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Abstract
We scheme how to enhance the detection ability of quantum target recognitionwithout using
entanglement resources. Based on the commonly used error-correcting codes and corresponding
decodingmethod, our scheme gives lower error probability and higher signal-to-noise ratio (SNR) in
comparisonwith the conventional entanglement protocols. In addition, we further investigate the
interplay between the SNR and the detection efficiency in quantum target recognition. Results show
that, they behave a completely reverse trendwhen increasing the auxiliary dimension. This is an
important limiting factor when optimizing the detection process. Under the existing experimental
conditions, our protocol has stronger ability to resist environmental noisewhen keeping a certain
SNR and detection efficiency. Our scheme provides a potential platform for further research and
implementation of quantum target recognition.

1. Introduction

Target recognition is the core element in radar system. The properties of quantum states have disclosed the
possibility of realizing this task beyond classical limits [1–3]. One of themajor applications to enhance the ability
of target recognition is quantum illumination [4–9], which is themost knownprotocol for bosonic quantum
sensing [10]. Quantum illumination provides uswith a potential platform to detect the low-reflectivity object
embedded in a bright environment, and it ismore efficiently than theway by using classical resources [5, 11, 12].
Since the pioneering work proposed by Lloyd [4] and its Gaussian version [6, 9], many experimental and
theoretical schemes have been proposed [13, 14], such as quantum illumination in composite optomechanical
system [5, 15], discrete variable quantum illuminationwith ancillary degrees of freedom [16], quantum
illumination unveils cloaking [14], and quantum illumination based on asymmetric hypothesis testing [17, 18].
In these researches, quantum entanglement and quantum correlation are the necessary resources to reduce the
error probability of target recognition. Thismeans the lower error probability requires the higher dimension of
entangled state [4], which pose a great challenge to the experimental implementation. Various schemes have
been proposed to improve the feasibility of experiment, including quantum illuminationwithGaussian state
entanglement [6], quantum illumination combinedwith quantum estimationmethods [11], and so on.Most
recently, a fundamental lower bound of error probability of quantum illumination for both discrete variable [19]
and continuous variable [20] systems have been reported. Up to now,most of the quantum illumination
schemeswere still based on the nonclassical correlations between signal and idler beams [13–16]. In that case, the
enhancement of detection ability is at the expense of the quantum correlation between signal photons and
auxiliary photons. Since the high dimensional quantum correlation is hard to realize in experiment, the schemes
based on quantum illuminationwill unavoidably limit the improvement of the signal-to-noise ratio (SNR)
[14–16, 21].

In order to reduce environmental noise, besides quantum correlation, the signal coding is also an effective
way, which has beenwidely applied in quantum communication [22]. For example, using the error-correcting
codes (ECC) to enhance the discernibility between signals and noise [23]. For quantum target recognition, to
obtain higher signal discriminability, one can introduce an auxiliary systemused for coding. Aswe know, it is

OPEN ACCESS

RECEIVED

21August 2019

REVISED

29November 2019

ACCEPTED FOR PUBLICATION

10December 2019

PUBLISHED

14 January 2020

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 3.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2020TheAuthor(s). Published by IOPPublishing Ltd on behalf of the Institute of Physics andDeutsche PhysikalischeGesellschaft

https://doi.org/10.1088/1367-2630/ab6064
https://orcid.org/0000-0001-7885-4282
https://orcid.org/0000-0001-7885-4282
https://orcid.org/0000-0001-9768-9171
https://orcid.org/0000-0001-9768-9171
https://orcid.org/0000-0002-7207-969X
https://orcid.org/0000-0002-7207-969X
mailto:cpsun@csrc.ac.cn
mailto:cpsun@csrc.ac.cn
mailto:cpsun@csrc.ac.cn
https://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/ab6064&domain=pdf&date_stamp=2020-01-14
https://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/ab6064&domain=pdf&date_stamp=2020-01-14
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/


much easier to encode the initial state than to prepare the high-dimensional entangled state [24] in experiment.
In ECC, signal state and auxiliary states can bewritten in direct product form,which does not contain quantum
correlation.

In view of this fact, we investigate the SNRof the quantum target recognition based on the ECCon the
emitted state. The corresponding detection scheme is designed to reduce the error probability and enhance the
SNR in quantum target recognition. In addition, we also investigate the relationship between the SNR and the
detection efficiency p, which shows a completely reverse trend.

The remainder of this paper is as follows. In section 2, we describe the detection scheme of the quantum
target recognition based on the ECC and discuss the detection error probability bound. In section 3, we exhibit
the SNR enhancement ability of our scheme by comparingwith the original protocol [4]. In section 4, we
investigate the relationship between the SNR and the detection efficiency p in quantum target recognition.
Finally, we conclude in section 5.

2.Quantum target recognition based on ECC

Quantum illumination has became amost commonway to study quantum target recognition. Associating
quantum correlation sources with quantummeasurementmethods, quantum illumination exhibits excellent
capability to enhance SNR in quantum target recognition. Another effective approach to quantum target
recognition is built on the quantumkey distribution (QKD). The detection object ismodeled as a kind of losing
channel [25, 26]. Thismodel can be used to discuss the extended properties of quantum target recognition, such
as security [25]. In this section, a simplest ECC is used inQKD instead of entanglement state in the initialization
of quantum illumination is discussed. The setup of our scheme is shown infigure 1. The input signal is encoded
into the state yñ = ñ ñ ñ = P ña k1 1 ... 1 vacE d k1 2∣ ∣ ∣ ∣ ( )∣† , where d is the dimension of coding. This state is naturally
normalized. yñE∣ is prepared as the emitted state to illuminate the object. The received signal is injected into the
decoder and then be detected by the detection array. Onlywhen all detectors have a single photon response, the
object can be regarded is there, otherwise it will be regarded as noise (other error-correction codingmethods are
discussed in appendix C).

In comparisonwith entanglement protocol in [4], we let signal photons of eachmode to possess the same
level of thermal noise. The corresponding environment can be described as

 rÃ =
=

k , 1
k

d

th
1

th( ) ( )

where r = å + ñá+k n n n n1n
n n

k kth th th
1( ) ( ) ∣ ∣denotes the thermal environmental density operator of the kth

model, nth is the average excitation number of thermal noise. The signal state is sent at the object to be detected.
The signal is reflected backmixedwith the background noise. The dynamics corresponding to this situation can
bemodeled as beam splitter (BS)with reflectivity η [6]. To better explore the parametric dependence of our
scheme, we do not adapt the commonly used approximationmethods to simplify the calculation [4]. As follows,
we set the nonthermal noise can be tolerated and then study the corresponding quantum illumination based on
the accurate calculation of quantumBSmodel (details see appendix A). In our protocol, the constructed state for
signal photon and ancilla photons are send to toward the object which ismodeled as a BS. The twodifferent
dynamics corresponding to object (C0) or no object (C1)now take a different formbecause the interaction of the
objectmust be included. If the signal photon is lost, the reflected photon goes to the completelymixed state.
Thus, in ourmodel, the target recognition is equivalent to distinguishing two situationsC0 andC1. In caseC0, the
signal can not return to the decoder, i.e. the reflectivity rate η= 0 infigure 1.Under this condition, the received
signal is totally from the thermal radiation. The received state can be expressed as,

Figure 1.Diagrammatic sketch of quantum target recognition based onECCprotocol. The input signal is encoded by the ‘ECC’ and
prepared as the emitted state to illuminate the objectmodeled as a beam splitter (BS). The reflected signal is injected into the decoder
and then be detected by the detection array.
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r = ñ á Ä Ãvac vac , 2r s0 th∣ ∣ ( )

subscript s denotes the subspace of the signal photons. In caseC1, without considering the transmission
dissipation, the initial state before interact with object can be expressed as r =  ñ á Ä Ã= 1 1i k

d
k1 th∣ ∣ . After

scatting by the object, the thermalized signal photons return to the decoder. The correspondingmixed state can
be expressed as,
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The considered detection probability of the received state in our scheme can be expressed as
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Todistinguishing two casesC0 andC1, we should discrimination between the quantum state ρr0 and ρr1. The
quantumChernoff bound [27] is the natural symmetric distancemeasure between quantum states, and the
general definition is given by r r= Î

-P 1 2 min trQC s r
s

r
s

0,1 0 1
1

[ ] [28]. The quantumChernoff bound gives a tighter
bound than that given by the quantumfidelity [29]. The relationship between them follows from the following
set of inequalities:
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where F(ρr0, ρr1) is thewidely used quantum fidelity [30], thematrix r∣ ∣ is defined to be r r r=∣ ∣ † . In our
scheme, the quantumChernoff upper bound (QCB) [27, 28] limits the asymptotic error probability whenN
copies of signals are sent at the object [28, 29], it is shown that,

r r r r= - - =Ä Ä

Î

-P N Q
1

2
1

1

2
tr

1

2
exp min logtr

1

2
. 7r

N
r

N

s
r
s

r
s

C
N

err 1 0
0,1

0 1
1⎜ ⎟⎛

⎝
⎞
⎠

⎧⎨⎩
⎡
⎣⎢

⎤
⎦⎥

⎫⎬⎭∣ ∣ ( )
[ ]

Under the condition nth= 1, η= 1, the coefficientQC in our scheme can be obtained,
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Figure 2 shows the numerically simulate of the quantumChernoff bound of our scheme and the original
quantum illumination scheme [4]. As shown infigure 2(a), the number of copies of signal isN=1000. The
boundaries of the two schemes will decrease significantly with the increase of auxiliary dimension d.When d is
large enough the boundary of our scheme ismuch lower than that of original one. Thus, our scheme hasmore
advantages by reducing the error probability through the auxiliary dimension by comparingwith the original
protocol [4]. As shown infigure 2(b), as the number of copies increases, the bound of both schemes gradually
decreases.WhenN is large enough, the bound tends to zero.Under this condition, the object can be
deterministic recognized.

Figure 2.QuantumChernoff bound as a function of auxiliary dimension d in (a), and number of copies of signalsN in (b). The
parameters are η=0.01, nth=0.1,N=1000 and d=10.
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One should notice that, theQCB is a theoretical state distance, which is similar to the definition of quantum
fidelity only depends on the formof two density operators. The two density operators can be distinguished only
under the condition there are enough copies, and all the bases of density operators can bemeasured perfectly. In
addition, for quantum illumination, the received states are an unknown state, and it cannot be copied perfectly.
Therefore, the discussion ofQCB in the figure 2 is to analyze the capability based on different emitted state
without considering the detection protocols. In the following discussion, we only consider the SNRof single
detectionwithout copies in quantum illumination schemes.

3. The enhancement of SNR

QuantumChernoff bound is one of the evaluationmethods for quantum illumination [4, 6, 9]. But it is not a
universal evaluation standard in conventional target recognition system. The commonly used SNR in detection
[31–33]need to be considered to evaluate the advantages of quantum target recognition scheme. According to
the analysis in section 2, there are two possible cases of the output signal shows object is there, i.e.C0 andC1. For
the caseC0, it is amisleading feedback information, the fact that the object is not there. Thus, the received
photons under this situation is noise. Performing projectionmeasurements on a single photon detector array,
the corresponding detection probability with the response of the object is there can be obtained

=
+
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1
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th
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According to the general definition of SNR,
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In equation (11), one can obtain that = dSNR 1 1C( ) .When nth=0, denotes that there is no noise in
detection. Under this condition = ¥SNRC , the object can be detected accurately.When η=0, denotes that
there is no signal in detection. Under this condition SNRC=1, it is impossible for us to judgewhether the object
exists or not.

According to equation (11), SNRC increases exponentially with dimension d. This should be compared to the
result of the traditional entanglement (EN) protocol [4], where

h h
h
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Equation (12) is an the exact solution of the entanglement protocol (details see appendix A). The conclusion
h~ d nSNRE th in [4] can be obtained under the condition nth=1 and η= 1. It is obvious that, SNR increases

linearly with dimension d. Comparing equation (11)with (12), ECC scheme hasmore advantages than EN
scheme in improving SNR. In addition, the SNRE can not be enhanced by a large number of copies of the initial
state under the given detection scheme in [4], i.e. SNR SNRE

N
E

( ) (details see appendix A).
Figure 3 shows the comparison of the SNR enhancement ability of our schemewith the traditional EN

scheme. As shown infigure 3(a), the SNRobviously increases with d for both schemes. The curve of ECC ismuch
higher than that of EN.Under the given parameters nth=0.1 and η=0.01, SNR approximately reach 36 in
ECCprotocol, and about 6 in ENprotocol. As shown infigure 3(b), the SNR increases with the increase of
reflectivity rate η. The enhancement of SNRof ECC scheme is alsomuch better than that of EN scheme.
Figures 3(c) and (d) shows the impact of thermal environment temperature on quantum target recognition. As
shown infigure 3(c), under the condition the thermal noise ismuch lesser than 1, the SNRdecreased sharply
with the increase of nth. For ECCprotocol, the SNRdecreasesmuch slower than ENprotocol. As shown in
figure 3(d), with the continue increase of nth, SNRdecreases first and then increases. Finally, SNR of both
schemes tend to a certain value. This is because the probability of detecting a single photon has amaximumvalue
(about 0.25)when nth≈1 under theCaseC0. Thus there is aminimumvalue of SNR.Under the given
parameters, when nth ismuch greater than 1, we can obtain that the SNRof ECC and ENprotocols are
approximately equal to h-1 1 d( ) , i.e. SNR≈1.1 under the given parameters.When nth is large enough, EN
protocol has a slight advantage in anti-noise ability, but the ability of SNR enhancement for both protocols is
very small.

Under high temperature conditions, ECC scheme needs a higher dimension thanEN scheme to achieve the
same SNRunder the large background noise. The comparison is shown in figures 4(a) and (b).When nth=10,
to achieve SNR=2, d=94 is needed in ECC scheme and d=76 is needed in EN scheme. In addition, the
larger the nth is, the higher the SNR is. Because, under high temperature condition, the signal intensity is
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approximately equal to constant, and the noise intensity depends on the component of ñ1∣ in thermal state.
According tofigure 4(c), the larger the thermal noise is, the smaller the superposition coefficient of ñ1∣ is.
Therefore, SNRwill reach the high temperature limit with the increase of nth.

It is worth noting that the comparison of ECC scheme and EN scheme are both under the same dimension d.
In the experiment realization, the high dimension of ECC ismuch easier to realize than high dimension
entanglement state. Therefore, our ECC scheme has greater potential advantages in practical application.

In our scheme, target recognition is equivalent to the process of identifying entangled states and thermal
states after entanglement purification. This can be proved by using the conclusions in [34, 35], which relating the
QKD to entanglement purification and quantumECC. In addition, the non-Fock state will add a probability
factor far less than 1 in the detection.We compared the SNRof ECCbased on Fock state and coherent state
(classical ECC) infigure 5. As shown infigure 5(a), ECC scheme based on Fock state is obviously better than that
based on coherent state. Because in the single photon detection, the superposition coefficient of Fock state is 1
and the superposition coefficient of coherent state is less than 1. For coherent states , the largerα is, the smaller
the superposition coefficient in front of is. Thus, the corresponding SNR is lower. In addition, the SNRof all
schemeswill approach 1when the thermal noise is large enough, which is consistent with the previous
conclusion. As shown infigure 5(b), with the increase of dimension, SNRbased on Fock state increases
obviously, but SNRbased on coherent state decreases obviously due to the existence of superposition coefficient
less than 1. Therefore, in ECC scheme, the closer the emission state is to the Fock state, the higher the SNR is.

In ourmodel, through the interaction of BS, signal photons aremixedwith the thermal photons. The useful
information is distributed in different bases of photon number state with certain probability. Thus, tomake use
of information in the reflective signal photons and to facilitate our detection, the detected non-zero signals is
considered as useful signal responses. Namely, when the detector array responds to non-zero signals, we regard
the object is there. Under this condition, the corresponding detection probability of response the object is there
can be obtained

= -
+

p Y
n

0 1
1

1
, 13

d

th

⎛
⎝⎜

⎞
⎠⎟( ∣ ) ( )

Figure 3. SNR as a function of dimension d, reflection rate η and average thermal number nth with different schemes. The parameters
are nth=0.1, η=0.01, d=10.

Figure 4. (a) and (b) denotes the SNRof ECC andEN as a function of dimension d, respectively. (c)Denotes the probability
distribution of photons in the thermal state. The reflectivity rate η=0.01.
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Figure 6(a) shows the comparison of SNR in ECC schemewith the improved detectionmethod and the
originalmethod. Due to the use of high excited photons’ information, the SNRof improved scheme have been
enhanced comparedwith the originalmeasurementmethod.

Figure 6(b) shows the enhancement of SNR for different thermal noise and reflectivity ratewith improved
ECCprotocol. As shown in the area near the green line in the figure, i.e. high noise and low reflectivity condition,
the enhancement of SNR is rather weak. As shown in the area near the red line in the figure, i.e. lownoise and
high reflectivity, the enhancement of SNR is very strong. Thus, entanglement is not a necessary resource to
enhance SNR in quantum target recognition. Anti-noise protocols like ECC in quantum information also can
achieve the same effect.

4. Constraint relation of SNRanddetection efficiency

To evaluate the performance of the object detection, not only the enhancement of SNR, but also the detection
efficiency p [33] should be considered. Detection efficiency denotes the detection response rate and energy
consumption of the recognition system, i.e. p Y1( ∣ ). According to the analysis in sectionV, the enhancement of
SNR requires the sacrifice of the assisted photons. Similar relationship also can be found in heat engines [36]. To
reveal the relationship between SNR and the detection efficiency, without losing its generality, we define the
normalized SNR as,

= - Î~ ~-eSNR 1 , SNR 0, 1 . 161 SNR [ ] ( )

Figure 7(a) shows the p and
~
SNR as the function of dimension d.

~
SNR increases with the increases of dimension,

while p decreases. Comparedwith ENprotocol (red-line) and ECCprotocol (blue-line), the SNRof ECC
protocol increases faster than the ENprotocol, while the detection efficiency of ECCprotocol decreases faster
than that of ENprotocol with the increase of dimension. For ECCprotocol, SNR improves and p decreases with

Figure 6. (a) SNR as a function of dimension dwith ECC scheme and improved ECC scheme. η=0.01 and nth=0.1. (b) SNR (in the
logarithmic scale) as a function of reflection rate η and average thermal number nth. The coding dimension d=10.

Figure 5. (a) SNR as a function of thermal number nth with different ECC schemes. Black dashed line denotes ECC scheme based on
Fock state. Other lines denote ECC scheme based on coherent state with differentα. (b) SNR as a function of dimension dwith
different ECC schemes. The parameters are nth=0.1, η=0.01, d=10.
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the increase of the dimension. The improvement of
~
SNR for both schemes are accompanied by the decrement of

p, which is consistent with the previous analysis.
As shown infigure 7(b), the detection efficiency p of ECC scheme ismuch lower than that of ENprotocol

under the same SNR.On the other hand, the SNRof ENprotocol ismuch higher than that of ECCprotocol
under the same detection efficiency.When SNR approaches to 1, the detection efficiency of the two protocols are
approaches to 0. Thus, the comprehensive performance of ENprotocol is better than that of ECCprotocol when
the experimental implementation is ignored.

According to the analysis offigure 7, SNR and p shows obvious opposite dependence relationship between
each other. It is similar withHeisenberg’s relation. Thus the product of SNR and p can be used to express this
relationship, i.e.G=SNR×p. Returning to the original definition of SNR,Gwith different protocols can be
expressed as,

h h h
h
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It is shown that, when the reflectivity η is close to 1, both SNR and pwill be achieved to an optimal value.When
the reflectivity is rather low, the situation becomes very complicated. Under the condition η=1
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The upper bound ofG of both schemes decrease with dimensions obviously. The appropriate selection of SNR
and p should bemade according to actual needs. The influence of SNRwith different dimension d and thermal
number nth for ECC and EN schemes are displayed infigures 8(a) and (b), respectively.

Figure 8. (a) and (b) SNR (in the logarithmic scale) as a function of nth and dwith ECCprotocol and ENprotocol, respectively. The
red-line denotes SNR=102. (c) and (d) SNR×p (in the logarithmic scale) as a function of nth and dwith ECCprotocol and EN
protocol, respectively. (c)The red-line denotesGC=10−12. (d)The red-line denotesGE=10−5. The reflection rate η=0.1.

Figure 7. (a)
~
SNR and p as a function of dimension dwith different protocols. (b)Detection efficiency p as a function of

~
SNR with

different protocols. The reflectivity of detection object is η=0.01, the thermal number isnth=0.1.
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Comparedwith figures 8(a) and (b), the ECC scheme has obvious advantages over the ENprotocol. The SNR
of ECC scheme can achieve higher value than that of EN scheme. The red-dotted line infigures 8(a) and (b)
indicates SNR=100. It is shown that, ECC scheme has better anti-noise performance in low-dimensional case
and ENprotocol hasmore advantage in the high-dimensional case. Under the given object (reflectivity), for
different levels of noise, if we require SNR>100, we need to select the dimension corresponding to the right
side of the red-dotted line infigures 8(a) and (b). In experiments, the realization of single photons ismuch easier
than that of entangled photons. According to [37], using 710 nmdriven laser, the efficiency of single photons
generation in a nonlinearmedium is 10−5. For entangled photons, the reported generation efficiencywith type-
II phase-matched spontaneous parametric down-conversion is 10−12 [38] under 775 nmdriven laser. For high-
dimensional entanglement state, this efficiency ismuch lower. The efficiencywe discussed here refers to the ratio
of the total energy of the output photonswe need to the total energy of the input field. The influence ofGwith
different nth and p for ECC and EN schemes are displayed in figures 8(c) and (d), respectively. For fair
comparison, the red-dotted line infigure 8(c) denotes = -G 10C

12, and the red-dotted line infigure 8(d)
denotes = -G 10E

5. Combinedwith the parameter range of SNR>100 infigures 8(a) and (b) (the black-dotted
line). The region I indicates that the signal photonswith SNRhigher than 100 and received ratemore than
4000/J under given parameters in [37, 38] (details see appendixD). Comparedwithfigures 8(c) and (d), under
the lowdimension region the ECCprotocol has better anti-noise capability, and under the high dimension
region the ENprotocol ismuch better.

In figure 9(a), we explore the copy limit of the initial state of EN protocol and ECCprotocol in nanosecond
detector, respectively. The discussion is under experimental condition reported in [37, 38]. It is shown that,
the copy limit of two protocols increases with the increase of input power Pin. ECC protocol has obvious
advantages over EN protocol. In addition, we investigate the relationship between the detection rate υn of the
two protocols in figures 9(b) and (c), respectively. It is shown that, the detection rate decreases with the
increase of dimension, which is consistent with the conclusion of detection efficiency in the previous
discussion. Combinedwith figures 9(b) and (c), we find that ECCprotocol has a higher detection rate than EN
protocol under the same input power and dimension. From the experimental point of view, high dimensional
entanglement is difficult to be realized andmaintained. Thus, our protocol hasmore advantages under the
current experimental conditions.

5. Conclusion

As summary, a scheme based on ECCwas proposed to reduce the quantumChernoff bound and enhance the
SNR in quantum target recognition. Compared with the original EN protocol,the ECC scheme shows an
excellent detection ability in target recognition. Since it can achieve higher anti-noise effect when detecting
low-reflection object. The detection SNR exponentially increases with the auxiliary code dimension in our
scheme. Under the consideration of the experimental realization, the required quantum resources with single
photon state in our scheme ismuch feasible to be realized than that with entanglement sate in commonly used
quantum illumination protocol. In addition, the relationship between SNR and detection efficiency p in
quantum target recognition is investigated. The result shows a completely opposite trend as the increase of
auxiliary dimension. High SNR offer high detection accuracy and high p can offer high detection efficiency.
The values of SNR and p need to be balanced. Using the parameters in [37, 38] as illustration, we show the
selection of SNR and p in detail. Under the given condition (η=0.1) and requirements (SNR>100,

Figure 9. (a)Copy limitN of the initial state as a function of input powerwith ECC and EN schemes. The dimension d=10. (b) and
(c)Detection rate (in the logarithmic scale) as a function of dimension d and input powerPin with ECCprotocol and ENprotocol,
respectively. The reflection rate η=0.01, thermal number nth=0.1.
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receiving rate> 4000/J), our protocol hasmore advantages in the low-dimensional case (d< 40), while EN
protocol is better in the high-dimensional case (d>40). In fact, it is difficult to prepare and preserve high-
dimensional quantum resources, especially high-dimensional entanglement. Therefore, with the current
experimental conditions, our scheme ismore executable and it provides a new platform to improve the
performance of quantum target recognition.
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AppendixA. Accurate calculation of quantumBSmodel

For quantumBS, by setting the input ports are 0 and 1, and the output ports are 2 and 3, one can obtain the
corresponding operators satisfy the following relations,

+a ira ta , A.11
BS

2 3⟶ ( )

+a ira ta , A.20
BS

3 2⟶ ( )

where r and t denotes the transmittance and reflection rate, respectively.We have h = r 2∣ ∣ , and + =r t 12 2∣ ∣ ∣ ∣ .
In our scheme, the emitted single photon state code in ECC interact with the thermal noise through the object
(BS), and the reflected signal ismeasured by single photon detectors. The initial state can be expressed as,

 r r r r= Ã = Äk k k . A.3i
k k

1 th 1 th( )⨂ [ ( ) ( )] ( )

To calculate the thefinal state of ρi after scattingwith BS, we canfirst calculate the repetitive element
r rk k1 th( )⨂ ( ). Thuswe have,
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After interactionwith BS, we can obtain,
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Weonly care about the reflected photons, i.e. photons from the port 2. Trace the subspace of prot 3, we
can obtain,
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According to our scheme, we only need to know the detection probability of single photon, i.e.

h h
h
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+ - +
+ -

p
n n

n
1

1 1

1 1
. A.7th th

2

th
3

( ) ( )( )
[ ( ) ]
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By performing projectionmeasurements on a single photon detector array, we can get the corresponding
detection probability with the response of object is there,

=
+

p Y
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1
, A.8
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According to the general definition of SNR,we can obtain,
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It is obvious that SNRC increases exponentially with dimension d.
For ECC scheme based on coherent state, we can use a similarmethod to calculate the SNR. The repetitive

element is a a rñá kth∣ ∣⨂ ( ). Thuswe have,
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whereD(α) is the displacement operator. According to the general definition of SNR,we can obtain,
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1 e e
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where h= - +B n 1 1th ( ) and h a h a h= - - + + +f n n n1 1 11 th
2

th
2

th( )[(∣ ∣ ) ∣ ∣ ].
For EN scheme, the high-dimensional entangled states of auxiliary systemA and system S are prepared.

åYñ = ñ ñ
d

k k
1

1 1 . A.13S A
k

d

S A,∣ ∣ ( ) ∣ ( ) ( )

The photon emission of the system is interactedwith the thermal environment throughBS. The reflected signal
is detected by jointmeasurement in the entangled state YñS A,∣ . The initial state can be expressed as,
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For the convenience of calculation, we divide the density operator into two cases: diagonal term and non-
diagonal term.When s=k, after interact with BS, we can obtain,
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In the jointmeasurement of the protocol, only the single photon state contributes. Ignoring the high excitation
photon states, we can simplify the formula as follows.
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Trace the subspace of prot 3, we can obtain (define ºR r2 and ºT t 2)
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Thus, in target recognition, the probability corresponding to the diagonal terms of density operator is
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Ignoring the high excitation photon states, we can simplify the formula as follows
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Trace the subspace of prot 3, we can obtain,
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Thus, in target recognition, the probability corresponding to the non-diagonal terms of density operator is
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The corresponding detection probability with the response of object is there can be obtained as,
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It is obvious that SNR increases linearly with dimension d.

Appendix B. Evaluation of quantumChernoff upper bound

The quantumChernoff upper bound limits the asymptotic error probability. To evaluation this bound, we
should trace the sate r r -

r
s

r
s

0 1
1 . To lowest order in h n, th and using the general series expansion, we have,

r = - ñ á +dn n I1 vac vac , B.1r
s

k

sk
k

s
k0 th th( ) ∣ ∣ ( )

where = å ñ áI j jk j k∣ ∣ is the identity operator on the single photon subspace.

r h y y h y y= - - ñ á + - ñ á + + ñ á- - - -dn n I n1 vac vac . B.2r
s

k

s
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The quantumChernoff bound takes the form
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According to the [4], the quantumChernoff bound of entanglement protocol takes the form

h
h
h

= - + - + +
-Î

-
-

Q
n

d

d

n n
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In the express of r r -Q, tr r
s

r
s

0 1
1 is a function of Îs 0, 1[ ]. Itsminimumvalue depends on the parameters d, η and

nth, which is shown infigure B1. Theminimumvalues for different parameters are appear around s=0.5.
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AppendixC. The detection SNR for different error correction schemes

By using ECC, the receiver could discover and correct the coding errors with it spontaneously during the
transmission. The redundant information in the ECCusually be used to against the environmental noise due to
the self-corrective characteristics. In our scheme, we only need to identify the signal photon is reflected to the
receiver or not. Thus, it is necessary for us to enlarge the code distance d (the number of the code elements) to
better distinguish the state ñ0∣ and ñ1∣ . By using the law of large numbers, the receiver have the ability to correct k
error codes after transmission. k satisfies -k d 1 2( ) . The corresponding detection probability is

å=
=

-p k p pC , C.1
s

k

d
s d s s

0
0

0 1
( ) ( )

å=
=

-p k p pC , C.2
s

k

d
s d s s

1
0

1 0
( ) ( )

where p1 and p0 denotes the single detector response probability of state ñ0∣ and ñ1∣ , respectively. In ECC, all
codes except the discriminant codes given by the protocol are regarded as forbidden codes, whichwill be
discarded in detection. Thus, in signal detection, the probability satisfies + p k p k 10 0( ) ( ) .

As shown infigure C1, we exam the effects of k and d on SNR and p. Infigures C1(a) and (b), we set d=20,
SNRdecreases and p increases with the increase of k. Infigures C1(c) and (d), we use symmetric coding protocol
to detect the reflected signal, where = -k dRound 1 2[( ) ]. It is shown that, with the increase of d, SNR
increases obviously, and p decreases. This conclusion is consistent with the section 4. Therefore, if we need a
higher SNR, we need to select k=0, and if we need a higher detection efficiency, we need to
select = -k dRound 1 2[( ) ].

Figure B1. r r -tr r
s

r
s

0 1
1 as a function of swith different auxiliary dimension d and schmems. The reflection rate η=0.01, the thermal

noise nth=0.1.

FigureC1. SNR and p as a function of k and d. Figure note ‘ECC’ denotes the ECCprotocol for single photon detection, ‘ECC’ denotes
the improved ECCprotocol, and ‘EN’ denotes the entanglement protocol. The reflection rate η=0.02, the thermal noise nth=0.1.
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In addition, one should notice that, performN timesmeasurement is not equivalent to using ECC. The SNR
means the total signal detected over the total noise.Meanwhile, the environmental noise has always played an
important role during each detection process. Thus, the noise increases with the increasing of the signal, this
may keep the SNRunchanged. For EN scheme, as long as the received signal contains the entanglement, it can be
regarded as a signal. Under the condition >p Y p Y1 1 0( ∣ ) ( ∣ ) , emittingN copies of entangled states at one
time, we can obtain that,

=
- -
- -

=
´ + -
´ + -
´
´

=

p Y

p Y

N p Y O p Y

N p Y O p Y

N p Y

N p Y

SNR
1 1 1

1 1 0

1 1

0 0

1

0
SNR . C.3

E
N

N

N

E

2

2

[ ( ∣ )]
[ ( ∣ )]

( ∣ ) [ ( ∣ )]
( ∣ ) [ ( ∣ )]
( ∣ )

( ∣ )
( )

( )

Thus, a large number of copies of the initial state can not enhance the SNR ratio.

AppendixD.Detection efficiency of twodifferent protocols

Detection efficiency is an important evaluation criterion like SNR to indicate the ability of the detection system.
Realistically, detection efficiency should combinewith the detection scheme, i.e. the cost of quantum resources
in target recognition. For our scheme, the required resource is single-photon state, and for entanglement
scheme, the required resources is entanglement state. At present, spontaneous parametric down-conversion and
spontaneous four-wavemixing provide the best available sources of heralded single photons. The reported
conversion efficiency for 710 nm laser is » -pc 10c

5 in [37]. And themost efficient way to generate polarization-
entangled photon pairs is to use type-II phase-matched spontaneous parametric down-conversion. The
corresponding conversion efficiency is » -pc 10e

12 for 775 nmpumppulse in [38]. Assuming that the receiving
of the detector is 1 second each time, the number of photons reach to the receiver per unit power is

l l
= ´ = ´Rc

p t

c h
pc p

p

t

c h
pc p

1
, D.1in

in

( )

where pc denotes the conversion efficiency lpc pc, ,c e{ } denotes thewavelength of the laser {710,775}-nm, p
denotes the detection efficiency ¢p p,C E{ }. Put the parameters in [37, 38] into the above formula, we can obtain

» ´ ¢ - -Rc p4 10 W sc C
13 1 1 and » ´ - -Rc p4 10 W se E

6 1 1.
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