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Far-Field Subwavelength Acoustic Computational Imaging with a Single Detector
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Acoustic imaging techniques suffer from the diffraction limit due to the loss of evanescent waves that
carry subwavelength information of objects. To overcome the diffraction limit, the evanescent components
have to be collected and measured. Most of the existing methods targeting this task rely on expensive
detector arrays and inefficient near-field point-by-point scanning. Here, we propose and experimentally
demonstrate the realization of a far-field acoustic subwavelength imaging method based on a single station-
ary detector. Specifically, we utilize a series of masks to structure the detected field, so that the evanescent
wave information is encoded into the propagating waves due to spatial frequency convolution between
the object and masks. Our study shows that, by combining the principles of computational imaging and
metalens, high-quality images of a subwavelength object can be reconstructed in the far field, even in the
presence of unwanted scatterers. Our work provides a robust method for far-field acoustic subwavelength
imaging, which could bring possibilities for acoustic microscopy and could further be applied to medical
ultrasonography, underwater sonar, and ultrasonic nondestructive evaluation.
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I. INTRODUCTION

Acoustic imaging techniques have been widely used in
areas including medical ultrasonic imaging [1,2], industrial
nondestructive testing [3], and underwater sonar systems
[4]. Traditional acoustic imaging methods generally rely
on detector arrays or detector scanning to accurately mea-
sure the reflected, transmitted, or scattered acoustic field.
These methods, however, have some drawbacks: while
detector arrays are typically expensive and entail complex
driving and receiving systems, detector scanning is inef-
ficient and rely on scanning equipment. To address these
challenges, it is highly desirable to develop a technique for
acoustic imaging with a nonmoving single detector. The
recent development in computational imaging may offer
an elegant solution for imaging using a single-pixel detec-
tor [5–16]. By sequentially projecting a series of spatial
patterns to filter or structure the detected fields and measur-
ing the total transmitted or reflected wave intensity with a
single-pixel detector, it is possible to reconstruct the spatial
information of the object to be imaged.

*luminghui@nju.edu.cn

On the other hand, acoustic imaging is inherently limited
by the diffraction limit [17]. This is because the high spa-
tial frequency information (i.e., subwavelength features)
of an object is carried by evanescent waves, which decay
exponentially as they propagate away from the object
and therefore they cannot be detected in the far field. To
obtain subwavelength resolution (below λ/2, where λ is
the wavelength), one needs to recover the evanescent-wave
components. In the past few decades, various approaches
have been developed to realize subwavelength imaging
beyond the diffraction limit. For instance, the near-field
scanning technique [18,19] is able to collect the evanes-
cent waves by working directly in the nearest proxim-
ity of the object. Recently, acoustic metamaterial-based
lenses, such as negative-parameter metamaterials [20–23]
and extremely anisotropic metamaterials [24–27], have
been proposed to realize subwavelength imaging [20–31].
The dispersion relation and effective material properties of
these metamaterials were engineered in a way to either
amplify the evanescent waves or support the propagation
of evanescent waves. By placing the acoustic metamaterial
lenses in the near-field objects, the evanescent waves can
be carried to the far field. However, once the evanescent
waves exit the metamaterials, they will decay exponen-
tially again. In addition, these methods also heavily rely
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on point-to-point detection or detector scanning, and they
could be very susceptible to environmental interference.
For example, irrelevant or unwanted scattering objects
in the wave propagation path could adversely affect the
signal-to-noise ratio of the imaging results.

In this work, by combining the principles of compu-
tational imaging and metalens, we propose and experi-
mentally demonstrate an acoustic far-field subwavelength
imaging system with a single detector. The masks placed
on one side of the metalens are able to encode the evanes-
cent waves of the object into the propagating waves and
project them to the far field. High-quality images of sub-
wavelength object with a resolution of λ/57 is demon-
strated. In addition, we show that our method is able to
recover the object information even in the presence of
interfering scattering and the detector can be at a flexible
distance that is many wavelengths away from the object.

II. RESULTS AND DISCUSSION

A. Principle of far-field subwavelength acoustic
imaging

The principle of far-field subwavelength acoustic imag-
ing is illustrated in Fig. 1. The imaging target here is a
two-dimensional (2D) object of subwavelength size. When
an incident acoustic wave impinges upon this object, the
evanescent field is confined in the near field and decays
exponentially with distance. As a result, the signals cap-
tured by a detector array in the far field will not contain
any subwavelength information of the object [Fig. 1(a)].
Holey-structured acoustic metamaterials [24] have been
used as a near-field imaging device by supporting the
propagation of the evanescent waves inside its structures
[Fig. 1(b)]. If the incident wave is at the Fabry-Perot res-
onance frequencies, subwavelength features of the object
carried by the evanescent waves can be funneled through
the metamaterials and reach the output surface. However,
as soon as the evanescent waves leave the surface of the
metalens, they will rapidly decay again and cannot propa-
gate to the far field (see simulated imaging results in this
case in Appendix A). In both examples in Figs. 1(a) and
1(b), the subwavelength object cannot be clearly imaged
in the far field.

Instead, in our system shown in Fig. 1(c), a series of
masks are sequentially placed at the output port of the
metalens. The mask here is a 2D acoustic screen with
subwavelength patterns. Due to spatial frequency convo-
lution between the object and masks, the evanescent-wave
components of the object can be encoded into propagat-
ing waves and this information is subsequently transmitted
into the far field, which can be recovered by algorithms
based on computational imaging. We explain the process
of spatial frequency convolution as follows.

B. Theoretical analysis of evanescent waves in
computational imaging

In our imaging system, the acoustic pressure field of the
image plane in real space can be expressed as

p(x, y, zi) = {{[p(x, y, zo)Uo(x, y, zo)]

⊗x,y h′(x, y, zm − zo)}Um(x, y, zm)}
⊗x,y h(x, y, zi − zm), (1)

where Uo and Um are the transmission coefficients of
the 2D object and mask, respectively; zo, zm, and zi
are the positions of the object, mask, and image plane,
respectively; h and h′ represent the acoustic point spread
functions in the free space and the metalens, respectively.

For simplification, we assume the incident wave is the
plane wave, so that p(x, y, zo) = 1. In addition, we assume
that the metalens is a perfect imaging device, that is, the
field from the input port of the metalens can be perfectly
transmitted to the output port of the metalens. Then it
follows that

p(x, y, zi) = [Uo(x, y)Um(x, y)]⊗x,yh(x, y, zi − zm). (2)

According to Eq. (2), the acoustic pressure field of the
image plane in the wave-vector domain can be expressed
as

P(kx, ky , zi) = [Ao(kx, ky)⊗x,yAm(kx, ky)]H(kx, ky , zi − zm),
(3)

where Ao and Am are the spectra of the object and the mask,
respectively; H is the acoustic transfer function in the free
space, which serves as a low-pass filter and is expressed as

H(kx, ky , z) =
⎧
⎨

⎩

ejz
√

k2−k2
x −k2

y ,
√

k2
x + k2

y ≤ k

e−αz (α > 0),
√

k2
x + k2

y > k
, (4)

where α =
√

k2
x + k2

y − k2. If the propagating distance

z � λ, e−αz → 0.
Here, the spectrum of the object Ao can be divided into

two parts: the propagating-wave components A1
o and the

evanescent wave components A2
o, as follows:

Ao(kx, ky) = A1
o(kx, ky) + A2

o(kx, ky). (5)

Equation (3) can be then expressed as

P(kx, ky , zi) = {[A1
o(kx, ky) + A2

o(kx, ky)]

⊗x,yAm(kx, ky)}H(kx, ky , zi − zm). (6)

Equations (4) and (6) show that the evanescent-wave com-
ponents of the object will affect the low-spatial-frequency
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(a)

(c)

(b)

FIG. 1. Illustration of the proposed imaging system. (a) When an incident wave impinges over a subwavelength object, the evanes-
cent field with high parallel momentum that contains subwavelength features of the object exhibits exponential decays with distance,
therefore resulting in the loss of subwavelength information in the far field. (b) Holey structured metalens in the near field of the object
allows the coupling of evanescent waves to propagating waves. But, evanescent fields will exponentially decay again as they leave the
structure and cannot reach farther fields. (c) The proposed far-field imaging system is composed of a metalens, a series of masks, and
a single-pixel detector. The metalens acts as a near perfect imaging device by reproducing the deep-subwavelength information of the
detected object. The masks are used to encode the detected image intensities for different patterns. The single microphone is used to
measure the intensity of the transmitted field, which is used to reconstruct the image of the object by combining the mask patterns.

components of the image plane. Therefore, due to the
spatial-frequency convolution of the object and the mask,
the evanescent waves of the object can be encoded into
propagating waves of imaging plane and reach the far field.
It is worth noting that while Eqs. (2)–(6) are still valid if
the mask and the object exchange position, or if the mask is
directly placed in the near field of the object, the metalens
allows us to place the mask in a more flexible way.

Computational ghost imaging is able to reconstruct the
image of the object by correlating a series of spatially
resolved patterns and the corresponding total transmission
intensity. The object information can be retrieved with the
second-order intensity correlation defined [10] as

C(x, y) = 〈
X i

ref(x, y)Yi〉

N − 〈
X i

ref(x, y)
〉

N

〈
Yi〉

N . (7)

Here, X i
ref(x, y) is the spatially resolved patterns in the

ith measurement, which is known as a priori; Yi is the
total transmission intensity from the bucket measurement,

denoted as the bucket intensity. 〈. . .〉N denotes the ensem-
ble average over a series of N measurements.

In traditional ghost imaging theory, the bucket inten-
sity is contributed by all the components of the transmitted
field containing the evanescent waves and the propagating
waves. In our case, it can be expressed as

Yb1 =
∫∫

|Ao(kx, ky)⊗x,yAm(kx, ky)|2dkxdky . (8)

In the far field, however, the evanescent wave vanishes,
and the bucket intensity is contributed by only the propa-
gating waves, which can be expressed as

Yb2 =
∫∫

√

k2
x +k2

y ≤k
|Ao(kx, ky)⊗x,yAm(kx, ky)|2dkxdky . (9)

We compare the bucket intensity Yi
b1 and Yi

b2 for different
mask patterns, as shown in Fig. 2. It can be seen that Yi

b1
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(a)

(b)

FIG. 2. Illustration of spatial frequency convolution between
object and mask. (a) The subwavelength object “N” and mask
here have a size of 0.21 λ × 0.21 λ and drown on 12 × 12 pixels.
The black dotted line in the spectrogram is the cutoff spatial fre-
quency. After the convolution operation, we calculate the bucket
intensity Yb1 and Yb2. Yb1 is contributed by all the wave com-
ponents and Yb2 is contributed by only the propagating wave
components. (b) The bucket intensity with different mask.

and Yi
b2 follow the same variation trend, resulting in the

same recovered image from Eq. (7). Therefore, the sub-
wavelength features of the object can be realized only by
detecting the intensity of the propagating waves even in

the far field. Considering the deep subwavelength charac-
teristics of the system, the emitted acoustic field can be
regarded as a point-source radiation. As such, we can use a
single-point measurement by a microphone instead of the
bucket measurement.

C. Experimental imaging results

In our experiments, we consider three subwavelength
objects shaped like the letters “N”, “J,” and “U” as the
target images. Each letter has a size of 42 × 42 mm2 and
drawn on 12 × 12 pixels. Figure 3(a) shows the holey
structured metalens. The dependence of the transmission
coefficient versus parallel momentum and frequency is
shown in Fig. 3(b), for the metalens with parameters
A = 3.5 mm, a = 1.75 mm, and H = 100 mm. Flat disper-
sion in both the evanescent and propagating regions of the
wave-vector space can be seen at the Fabry-Perot resonant
frequencies (m = 1–4, corresponding to 1.72, 3.34, 5.15,
6.86 kHz). The modulus of the transmission coefficient
on these lines is 1, indicating that full transmission will
occur at the Fabry-Perot resonant frequencies. We choose
the operating frequency as 1.72 kHz (corresponding to a
wavelength of λ = 200 mm) for demonstration.

The masks have the same size and number of pix-
els with objects. The samples of the objects, metalens,
and masks are fabricated by three-dimensional (3D) print-
ing with commercial photopolymer materials, which can
be regarded as perfectly rigid for airborne sound. To
efficiently couple the evanescent waves, the objects and
masks are placed in contact with the metalens directly. A
speaker confined in a rigid square tube is used for exciting
plane waves (see the details on the experimental setup in
Appendix B).

For the choice of the mask patterns, random patterns
are commonly used in computational imaging, but the
number of its measurements for the reconstruction of an
image with high quality is typically 10 times more than
the amount of Nyquist limit (i.e., the number of image

(a) (b)

FIG. 3. Structure and properties of the metalens. (a) Schematic of the metalens. Geometrical parameters in our case are A = 3.5 mm,
a = 1.75 mm, H = 100 mm. (b) The dispersion relations of the holey metalens in air. At the Fabry-Perot resonances frequencies (m = 1,
2, 3, 4), the modulus of transmission coefficient |T| is 1.
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(a)

(b)

FIG. 4. The spatial information of masks. (a) 144 × 256 partial
Hadamard matrix. (b) Spatial pattern of different masks.

pixels). In addition, various orthogonal patterns, such as
Hadamard and Fourier patterns, have been proposed and
demonstrated for their advantages in computational imag-
ing with a low sampling ratio due to their orthogonality.
Since 0–1 binary patterns contain only two elements “0”
and “1,” they can be conveniently used to design acous-
tic masks, where “1” indicates that the acoustic wave is
allowed to transmit through the corresponding pixel of the

masks and “0” means that the wave is blocked. There-
fore, we consider the 0–1 binary patterns from a Hadamard
matrix as the mask pattern. Note that the Hadamard matrix
is a square matrix whose entries are either “1” or “−1” and
its order can only be a power of 2. As such, we choose a
partial Hadamard matrix and transform “−1” to “0”. In our
case, since the number of image pixel is 144, we choose the
mask pattern from the 144 × 256 partial Hadamard matrix
[Fig. 4(a)] and each column of the matrix (144 numbers) is
rearranged into a 12 × 12 mask pattern [Fig. 4(b)].

Using Eq. (7), we obtain the reconstructed images from
a series of measurements (N = 256). The distance between
image plane and the output port of the metalens is denoted
as D. Figures 5(b) and 5(c) show the imaging results
of detecting in the near field (D = 0.25λ) and far field
(D = 2λ), respectively. The resolution of these images is
λ/57. It can be seen that the subwavelength characteris-
tics of the recovered images are in good agreement with
the target images, confirming the ability of our method
to image the subwavelength object in the far field (more
simulated imaging results at different distances are shown
in Appendix A). It is worth mentioning that although we
use 256 masks in our experiments, the number of masks
required for imaging is not fixed and can be adjusted to the
problem in hand.

We also investigate the performance of our method
under environmental interference. In the experiment, we
place two interfering objects in front of the detector, a steel

(a)

(b)

(c)

FIG. 5. Experimental results. (a)
The target images. (b) Imaging
results for detection in near field
(D = 0.25λ). (c) Imaging results for
detection in far field (D = 2λ).
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(a)

(b)

FIG. 6. Experimental imaging results
under environmental interference. (a)
Schematic diagram of the experimental
system. (b) Imaging results under envi-
ronmental interference (D = 2λ). D is the
distance between image plane and the
output port of the metalens.

plate with holes and a sponge [Fig. 6(a)]. The steel plate
will strongly scatter the transmitted field, and the sponge
will cause multiple scattering as well as sound absorp-
tion. For traditional point-to-point acoustic imaging, these
unwanted environmental interferences could significantly
reduce the signal to noise of the image. Figure 6(b) shows
the experimental imaging results with interfering objects.
We can clearly see the adverse effect of the scattering and
absorption is significantly suppressed and bears virtually
no influence on the quality of the images. This is because
our method is based on the detection of the intensity of the
propagating waves of the transmitted field, and the scatter-
ing and absorption effects in the far field will not affect the
variation trend of the intensity of the propagating waves
for different masks. Therefore, our method is robust against
environmental interferences.

III. CONCLUSION

In conclusion, our experiments have successfully
demonstrated far-field acoustic subwavelength imaging
using a single detector. In addition to showing high-quality
computational images of a subwavelength object with a
resolution of λ/57, our results also suggest that this method
is robust against unwanted scattering. Our method, there-
fore, can prove useful for acoustic microscopy and fea-
ture detection in a complex environment, such as through
highly scattering media and tortuous propagation paths.
Besides, the single detector can be at a flexible posi-
tion, which is beneficial to practical applications. The
system can be scaled to sizes of interest in ultrasonic
medical imaging and nondestructive testing applications
to increase the imaging resolution, offering great promise
for applications in ultrasound imaging at subwavelength
resolution.

The computational imaging method requires multiple
measurements, resulting in long data-acquisition times.
There are several ways to further reduce the data-
acquisition time to enable fast imaging. For example,
optimization algorithms such as compressed sensing [9]
and machine learning [32,33] can significantly reduce the
number of measurements required for imaging. Besides,
frequency-division multiplexing-based metamaterials [34]
enables one-shot computational imaging. Furthermore, 3D
acoustic computational imaging may be realized through
shape from shading with several single-pixel detectors [12]
and time-of-flight technique [35,36].

ACKNOWLEDGMENTS

The work is supported by the National Key R&D
Program of China (Grants No. 2017YFA0303702, No.
2018YFA0306200), the National Natural Science Founda-
tion of China (Grants No. 51902151, No. 11625418, and
No. 51732006). We also acknowledge the support from
the Academic Program Development of Jiangsu Higher
Education (PAPD).

FIG. 7. Simulation of direct imaging at different detecting
distances.
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(a)

(b)

FIG. 8. (a) Simulation of computational imaging at different
detecting distances. (b) Simulation of computational imaging at
different detecting positions.

APPENDIX A: NUMERICAL SIMULATIONS OF
DIRECT IMAGING AND COMPUTATIONAL

IMAGING

To further verify our method, numerical simulations are
adopted using the pressure acoustic module of a com-
mercial finite-element simulation software (COMSOL Mul-
tiphysics). The mess density and sound velocity in air
are chosen as 1.21 kg/m3 and 343 m/s, respectively. The
photopolymer materials are treated as acoustically rigid
boundaries.

For the direct imaging in Fig. 1(b), the simulated imag-
ing results are shown in Fig. 7. The target object “N” has a
size of 0.21λ × 0.21λ. The results show that the subwave-
length features of the object can reach the output port of
the metalens, but they disappear in the far field, because

(a) (b)

FIG. 9. Photos of the experimental setup. (a) Experimental
setup without interfering objects. (b) Experimental setup under
the interfering objects.

the evanescent waves exponentially decay as they leave
the metalens. For the computational imaging, the simulated
imaging results are shown in Fig. 8. We can clearly see that
the computational imaging does not have a strict require-
ment on the position of the detector that can be in a flexible
position.

APPENDIX B: DETAILS ON IMAGING OBJECTS
AND EXPERIMENTAL SETUP

In the experiment, we use a 20-mm diameter speaker
confined in a rigid square tube for the plane-wave inci-
dence. An acoustic pressure probe (Brüel & Kjær 4939
0.25-in. microphone) is fixed on the image plane to detect
the transmitted field. The collected signals are acquired a
multifunction I/O device (National Instruments PCI-6251).
The samples of objects, metalens, and masks are fabricated
by 3D printing with commercial photopolymer materials

FIG. 10. Spectra of the images of “N”, “J,” and “U”.
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FIG. 11. Imaging results for a different number of measure-
ments.

(modulus 2765 MPa, density 1.3 g/cm3). The tolerance of
the fabrication is 0.1 mm, which is less than 3% compared
the pixel size in our case. The experiment setup is shown
in Fig. 9.

The target images “N”, “J,” and “U” and its correspond-
ing spectrogram are shown in Fig. 10, where the black dot-
ted line in the spectrogram is the cutoff spatial frequency. It
can be seen that for the subwavelength objects, there are a
large number of evanescent-wave components, which play
a dominant role in the imaging process. Figure 11 shows
the imaging results for object “N” for a different number
of measurements.

APPENDIX C: MASK ERROR AND IMAGING
QUALITY

The imperfection of the masks in construction and loca-
tion may cause measurement errors and impact imaging
results. Here we discuss this impact as follows. For quan-
titative evaluation, we examine simulated data in this
section.

First, we introduce the peak signal-to-noise ratio (PSNR)

to quantitatively describe the quality of imaging results, as

PSNR = 10 log10

(
M 2

max

MMSE

)

,

where Mmax is the maximum pixel value of the image; nor-
malized is applied in computing PSNR, giving Mmax of 1.
MMSE is the mean square error, which reads

MMSE = 1
m × n

∑

i,j

[C(xi, yi) − T(xi, yi)]2,

where C(xi, yi) and T(xi, yi) are the pixel values of the
reconstructed image and the target image, and m × n is the
number of the pixels of the image.

Next, we discuss the influence of manufacturing toler-
ance and location error of masks on imaging quality. In the
first case of Fig. 12(a), considering the manufacturing tol-
erance of the mask is δ (δ < a), the value of pixel “1” of the
mask becomes a random value p(1 − (δ/a)2 < p < 1).
Figure 12(b) compares the imaging results for differ-
ent manufacturing tolerance. The PSNR values for δ/a =
0.1, 0.3, 0.5, 0.7, and 0.9 are calculated as 26.47, 18.82,
14.31, 11.60, and 9.97 dB, respectively. Furthermore, PSNR
of imaging results for different values of δ/a from 0.01 to
1 are shown in Fig. 12(c). Each value is calculated 100
times to obtain the error bar and the measurement number
N is 256.We can clearly see that as manufacturing toler-
ance increases, the quality of imaging results decreases. In
the second case of Fig. 12(a), considering the location error

(a) (b)

(c)

FIG. 12. (a) The model of masks. (b) Simulated imaging results for different manufacturing tolerances of masks. (c) PSNRs with
δ/a ranging from 0.01 to 1.
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(a)

(b)

FIG. 13. Numerical results considering the noise term I i
noise.

(a) Computational imaging results for different noise levels. (b)
PSNR as a function of DSNR.

of masks (δ < a), all pixels “1” of the mask become a con-
stant q(0 < q < 1) due to the overall misalignment of the
mask. In this case, the imaging results are not affected.

In our experiment, the masks are fabricated by 3D print-
ing and the tolerance of fabrication is 0.1 mm, which is
less than 3% compared to the pixel size. Therefore, the
influence of manufacturing tolerance of the masks on the
quality of imaging results can be ignored.

APPENDIX D: MEASUREMENT ERROR AND
IMAGING QUALITY

There are measurement errors in the detection process
such as background noise that can impact imaging results.
To analyze the effect of noise, a time-varying noise term
I i
noise can be introduced in the detection process as Ŷi =

Yi + I i
noise, where I i

noise is random for each measurement.
Below, we discuss the relationship between noise level and
imaging results.

The detection signal-to-noise radio (DSNR) are intro-
duced to quantitatively describe the noise level, as

DSNR = 10 log10

(
Yi

I i
noise

)

.

The imaging results and the PSNR for different DSNR are
shown in Fig. 13. We can clearly see that as the noise level
increases, the image quality decreases.
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