. BS1 is a beam splitter

with transmittance T = 1 − κ; it is used to model the target. Trash boxes denote the discarding operation. (e) Value of QE′A

for a low-reflectivity target in a noisy environment, such that κt = 0.05, Ns = 0.5, and NB = 5. (f) Its corresponding PM

QCB for

M = 1000.

R
(0)
EA = (−

√
2β, 0, 0, 0), (2)

V
(1)
EA =

















a1 c1

a1 −c1
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cosh(2r)

2
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















, (3)

R
(1)
EA = (

√
2β(

√
κt − 1), 0, 0, 0), (4)

where I2 is a 2D identity matrix, and c1 =
√

κ sinh(2r)
2

, a1 =
κ cosh(2r)

2
+ (1 − κ)(NB + 1

2
).

From Eqs. (1) and (4), using a computable bound for

the discrimination between two arbitrary Gaussian states

(see Appendix B), the values of QE′A and the correspond-

ing PM
QCB can be easily determined.

Figure 1(e) shows the decrease in QE′A and that in the

corresponding PM
QCB when the target is hidden in a sig-

nificantly noisy environment. We consider a case where

the average number of photons in the noisy environment

is NB = 5, and a two-mode squeezed state (TMSS) with

an average photon number of Ns = 0.50 is employed for

target detection. We note that the weak coherent state is

enhanced on increasing β (= 0, 0.10, 0.20, 0.30, 0.40, 0.50,

and 0.60). Furthermore, QE′A is strictly dependent on the

value of β, and the QCB decreases as the amplitude of the

displacement operation increases. To clarify how these dis-

placement and anti-displacement operations improve quan-

tum illumination, Figure 1(f) illustrates the dependence of

error probability on displacement for M = 1000. As shown

in Figure 1(f), at β = 0, the curves correspond to the early

scheme in Figure 1(a). The error probability (in the loga-

rithmic scale) decreases monotonously as β increases. This

implies that the displacement and anti-displacement opera-

tions aid in decreasing errors in target detection.

Conclusion. Displacement and anti-displacement opera-

tions are essentially unitary operations that can be deter-

ministically implemented. In this study, we employ these

operations before and after interactions with a potential tar-

get to achieve a significant reduction in the error probability

of target detection. Our method is implemented determin-

istically, without wasting quantum entanglement.
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Supporting information Appendixes A–C. Appendix A is

about the scheme of quantum illumination and basic formal-

ism. Appendix B describes the quantum state evolution in il-

lumination. Appendix C shows the physical implementation of

on-line displacement operation. The supporting information is

available online at info.scichina.com and link.springer.com. The

supporting materials are published as submitted, without type-

setting or editing. The responsibility for scientific accuracy and

content remains entirely with the authors.
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