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Quantum Lidar Based on Squeezed Sates of Light
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Abstract: The simulations of the noise distribution of vacuum state, single photon state and squeezed
state in phase space were presented by Wigner function, respectively and the technology of the quantum
lidar based on the squeezed field was systematically analyzed, including quantum coherent lidar and
quantum lidar with squeezed light injection. Compared to the classical lidar, a higher squeezing degree
benefits improvement of the detection Signal-To-Noise Ratio (SNR) for quantum coherent lidar, and a
squeezing degree of 8dB would afford a 6. 25-fold improvement in SNR theoretically, while the quantum
lidar with squeezed vacuum injection has higher spatial resolution, which depends on the squeezing level
of the squeezed vacuum and the gain of the phase sensitive amplifier. The results show that the quantum
lidar has obvious advantages in the fields of weak signal detection and high-resolution imaging as the
improvements of the signal-to-noise by using squeezed light.

Key words: Squeezed light; Quantum lidar; Coherent detection; Squeezed vacuum injection; Lidar

OCIS Codes: 270.6570; 280.3640; 270.1670

0 Introduction

Compared to the microwave radar, the laser radar (lidar) has higher spatial resolution as the shorter
wavelength, which is essential for target detection and recognition. In real applications the detection ability
of the lidar should be improved to meet modern military requirements, especially for appearance of stealth
target and stealth platform. According to the classical lidar theory, the spatial resolution of the classical
lidar is limited by the Rayleigh resolution and the Signal-To-Noise Ratio (SNR)!'. In real experiments,
the only possible improvement of the spatial resolution is to alter the aperture of the receivers at certain
wavelength, while progress in the development of practical receivers with large aperture has been slow

because of technical difficulties. In order to break through the detection limit of the classical lidar system,

Foundation item: The Innovation Program of Corporation (No. xxxxxx)
First author: FENG Fei (1982—), female, engineer, Ph. D. degree, mainly focuses on quantum detection and imaging. Email: {{bluesky(@
126. com
Received: Nov. 28, 2016; Accepted: Feb. 17, 2017
http : // www . photon . ac. cn

0527001-1



T % iR

researchers mostly focus on studies of the quantum lidar and the quantum technology is essentially
expected to improve the performance of the classical lidar™**®,

It is known that the squeezed states of light has the potential for use in optical precision measurement
and gravitational wave detection, as the quantum property of being below the quantum noise limit""**). In
reality the quantum resources are very difficult to survive as the fact that these states are very fragile and
every loss would transform the squeezed field into a vacuum field. As a result, based on the performance of
the squeezed states of light, quantum lidar using receivers enhanced with quantum technology seems
feasible in the near future and the classical lidar would benefit most from an improvement in SNR and
image resolution by use of squeezed states of light. Also it is easier for this type of quantum lidar to
become a useful tool for engineering applications™ .

In this paper, we show the quantum properties of the squeezed light by Wigner function and then
present an analysis of squeezed-based quantum lidars systematically, including quantum coherent lidar and
quantum lidar with squeezed light injection. To the best of our knowledge, there has been an increasing
interest in engineering applications since the development of the quantum lidar and the systematic analysis
of the quantum lidar using receivers with quantum technology would be beneficial for future applications in

high SNR detection and imaging.

1 Quantum properties of the squeezed light

1.1 Squeezed light

According to relevant theory, at certain fixed frequency, the electric field of an electromagnetic wave
in an isotropic, insulating medium can be described by’

E(r.t)=E,[a(r)e ™ —a(r) e ]
The operator for the electric field also can be written as
E(r.,t)=E,[ X,cos (wt)—X,sin (wt) ]
where X, () and X, () indicate the position and momentum operators , respectively and can be expressed as
X (rmy=a" (r)+talr)
X, (my=ila” (r)—a(r)]
Considering the quantization of the electromagnetic field, the quadrature operators are
X\ =4 +a
X, =i —a)
where )A(I and )/\(2 correspond to amplitude quadrature operator and phase quadrature operator,

respectively. Then the quadrature operator at angle 8 can be defined as
A A A
X,=X,cos 0+ X,sin 0
From the commutation relation of the quadrature operators
AN )
I:XI ) X2 ] =21
and taking into account the module of the commutation relation
A
(XX D=2
then the uncertainty relation of the quadrature operators can be described by the Heisenberg's uncertainty
relation

A
AX AX, =1 (D

where A)A(l and A)AQ are the standard deviation of measurements of the amplitude quadrature operator and
phase quadrature operator, respectively. A state of minimum uncertainty is given by the equal sign in
Eq. (1), which means the noise is equally distributed among the two field quadratures. This will always be
the special case for coherent state and vacuum state.

Eq. (1) puts a limit to the product of the variance of the two orthogonal quadratures, while the

A
uncertainty in one of the quadratures is not restricted and the squeezed light is defined in the case of AX, <1
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A
or AX, < 1. Consequently, squeezed light is a X, Amplitude squeezed state
special state in which the wuncertainty of one A)A(l<1

i

quadrature can be smaller than vacuum noise and
this noise feature shows essential differences
between the squeezed field and the vacuum field.

Fig. 1 shows an intuitive picture of the noise

properties of the three light field“'?; the vacuum .

AX=1

state, the coherent state and the squeezed state.

Evidently, for the vacuum state and coherent Coherent state

state, equal noise is seen in the amplitude and

phase quadrature and a circle marks the variance of Vacuum state

this distribution. In the case of the squeezed states
of light, the quantum noise of one quadrature is Fig. 1 Noise properties of the three light field
reduced at the expense of the other and described
by a ellipse in Fig. 1.
1.2 Phase-space picture of squeezed light

A classical electromagnetic oscillation can be represented by probability distribution function P (q, p)
in classical physics, which allows to determine the probability of the position ¢ and momentum p

11 Furthermore, such a function has to be normalized and positive and a negative

simultaneously*
probability has no physical significance.

Following the quantum properties of the squeezed light described above, i. e., both non-commuting
variables cannot be measured simultaneously with arbitrarily precision, which is limited by the Heisenberg'
s uncertainty relation. To describe the quantum states completely, just as the probability distribution

function in classical physics, a function was introduced by Wigner in 1932, which is a quasi-probability

distribution function and has a powerful effect in quantum physics™'***!, Compared with other methods,
expectation values of an arbitrary operator could be calculated and it is more easier and intuitive to describe
the quantum states by the Wigner function. As demonstrated in Refs. [12-13], the Wigner function can be
expressed as

Wg.p) :ﬁ _[:X‘dfexp (%) <q—%x\‘5| )
where (5 stands for an arbitrary density operator and is given by

p=2p, | T (W, |

Considering Hermitian operators ‘(3, the Wigner flunction is real and normalized
W (q.p)=W(q.p)

JdPquW(q,i)): 1

It is convenient for us to describe quantum states by Wigner function in phase space. Taking the

vacuum state for example, whose Wigner function is calculated as follows %]

1 A )
W, (q:p)="_exp (—¢"—p")

Similarly, the Wigner function of the coherent state can be obtained by displacing the vacuum state’s
Wigner function, as any coherent state could be derived by applying the displacement operator to the

vacuum state, resulting in
1 )
W()((]’P):;exp (*(q*([o)Z*(P*P())‘)

As shown in Fig. 2 (a), the quantum noise of the vacuum state follows Gaussian distribution, meaning

that the variances of the two quadratures are equal. It is actually the same case for the coherent state. In
10.14]

comparison the Wigner function of the single photon is given by"

2¢° +2p*—1
Ve

W, (qg.p)= exp (—q¢*—p*)
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Fig. 2 (b) shows the quantum noise distribution of the single photon. It is obviously that the fluctuations
of the two quadratures are founded to be non-Gaussian and the probabilities have negative values near the
origin, representing the quantum property of the single photon. For this reason, the Wigner function is
called the quasi-probability distribution function.

Note that theoretically the conjugate observables of the squeezed light have different quantum noise,
considering a squeezed vacuum state, the Wigner function isH%***%

W»\ (q’p):%exp (762Cq27e*2§‘b2)

where ¢ is a parameter described by the squeezed parameter » and squeezed angle 4, i.e. ,

Ezreiﬂ
Fig. 2(c) displays the two quadrature variables noise distribution of the squeezed vacuum state in the phase
space. Compared to the noise distribution of the vacuum state and the single photon state, the quantum
noise of the squeezed vacuum state are redistributed between the two quadratures and noise from the

variable ¢ relocated into the non-commuting variable p, which consistent with the definition of the squeezed
state described in section 2. 1.
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Fig. 2 Quantum noise distribution of three different quantum states of light
2  Quantum lidar based on the squeezed light

Generally speaking, as the special advantage of ultra-low noise (below the standard quantum limit),
squeezed states of light is widely used in the area of optical precision measurements, where the
measurements are limited by the quantum noise or light power. Research have shown that the power of the
squeezed beam required is half of that of the coherent light to obtain a similar SNR, which is very
important to detect a target object with certain damage threshold™!,

There has been an increasing interest in high SNR detection and imaging, for instance the amplitude
squeezed state has an important application in absorption measurements or modulation measurement, as
the quantum fluctuations in the amplitude quadrature are reduced below the shot noise. Similarly, the
phase squeezed state can also be used to improve the SNR of the interferometry, in which the only noise
contribution from the quadrature phase"'®. Considering different parts of the classical lidar with
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applications of the quantum technology, the quantum lidar based on the squeezed states of light can be

[2.1618] . coherent quantum lidar and quantum lidar with squeezed vacuum injection.

divided into two groups
For coherent quantum lidar, the system has the same operating principles as the classical coherent lidar,
the main difference is that an amplitude squeezed light is used as the local oscillator field in heterodyne
detection to improve the detection sensitivity. An alternative approach to improve the SNR is based on the
injection of the squeezed vacuum state, in which the squeezed vacuum is injected into the receiver to replace
the vacuum state and a balanced homodyne detection system is employed to detect information returned
from targets of interest.

2.1 Coherent quantum lidar

As we know, the classical lidar are classified CDS

as coherent or direct-detection lidar on the basis of I |
TRS | BC |

l‘DC

detection methods. Compared with the direct

detection, the coherent heterodyne detection is a ORS

detection technique with high sensitivity and it has
wide applications in the domains of weak signal

. . . LOF
detection. Fig. 3 shows the schematic of the

coherent detection system, the electric fields of the Fig.3 Schematic of the coherent detection system
local light and signal light directed to the beam
combiner following expressions arel'*?"]
Eio (1) =Aocos (wrotT o)
Es (1) =Ascos (wst+g@s)
where Aro/Asswio/ws and @10/ s are amplitudes, angular frequency and initial phase corresponding to the
local field and signal field, respectively. Then the total current of the coherent heterodyne detection is

given by
icc[Es(1)+E ()] :}1175 {A§ cos’ (wgt+§p5 ) +Aigcos’ (wL()l‘fJVgDL() ) T+ AsAocos [ (wiot (2)
ws )+ (90L<>+§Ds ) ] FAsApcos [(wo—ws) it (gro—@s) 1}

It is known from Eq. (2) that, an average of 1/2 is obtained from the first two terms and the average
of the third term is 0. The fourth term describes intermediate frequency signal and the intermediate

frequency current is calculated as follows!*?

iIF:;l]fASAL()COS [(ww*ws)er (QDL()*QDS)] (3

where 7 is quantum efficiency of detector and hy is the photon energy. Obviously, the amplitude, phase
and frequency of the incident signal field can be measured by the coherent heterodyne detection. From Eq.
(3), it is beneficial to detect weak signal for the coherent heterodyne detection with a strong local oscillator
field, as the amplitude of the iz is proportional to the product of the amplitudes of the local field and signal
field. Then the power of the intermediate frequency signal is given by

Pr=2 <I‘ZLLs>2P.\-Pu)RL

whereP, and P, stand for the powers of the signal field and local field, respectively. R, describe the load
resistor. For the classical lidar, the noise sources mainly includes shot noise and thermal noise, which
result from signal light, local light, background light, dark current of the detector and the load resistor.

The noise sources are calculated as follows
N ot :2({% (PS+PL()+PB ) +ID]BRL

N therma =4k TB
where Py is power of the background light and Iy, is the dark current of the detector. B corresponds to the
detection bandwidth. Considering a strong local field, the shot noise power of the local field becomes the

dominant noise source and the SNRis given by
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which shows the maximal SNR of the classical coherent detection system, i.e. , Eq. (4) gives the quantum

limit of the classical coherent detectiont*?",

In order to reduce the noise of the local field and improve the SNR of the classical coherent detection

[16]
’

system, the amplitude squeezed light is used as the local light in the coherent quantum lidarsystem as

shown in Fig. 3. The shot noise is
Nshorzze[%(PsJFPmepn)JFID}BFL()RL

where F| is Fano factor, which describes the squeezing degree of the squeezed light. Here F,,<C1 and the

F\ decrease with the increase of the squeezing degree. Then the SNR of the coherent quantum lidar

system is given by'!"

' S QPs 50
SNR = (N)IP ~ mBF., 4 45|
which shows that using squeezed local light instead 40
of classical local light allows to improve the » Sl
. £ 30}
performance of the coherent quantum lidar and the @ o
SNR is increased by a factor of Fiy, as Fo<1. % 20t
Fig. 4 shows the dependence of the relative signal- 15}
to-noise (SNR/SNR) on the Fano factor. e.g. , as 10
F,,=0. 16, that is, a squeezing degree of 8dB 51
would afford a 6. 25-fold improvement in SNR 0 . 0.2 0.4 Oj6 0.8 ‘ 1.0
theoretically. As a result, the coherent quantum Fio
lidar based on the squeezed light benefits the Fig. 4 The dependence of the relative signal-to-noise
increase of the detection sensitivity, which is very (SNR'/SNR) on the Fano factor

essential to detect extremely weak signal.
2.2 Quantum lidar with squeezed vacuum injection

It is known that most of the non-classical states have drawbacks of sensitivity and fragility. Although
the advantages of the quantum states are destroyed easily by low losses, receivers of the classical lidar still
utilize the quantum effects. Studies of a Defense Advanced Research Project Agency (DARPA) directed
Quantum Sensors Program (QSP) confirmed that an effective approach to improve the performance of the
classical lidar is based on the injection of so-called squeezed vacuum state, in which target is illuminated by

[1J. The quantum properties of

classical light and target-return signal is detected by a non-standard receiver
the squeezed vacuum essentially reduces the quantum noise of the receiver by replacing the vacuum state
and makes the target-return signal easier to see.

Fig. 5 shows the schematic of the Squeezed-Vacuum Injected (SVI) quantum lidar. To avoid
complexity and instability, the laser used has an output of double wavelength. The output fundamental
light is divided into three parts. The first part is used to illuminate target and obtain spatial information
about the target of interest. The second part mainly used for the generation of the squeezed vacuum and
the third part is used as the local oscillator beam for homodyne detection. It is known that, the high-
spatial- frequency signal returned from the target may be lost by a soft-aperture in the receiver of the
classical lidar. In other words, the high- spatial- frequency information would be buried in the vacuum
noise and can be recovered only by reducing the vacuum noise in a way. In fact, the injection of the
squeezed vacuum aims to reduce the vacuum noise and regain the high-spatial-frequency information lost by
the soft aperture attenuation and results in an improvement in the imaging resolution. The pump beam falls
into two parts. One part is directed to the Optical Parametric Oscillator (OPO) together with the
fundamental light to generate squeezed vacuum. The other part is guided to the Phase Sensitive Amplifier
(PSA) to amplify the squeezed quadrature noiselessly. The PSA system is used to guarantee the quantum
efficiency of the homodyne detection system. It is important to note that losses should be avoided in the
process of squeezed vacuum injected as any kind of loss has a strong negative influence on squeezing.
Injected from the signal port of the receiver, the squeezed vacuum replaces the vacuum state, thereby
217

reducing the quantum noise of the target-return signal, which limit features extraction of the target"
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M, LO MaQPZT

M, PZT

Laser

AS Target
M,~M: reflecting mirror, BS,~BS;: beam splitter, PL: Pump light, FL: fundamental light, DM,~DMj: dichroic beam splitter,

PZT: piezoelectric transducer, L: lens, PPKTP: periodically poled KTiOPO,, OPO: optical parametric oscillator, PSA: phase
sensitive amplifier, AS: amplification system, TT: transmitting telescope, RT: receiving telescope, SM: scanning mirror, SVS:

squeezed vacuum state, HD: homodyne detection, IPS: imaging processing system

Fig. 5 Schematic of the quantum lidar with SVI and PSA
In Refs. [1, 217, the authors have demonstrated that the classical field emerging from the soft
aperture can be expressed as
Ex (o' st)=A (0 )HEx (') (6)
where o' represents the coordinates in the soft aperature plane, A (o) is transmission of the soft aperture
and is given by A (‘o/ y=e 2ld 1R Ex ({o/ ,¢) indicates the target-return field directed to the soft aperture.

In this case, the detected signal from the receiver can be described as follows, without taking into account
[1.21]

_ I [ ” / ”
y(P)*Re<,/%JT(5) ) m (p—p/ ) dg )ﬂd(p) 7

where 5, I, 7, and T(‘o”) stand for the homodyne efficiency, the light intensity in the target plane, the

affects of the absolute phase

pulse width and reflection coefficient, respectively. h is Plank’s constant and w, is frequency of the signal
photon. m(p*p/) being the point spread function correlated to the soft aperature. It is worth mentioning
that the target information is obtained from the first term in Eq. (7) and the second term contains the shot
noise from the local light, which drown the high-space-frequency information and limits improvements of
the spatial resolution.

When the squeezed vacuum state is employed at the soft aperture, the light field can be expressed by
quantum field operators and Eq. (6) becomes

Ee (0 ) =A (0 DEx (o s0)+ V1A (0 Es (o 1) (8)
where I%R (‘o’,t) and Ig‘s (p/,t) stand for the field operator of the classical coherent state and squeezed
vacuum state, respectively. Note that the difference to the classical lidar system is that the squeezed
vacuum injected to the soft aperture instead of the vacuum field and the squeezed quadrature is detected by
the homodyne detectors. The effect of the PSA system is to amplify the squeezed quadrature noiselessly by
an OPA, which is composed by an input coupling mirror, output coupling mirror and periodically poled
KTiOPO;, crystal. The OPA cavity can be used to amplify the interested signal by controlling the relative

phase between the pump beam and the signal beam as the result of the OPA cavity is sensitive to the

relative phase. The light field after the PSA is

A ) , A
E(pst) = VGEr (pst) + /G—1Eg (pst)
where G is the OPA gain and G >1. When the SVI system and the PSA system are considered, the

[1,21]
— GC I Tp [ ” / ” !
3oy =Re( JEEEE 7 (s ) s ) ©

where ny (p) indicates noise of the quantum lidar and contains quadrature quantum noise from the target,

detected signal is
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the vacuum noise related to the soft aperature and the homodyne efficiency, which is different from the

noise term in Eq. (7). G describes the gain of the PSA and is calculated by

Gu= (VG+/G—1 )2
As we know, the local oscillator of the classical lidar is limited by the shot noise and the spectral

density is given by
SH :% (10)

Taking the quantum effects of the squeezed vacuum and PSA into account, the spectral density takes the

form**

s<f>=”%{A2<ALf>+[1—A2 (ALf)]e’z"}Jrl%yZ (11)

—2r

wherey is the quantum efficiency of the homodyne detection, e”* indicates squeezed factor of the squeezed
vacuum stateand r represents the degree of attenuation.

As presented in Refs. [1, 17], terms in Eq. (11) have the following physical meanings: the first term
describes the quantum noise of the return signal from the target, the second term stands for the quantum
noise of the injected squeezed vacuum field and the third term corresponds to the quantum noise resulted
from the inefficient homodyne detection.

Eq. (11) shows that, for the squeezed-vacuum injected quantum lidar, i. e., >0 and G4 >1, the
SNR and spatial resolution could be improved by quantum effects of the SVI and PSA. Specifically,
fromEqgs. (7), (9), (10) and (11), it can be seen that the role of the SVI system is to generate the
squeezed vacuum state, which has the quantum noise below the shot noise limit. As a result, the SVI
system plays a significant role in reducing the vacuum noise on the high-spatial-frequency signal, that is,
the high-spatial-frequency information can be recovered by the SVI system and the squeezed quadrature is
detected by homodyne detectors. To avoid an inefficiency homodyne detection, the PSA system is used and

121 Tt is worthy noting

aims to recover the lost SNR resulted from the inefficiency homodyne detection"
that the SVI and PSA systems should act on the receiver of the classical lidar simultaneously to guarantee

the SNR of the target-return signal.

3 Conclusion

In conclusion, we demonstrate quantum properties of the noise distribution of the vacuum state, single
photon state and squeezed state in phase space by Wigner function theoretically. In addition, two types of
the quantum lidar systems based on the squeezed light are presented, including the coherent quantum lidar
and the quantum lidar with squeezed vacuum injection. By comparing the quantum lidar based on the
squeezed light and the classical lidar, the results show that; 1) the SNR of the coherent quantum lidar
increases with the decrease of the Fano factor F|,, that is, a higher squeezing degree benefits improvement
of the SNR. For example, a squeezing degree of 8dB would afford a 6. 25-fold improvement in SNR
theoretically; 2) the SVI system and the PSA system are two essential aspects that affect the increasing of
the spatial resolution. As a result, the quantum lidar with squeezed vacuum injection has higher spatial
resolution, which depends on the squeezing level of the squeezed vacuum and the gain of the PSA. Briefly,
thanks to the quantum property of having quantum noise below the shot noise, the SNR of the quantum
lidar is improved and it is beneficial to detect weak signal and obtain high resolution image, and some
experiments of the quantum lidar based on the squeezed light would be carried out latter on. Considering
problems of the quantum lidar in engineering applications, it is likely that squeezed light would be used in
the receiver to improve the performance of the classical lidar in future.
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