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Ghost imaging (GI) enables reconstruction of the image of an object by measuring the intensity corre-
lation of two beams, neither of which independently carries the spatial characteristics of the object. By
exploiting the space-time duality, GI has been extended from the spatial domain to the time domain, and
has been successfully demonstrated in the optical regime. This article reports on the experimental demon-
stration of acoustic GI in the time domain. Using ultrasound instead of photons, we created high-quality
ghost images of a temporal object, even in the presence of strong ambient noise. Our work offers a fresh
approach for imaging disturbance-sensitive acoustic signals, and could open the gateway to identifying
new approaches in acoustic sensing, dynamic imaging, and communications.
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I. INTRODUCTION

Ghost imaging (GI) is an emerging technique that is
capable of reconstructing the image of an object by corre-
lating the intensity of two beams of light (i.e., a reference
beam and a test beam). The reference beam does not
interact with the object and is directly recorded by a high-
resolution detector (e.g., a camera). The test beam, after
passing through the object, is detected by a non-spatially-
resolved bucket detector. Aggregating the correlations
between the two detectors over multiple measurements
produces an image of the object, although neither detec-
tor alone is able to reveal the spatial characteristics of the
object [1].

Initially demonstrated in 1995 with entangled pho-
ton pairs [2], GI was thought to be a quantum phe-
nomenon. Later, thermal [3,4] and pseudothermal [5] GI
were achieved and suggested that GI could also be realized
in classical systems. Subsequently, GI has been applied to
an expanded range of illumination types, including clas-
sical or quantum light [2-5], x rays [6—8], atoms [9], and
electrons [10]. In particular, computational GI [11] uses
a computer-controlled spatial light modulator to generate
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known illumination fields, which removes the need for
imaging the reference beam. Based on the space-time dual-
ity, the concept of GI has been further extended from
the spatial domain to the time domain. Temporal ghost
imaging (TGI) was experimentally confirmed with use
of an optical-fiber-based system [12]. A variety of light
sources, including biphoton states [13], lasers [14,15], and
computer-generated random light [16], have been har-
nessed to realize TGI. These developments in GI have
benefited several applications, such as environmental sens-
ing [17], cryptography [18], ultrafast spectroscopy [19],
and low-light-level imaging [20]. However, TGI has been
demonstrated only in the optical regime [12—16], and
there is no acoustic counterpart of this promising imaging
method.

As an important carrier of energy and information,
acoustic waves play an important role in areas includ-
ing communication [21,22], medical imaging [23], and
localization and detection [24,25]. Although acoustic sig-
nals can be directly detected by sensors, it is challenging
to decode useful information carried by the wave in the
case of low signal-to-noise ratios (SNRs). To solve this
grand challenge, it is highly desirable to develop an acous-
tic measurement technique that is robust with regard to
noise. The recent developments in GI may offer an ele-
gant solution to detect and recover acoustic signals with
low SNRs.

© 2020 American Physical Society
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This article reports on an experimental demonstra-
tion of acoustic GI in the time domain. We show that
the correlation between the computer-generated random
intensity fluctuations and the bucket measurement enables
the reconstruction of a temporal object, and this method is
able to recover the object information even in the presence
of strong ambient noise. Based on frequency multiplex-
ing, acoustic single-shot TGI has also been realized, and
is capable of imaging nonreproducible temporal objects.
Our work, therefore, constitutes a major step toward intro-
ducing GI techniques into the acoustic regime, which
could broaden the application of this imaging modality to
facilitate acoustic communications, dynamic imaging, and
remote sensing.

II. EXPERIMENTAL RESULTS

A. Illustration of acoustic temporal ghost imaging

The principle of TGI is illustrated in Fig. 1(a). The
signals emitted from the source with random intensity fluc-
tuations split into two arms. In one arm, the signals interact
with the object and are subsequently detected by a bucket
detector, whose response is integrated over a period of
time. In the other arm, the signals that do not interact with
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FIG. 1. [Illustration of acoustic temporal ghost imaging.

(a) The principle of temporal ghost imaging. (b) Experimen-
tal setup. The ultrasonic waves emitted by the acoustic source
illuminate the temporal object (a chopper in this case) with
computer-generated random intensity fluctuations. The acoustic
signals through the object are collected by an acoustic detec-
tor and subsequently the bucket measurement is performed. The
known random intensity and the information from the bucket
measurement are finally used to reconstruct the temporal object.

the temporal object are collected with a proper temporal
resolution. Finally, the temporal object is reconstructed by
calculating the correlations between the temporal inten-
sity fluctuation and the response of the bucket detector. In
optics, for example, the intensity fluctuation can be pro-
duced by leveraging the intrinsic temporal fluctuation of
laser light. In this work, acoustic illumination signals are
directly controlled by a computer that generates known
random patterns. This removes the need for detecting the
reference beam, which is the core of computational GI.
Additionally, because of the innate difference between
acoustic and optical measurements, there is no analog
of a temporal bucket detector in acoustics. We therefore
integrate the acoustic intensity over time to emulate the
response of a bucket detector, and this operation is defined
here as the bucket measurement.

The experimental setup for the acoustic TGI is illus-
trated in Fig. 1(b). An ultrasonic transducer is used as the
acoustic source, and the waves emitted at a frequency of
25 kHz are confined in a rigid tube. The random intensity
fluctuation of the acoustic waves is controlled by the com-
puter. At the end of the tube, a rotating chopper, whose
chopping frequency is 20 Hz, is placed and periodically
interacts with the incident acoustic waves. This chopper is
the temporal object, and its sound transmission 7(¢) is to
be imaged. The transmitted acoustic signals are measured
by a detector (Briiel & Kjaer 4939 0.25-in. microphone),
followed by the bucket measurement, whose reading is
calculated as B, which is the integrated intensity of the
transmitted signals over a period of time (200 ms). The
experimental setup also includes a computer to generate
and record the random intensity patterns as well as to
reconstruct the ghost image. A multifunction I/O device
(National Instruments PCI-6251) controlled by the com-
puter is used for signal generation and acquisition. It sends
sinusoidal signals with intensity fluctuations to the acous-
tic source, and collects signals from the acoustic detector
to feed to the computer.

The acoustic signals emitted from the ultrasonic trans-
ducer produce computer-generated random intensity pat-
terns as shown in Fig. 2(a). The red line shows one of the
patterns, while the gray background is the result of 50 pat-
terns being superimposed on top of each other. The black
line is the intensity averaged over 9000 measurements. As
can be seen, the intensity of the signal is temporally ran-
domized in a way that it possesses the statistical property of
a uniform distribution. The signal corresponding to the ran-
dom intensity pattern of the red line is shown in Fig. 2(b),
whose effective fluctuation time is 4 ms. Here the effective
fluctuation time is the duration of sinusoidal signals with
constant intensity. It directly determines the temporal res-
olution of ghost image and must be shorter than the object
variation that we desire to resolve.

According to the GI theory, the object information can
be retrieved with the second-order intensity correlation
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FIG. 2. (a) Computer-generated random intensity patterns of

the acoustic illumination signals. A single realization (red) is
shown together with 50 other realizations (gray). The averaged
intensity of 9000 measurements is shown as the black line.
(b) The signal corresponding to the random intensity pattern of
the red line, which is sent to the acoustic source.

function defined as [25]
C(t) = (g (OB) N — (gD (B )N (1)

where I! ;(#) is the time-resolved intensity of the illumina-
tion signal at time ¢ in the ith measurement, which is the
reference signal and is known as a “prior”; B’ is the inte-
grated intensity from the bucket measurement, denoted the
bucket signal; (. ..)y represents the ensemble average over
a series of N measurements, and Irief(t) can also be for-
mulated by a 1 x M vector X; (see more-detailed matrix

operation of TGI in Appendix B).

B. Experimental ghost images

Using Eq. (1), we obtain the temporal ghost image
(Fig. 3) from a series of measurements (N =9000). Our
target image, the result of a direct image without noise
(details are given in Appendix A), is shown as the black
line in Fig. 3 for comparison. Normalization is applied
for both images, and the agreement between the two is
excellent. In our experiments, the temporal resolution of
the ghost image is 4 ms, which is identical to the effec-
tive fluctuation time of the illumination signal. In our case,
the period of the temporal object is 50 ms, which is much
longer than 4 ms. Consequently, the resulting ghost image
can capture the temporal characteristics of the object.

Figure 4(a) compares the ghost images for different
numbers of measurements. It is difficult to recognize the

—— Direct image

—— Ghost image
1.0
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Time (ms)
FIG. 3. Experimental ghost image of a temporal object. The

red line represents the ghost image and the black line shows
the direct image. The number of measurements N for the ghost
image is 9000.

temporal characteristics of the object when N is a small
quantity such as 50. To quantitatively evaluate the ghost-
image quality, we introduce the peak signal-to-noise ratio

(Psnr) as

MZ
PSNR = IOloglo (Mmax) . (2)

mse

where M . is the maximum pixel value of the image; nor-
malization is applied in calculating the Psngr, giving M max
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FIG. 4. Ghost image and the Psng as a function of the num-
ber of measurements N. (a) Experimental ghost images for
different N. (b) Psnr With N ranging from 1 to 9000.
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of 1. My s the mean square error given by

Mo = 7 37 1CG) ~ TOT, ()

where C(i) and 7(i) are the pixel values of the ghost
image and the target image, and L is the number of pixels
in the signal. The Psnr values for measurements corre-
sponding to N =50, 500, 2000, and 9000 are calculated as
10.48, 15.97, 19.65, and 26.02 dB, respectively. Further-
more, Pgngrs Oof ghost images for different values of N from
1 to 9000 are shown in Fig. 4(b). One can clearly see that
the quality of the ghost images improves as N increases.

C. Comparison of correlation algorithms

In the GI technique, the correlation algorithm mainly
determines the efficiency of the image-reconstruction pro-
cess and the quality of the image. Although we use the
second-order correlation function to verify the acoustic
TGI, there are many other existing algorithms that can
further improve the imaging result [26-30]. Here we
introduce two other algorithms for our case—differential
ghost imaging (DGI) and pseudoinverse ghost imaging
(PGI)—to compare the imaging results among different
algorithms.

In the DGI algorithm, a differential bucket signal is used
for correlation calculation, which is defined as

(B")

—s 4
5 4)

i _ pi
DGI_B -

where §' = [ I (ndt is the total intensity of the refer-
ence signal or the sum of the random row vector X;. The
reconstruction algorithm can be expressed as

Coai(t) = (ILg(OBha)v — TeeOIn(BhgIn.  (5)

On the other hand, in the PGI algorithm, the reference
information is permutated into an N x M matrix ®; that is,
® =[X;,Xy,...,Xy]". We reconstruct the object infor-
mation by calculating the pseudoinverse of @ and the
algorithm is formulated as

1
CPGI = Nq)T(BlaBza"-aBN)Ta (6)

where @ is the pseudoinverse matrix of ®.

Figure 5 shows the ghost images reconstructed by our
using the three different algorithms for N = 200 in the
experiment. The Pgngr values for GI, DGI, and PGI are cal-
culated as 12.79, 16.63, and 22.13 dB, respectively. The
comparison in Fig. 5 suggests that DGI and PGI offer
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FIG. 5. Experimental results with different reconstruction

algorithms: (a) traditional GI; (b) DGI; (¢) PGI. The number of
measurements N is 200 for all three cases.

better quality and higher reconstruction efficiency than
traditional GI.

D. Robustness of acoustic temporal ghost imaging

GI is insensitive to the disturbance near the objects to
be imaged and has been shown to be more robust than
noncorrelated imaging. This remarkable feature is espe-
cially useful for imaging objects under strong background
disturbances such as atmospheric turbulence and scatter-
ing media [31-33]. We now investigate the robustness
of acoustic TGI with regard to the ambient noise. In the
experiment, white noise signals are created by a signal
generator (Tektronix AFG 3252C) and are sent to a loud-
speaker via a power amplifier (Briiel & Kjer type 2713).
Both the ghost image and the direct image are subsequently
obtained for comparison.

Figure 6 clearly shows that a direct measurement of the
temporal object is strongly distorted by the background
noise. However, when the GI technique is used, the adverse
effect of the noise is significantly suppressed and has vir-
tually no influence on the quality of the ghost image (GI
results for two other temporal objects are presented in
Appendix C). Furthermore, under different noise levels
(with a 10-dB increasing increment), images of the tem-
poral object are obtained with both methods, as shown
in Fig. 7(a). The Psnr values of these images are shown
in Fig. 7(b). The quality of the direct images decreases
dramatically with increasing noise level, while increasing
noise level has negligible influence on the quality of the
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FIG. 6. Experimental comparison of ghost image (red) and
direct image (gray) in the presence of ambient noise. For com-
parison, the direct image obtained without noise is also shown
in black. The number of measurements N for the ghost image is
9000.

ghost images. Thus, acoustic GI in the time domain shows
considerably greater robustness with regard to noise than
direct measurement (the detailed analysis of the robustness
of TGI is presented in Appendix D).
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FIG. 7. Experimental imaging results for different noise levels.

(a) The direct images (left) and the ghost images (right). From
top to bottom, the strength of ambient noise increases. (b) Psnr
of both images for different noise levels.

E. Single-shot temporal ghost imaging

Generally, GI requires multiple measurements of the
object; therefore, TGI typically requires the object to be
periodic in nature. To image nonperiodic signals, space
multiplexing [16,34,35] and frequency (wavelength) mul-
tiplexing [36] can be used to realize single-shot TGI, which
allows us to retrieve a temporal object by using a single
correlation measurement. Here we experimentally demon-
strate that our acoustic system can achieve single-shot TGI
using frequency multiplexing.

With the same experimental setup as shown in Fig. 1,
the acoustic wave emitted from the source is no longer
a single-frequency signal but is rather a broadband one.
We use a 20 x 20 Hadamard matrix as the frequency-
localized temporal intensity pattern to encode different
frequency components of the emitted signal. The num-
ber of frequency components is equivalent to the number
of measurements of standard TGI. Figure 8(a) shows the
emitted signal (20.5-30 kHz) and Fig. 8(b) shows the
Hadamard matrix, which is the reference signal and repre-
sents the time-frequency information of the emitted signal.
After the acoustic wave passes through a temporal object,
the fast Fourier transform is used to decode the transmitted
signal to obtain the bucket signal (i.e., the integrated inten-
sity of the transmitted signal at each frequency). Finally,
we use the same correlation function as in Eq. (1) to obtain
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FIG. 8. (a) The encoded incident signal. (2) 20 x 20 Hadamard
matrix. The matrix is used to encode the emitted signal.
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FIG. 9. Experimental ghost images of
different nonperiodic signals. (a) Pho-

tographs of three different choppers. We
code the shape of the chopper and then
use it to create nonperiodic signals. (b)
Experimental results of single-shot ghost
imaging.

the ghost image of the temporal object. In this case, 1..:(7)
is the time-resolved intensity of the illumination signal at
the ith frequency.

In this experiment, we create three different nonperi-
odic signals by coding the shape of the chopper, as shown
in Fig. 9(a). The retrieved ghost images are shown in
Fig. 9(b), and their temporal resolution is 5 ms. Good
agreement between ghost images and direct images is
found. These results demonstrate that our system can
reconstruct high-quality images, with a single measure-
ment, for nonperiodic signals.

III. CONCLUSION

In conclusion, our experiments successfully demon-
strate acoustic GI in the time domain. In addition to show-
ing high-quality ghost images of a temporal object, our
results also suggest that acoustic TGI is extremely robust
with regard to background noise. This technique, therefore,
can prove useful for detecting and recovering acoustic sig-
nals with low SNRs for better sound recognition. Based
on frequency multiplexing, acoustic single-shot TGI is
realized, which could facilitate real-time signal detection.
Acoustic TGI also offers an economic and versatile plat-
form for studying correlated imaging algorithms, offering
great promise for applications in acoustic sensing, signal
processing, information encryption [37,38], and underwa-
ter communications. Finally, our work paves the way for

further development of other acoustic GI modalities, such
as acoustic spatial GI and acoustic ghost spectroscopy.
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APPENDIX A: DETAILS OF DIRECT IMAGING
OF THE TEMPORAL OBJECT

The chopper as the temporal object is shown in
Fig. 10(a) and its sound transmission 7(f) is regarded
as our imaging target. The transmitted acoustic signals
are measured by a detector, recorded as V,.(f). The wave
packet of V,(f), which is consistent with the characteris-
tics of the intensity transmission 7'(f), can be extracted as
D() = [VA0* + V(0212 in which Vi(t) = H[V,(H] =
[ [1/7(t— )]V, (f)dt, where H denotes the Hilbert trans-
form. The image of D(¢) is the result of direct mea-
surements (namely, the direct image), and it is shown
in Fig. 10(b). However, the direct image can be often
drowned out by the noise. This is demonstrated by com-
paring Figs. 11 and 12.
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FIG. 10. (a) Photograph of the temporal object (i.e., a rotating
chopper). (b) The direct image of the temporal object, which is
the wave packet of the recorded transmission signal and is shown
as the black line. The blue shading is the transmission signal.

APPENDIX B: THE MATRIX OPERATION OF
ACOUSTIC TEMPORAL GHOST IMAGING

According to Eq. (1), we can also describe the second-
order correlation function as matrix operations. If we let
the total number of measurements be N and the number of
imaging pixels be M, the temporal object can be expressed
as a 1 x M vector O = [0}, 0;,...,0y]. Similarly, the

o
wh —
T

|
1L
—_— N
T

Voltage (arb. units)
(=]

50 100 150
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Direct image
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FIG. 11.

200

result of bucket measurements in the ith measurement is
a scalar, defined as B;. Likewise, the time-resolved refer-
ence intensity Irief(t) in the ith measurement can be denoted
byal x M vectorX; (i =1,2,...,N). The total reference
information can be then permutated into an N x M matrix
® = [X, Xy, ..., Xy]?, where T denotes the transpose of
the matrix. Consequently, we have

B; = OX!.

Finally, the second-order correlation function can be com-
puted by

C = (XiBi)v — (Xi)n(Bi)n- (B1)
In Eq. (Bl), the first term (X;B;)y = (OXiTXi)N =
(1/N)O - (®7®), and the second term (X;)ny(Bij)y =

(Xi)N(OX,.T )n, which is the background. Therefore, we
have

1
C=+0 (®7®) — (X;)w (0X])y. (B2)

Judging from Eq. (B2), only when ®7® is a scalar matrix
whose diagonal elements are identical will the ghost image
of the temporal object be perfectly recovered.

It is seen in Fig. 13 that when the number of measure-
ments increases, ®’® is closer to a scalar matrix, which
results in better quality of the ghost image (shown in
Fig. 4).
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FIG. 12. The frequency spectrum of the directly recorded signals and the direct image under ambient noise. FFT, fast Fourier

transform.

APPENDIX C: GHOST IMAGES OF OTHER
TEMPORAL OBJECTS

Here we investigate GI results for other complex tempo-
ral objects, as shown in Fig. 14. In the experiment, ghost
images are reconstructed under the noise condition. For
comparison, direct images with or without noise are also
shown in Fig. 14. We can also clearly recognize the tem-
poral characteristics from the ghost images, whose quality
is better than the quality of direct images obtained under
the same noise condition.

APPENDIX D: THE ROBUSTNESS OF GHOST
IMAGING WITH REGARD TO NOISE

Here we explain why GI is robust with regard to noise.
First, we briefly review the process of GI without back-
ground noise. The reference signal is expressed as Irief(t),
while the temporal object to be reconstructed is expressed
as 7(¢). In the absence of background noise, the bucket sig-
nal is defined as Bfy, where B = [ I' (¢)T(¢)d¢ . The ghost

Measurements N
50

|

500

!

S(EOO >

FIG. 13. Comparison of ®’® for different numbers of mea-
surements N.

image can be reconstructed by calculating the second-order
correlation, defined as

Co(t) = (i (DBY)N — (Leg®)N(By)n- (D)

Direct image under noise
—— Direct image without noise
—— Ghost image under noise

1.0}
S 0.5}
0.0F
1 1 1
0 50 100 150 200
Time (ms)

FIG. 14. Ghost images of two other temporal objects recon-
structed by GI; the number of measurements N is 9000.
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In the presence of background noise, the bucket signal is

B = / L(HT()dl + / Lgise ()l

+ B / L' (OT()d! = By + B ... (D2)

Therefore, the ghost image under noise can be written as
C(t) = (LB N — LoD (B))x
= [(Lier (D By N — (D) (By)n]

+ [<I;ef(t)B£10ise)N - <11fef(t))N<Bfloise>N]
= Co(O) + (it (D [Broise — (Broise) NI

(D3)

Because of the random statistical nature of noise and the
absence of correlation between the noise and the incident
reference signal, the second term is approximately zero.
Therefore, the quality of the ghost image is almost inde-
pendent of the noise. This explains why TGI is robust with
regard to noise.

[1] J. H. Erkmen and Baris I. Shapiro, Ghost imaging: From
quantum to classical to computational, Adv. Opt. Photonics
2,405 (2010).

[2] T. B. Pittman, Y. H. Shih, D. V. Strekalov, and A. V.
Sergienko, Optical imaging by means of two-photon quan-
tum entanglement, Phys. Rev. A 52, R3429 (1995).

[3] R. S. Bennink, S. J. Bentley, and R. W. Boyd, Coincidence
Imaging with a Classical Source, Phys. Rev. Lett. 89, 9
(2002).

[4] R. S. Bennink, S. J. Bentley, R. W. Boyd, and J. C. Howell,
Quantum and Classical Coincidence Imaging, Phys. Rev.
Lett. 92, 033601 (2004).

[5] F. Ferri, D. Magatti, A. Gatti, M. Bache, E. Brambilla,
and L. A. Lugiato, High-resolution Ghost Image and Ghost
Diffraction Experiments with Thermal Light, Phys. Rev.
Lett. 94, 2 (2005).

[6] D. Pelliccia, A. Rack, M. Scheel, V. Cantelli, and D. M.
Paganin, Experimental X-Ray Ghost Imaging, Phys. Rev.
Lett. 117, 113902 (2016).

[71 H. Yu, R. Lu, S. Han, H. Xie, G. Du, T. Xiao, and D. Zhu,
Fourier-Transform Ghost Imaging with Hard X Rays, Phys.
Rev. Lett. 117, 113901 (2016).

[8] A. L. 1. N. Z. Hang, Y. U. H. E. Ang, L. N. W. U. Ing, and
L. L. I. N. G. C. Hen, Tabletop x-ray ghost imaging with
ultra-low radiation, Optica 5, 4 (2018).

[9] R.I. Khakimov, B. M. Henson, D. K. Shin, S. S. Hodgman,
R. G. Dall, K. G. H. Baldwin, and A. G. Truscott, Ghost
imaging with atoms, Nature 540, 100 (2016).

[10] S. Li, F. Cropp, K. Kabra, T. J. Lane, G. Wetzstein, P.
Musumeci, and D. Ratner, Electron Ghost Imaging, Phys.
Rev. Lett. 121, 114801 (2018).

[11] J. H. Shapiro, Computational ghost imaging, Phys. Rev. A
78, 061802 (2008).

[12] P. Ryczkowski, M. Barbier, A. T. Friberg, J. M. Dudley,
and G. Genty, Ghost imaging in the time domain, Nat.
Photonics 10, 167 (2016).

[13] K. Cho and J. Noh, Temporal ghost imaging of a time
object, dispersion cancelation, and nonlocal time lens with
bi-photon state, Opt. Commun. 285, 1275 (2012).

[14] Z. Chen, H. Li, Y. Li, J. Shi, and G. Zeng, Temporal ghost
imaging with a chaotic laser, Opt. Eng. 52, 076103 (2013).

[15] H. Wu, P. Ryczkowski, A. T. Friberg, J. M. Dudley, and G.
Genty, Temporal ghost imaging using wavelength conver-
sion and two-color detection, Optica 6, 902 (2019).

[16] F. Devaux, P.-A. Moreau, S. Denis, and E. Lantz, Compu-
tational temporal ghost imaging, Optica 3, 2 (2016).

[17] N. D. Hardy and J. H. Shapiro, Computational ghost
imaging versus imaging laser radar for three-dimensional
imaging, Phys. Rev. A 87, 023820 (2013).

[18] H. C. Liu, B. Yang, Q. Guo, J. Shi, C. Guan, G. Zheng,
H. Miihlenbernd, G. Li, T. Zentgraf, and S. Zhang, Single-
pixel computational ghost imaging with helicity-dependent
metasurface hologram, Sci. Adv. 3,4 (2017).

[19] P. Janassek, S. Blumenstein, and W. Elséfler, Ghost Spec-
troscopy with Classical Thermal Light Emitted by a Super-
luminescent Diode, Phys. Rev. Appl. 9, 021001 (2018).

[20] P. A. Morris, R. S. Aspden, J. E. C. Bell, R. W. Boyd, and
M. J. Padgett, Imaging with a small number of photons,
Nat. Commun. 6, 1 (2015).

[21] R. H. Wiley and D. G. Richards, Physical constraints on
acoustic communication in the atmosphere: Implications
for the evolution of animal vocalizations, Behav. Ecol.
Sociobiol. 3, 69 (1978).

[22] P. L. Carson, C. R. Meyer, A. L. Scherzinger, and T. V.
Oughton, Breast imaging in coronal planes with simultane-
ous pulse echo and transmission ultrasound, Science 214,
1141 (1981).

[23] A. Fenster and D. B. Downey, 3-D ultrasound imaging: A
review, IEEE Eng. Med. Biol. Mag. 15, 41 (1996).

[24] P. Kruizinga, P. Van Der Meulen, A. Fedjajevs, F. Mastik,
G. Springeling, N. De Jong, J. G. Bosch, and G. Leus, Com-
pressive 3D ultrasound imaging using a single sensor, Sci.
Adv. 3, 1701423 (2017).

[25] C.Ma, S. Kim, and N. X. Fang, Far-field acoustic subwave-
length imaging and edge detection based on spatial filter-
ing and wave vector conversion, Nat. Commun. 10, 204
(2019).

[26] R. Piotr, Magnified time-domain ghost imaging, APL Pho-
tonics 2, 046102 (2017).

[27] Y. O-Oka and S. Fukatsu, Differential ghost imaging in time
domain, Appl. Phys. Lett. 111, 061106 (2017).

[28] B. Sun, S. S. Welsh, M. P. Edgar, J. H. Shapiro, and M.
J. Padgett, Normalized ghost imaging, Opt. Express 20,
16892 (2012).

[29] O. Katz, Y. Bromberg, and Y. Silberberg, Compressive
ghost imaging, Appl. Phys. Lett. 95, 131110 (2009).

[30] C. Zhang, S. Guo, J. Cao, J. Guan, and F. Gao, Object
reconstitution using pseudo-inverse for ghost imaging, Opt.
Express 22, 30063 (2014).

[31] R. E. Meyers, K. S. Deacon, and Y. Shih, Turbulence-free
ghost imaging, Appl. Phys. Lett. 98, 111115 (2011).

[32] M. Bina, D. Magatti, M. Molteni, A. Gatti, L. A. Lugiato,
and F. Ferri, Backscattering Differential Ghost Imaging in
Turbid Media, Phys. Rev. Lett. 110, 083901 (2013).

064044-9


https://doi.org/10.1364/AOP.2.000405
https://doi.org/10.1103/PhysRevA.52.R3429
https://doi.org/10.1103/PhysRevLett.89.113601
https://doi.org/10.1103/PhysRevLett.92.033601
https://doi.org/10.1103/PhysRevLett.94.183602
https://doi.org/10.1103/PhysRevLett.117.113902
https://doi.org/10.1103/PhysRevLett.117.113901
https://doi.org/10.1364/OPTICA.5.000374
https://doi.org/10.1038/nature20154
https://doi.org/10.1103/PhysRevLett.121.114801
https://doi.org/10.1103/PhysRevA.78.061802
https://doi.org/10.1038/nphoton.2015.274
https://doi.org/10.1016/j.optcom.2011.10.024
https://doi.org/10.1117/1.OE.52.7.076103
https://doi.org/10.1364/OPTICA.6.000902
https://doi.org/10.1364/OPTICA.3.000698
https://doi.org/10.1103/PhysRevA.87.023820
https://doi.org/10.1126/sciadv.1701477
https://doi.org/10.1103/PhysRevApplied.9.021001
https://doi.org/10.1038/ncomms6913
https://doi.org/10.1007/BF00300047
https://doi.org/10.1126/science.7302585
https://doi.org/10.1109/51.544511
https://doi.org/10.1126/sciadv.1701423
https://doi.org/10.1038/s41467-018-08221-7
https://doi.org/10.1063/1.4977534
https://doi.org/10.1063/1.4997925
https://doi.org/10.1364/OE.20.016892
https://doi.org/10.1063/1.3238296
https://doi.org/10.1364/OE.22.030063
https://doi.org/10.1063/1.3567931
https://doi.org/10.1103/PhysRevLett.110.083901

YUAN TIAN et al. PHYS. REV. APPLIED 13, 064044 (2020)

[33] Y-K. Xu, W.-T. Liu, E.-F. Zhang, Q. Li, H.-Y. Dai, [36] J. Tang, D. Zou, M. Cheng, L. Deng, D. Liu, and M. Zhang,

and P.-X. Chen, Is ghost imaging intrinsically more Single-shot temporal ghost imaging based on orthogonal
powerful against scattering?, Opt. Express 23, 32993 frequency-division multiplexing, IEEE Photonics Technol.
(2015). Lett. 30, 1555 (2018).

[34] S. Denis, P. A. Moreau, F. Devaux, and E. Lantz, Tempo- [37] S. Jiang, Y. Wang, T. Long, X. Meng, X. Yang, R. Shu,
ral ghost imaging with twin photons, J. Opt. 19, 034002 and B. Sun, Information security scheme based on compu-
(2017). tational temporal ghost imaging, Sci. Rep. 7, 1 (2017).

[35] F. Devaux, K. P. Huy, S. Denis, E. Lantz, and P. A. Moreau, [38] K. Yi, Z. Leihong, and Z. Dawei, Study of an encryption
Temporal ghost imaging with pseudo-thermal speckle light, system based on compressive temporal ghost imaging with
J. Opt. 19, 024001 (2017). a chaotic laser, Opt. Commun. 426, 535 (2018).

064044-10


https://doi.org/10.1364/OE.23.032993
https://doi.org/10.1088/2040-8986/aa587b
https://doi.org/10.1088/2040-8986/aa5328
https://doi.org/10.1109/LPT.2018.2861619
https://doi.org/10.1038/s41598-016-0028-x
https://doi.org/10.1016/j.optcom.2018.04.029

	I. INTRODUCTION
	II. EXPERIMENTAL RESULTS
	A. Illustration of acoustic temporal ghost imaging
	B. Experimental ghost images
	C. Comparison of correlation algorithms
	D. Robustness of acoustic temporal ghost imaging
	E. Single-shot temporal ghost imaging

	III. CONCLUSION
	ACKNOWLEDGMENTS
	A. APPENDIX A: DETAILS OF DIRECT IMAGING OF THE TEMPORAL OBJECT
	B. APPENDIX B: THE MATRIX OPERATION OF ACOUSTIC TEMPORAL GHOST IMAGING
	C. APPENDIX C: GHOST IMAGES OF OTHER TEMPORAL OBJECTS
	D. APPENDIX D: THE ROBUSTNESS OF GHOST IMAGING WITH REGARD TO NOISE
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


