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Abstract: Non-line-of-sight (NLOS) imaging is a rapidly developing technology with significant
potential applications. Achieving fast and high-resolution imaging is crucial in practical scenarios.
In existing NLOS imaging methods, most approaches rely on time-consuming scanning to detect
scenes, which makes it challenging to achieve rapid acquisition. Some methods propose
replacing the scanning process with array detectors; however, these approaches are limited
by the number of pixels in the array detector and time jitter, making it difficult to achieve
high-resolution object reconstruction. This paper introduces digital micromirror device (DMD)
modulation into the scan-free NLOS system and proposes a high-resolution imaging method
called pixel shift modulation non-line-of-sight (PSM-NLOS) imaging. By adopting a pixel shift
modulation acquisition mechanism, we establish a fine scanning acquisition system based on
DMD modulation, enabling rapid sub-pixel sampling. The light field evolution characteristic in
non-confocal scenarios is investigated, and the effects of illumination and detection regions on
time jitter are incorporated into the light field modeling. Considering issues such as ambient light
and pixel crosstalk in the array detectors, we achieve high-resolution imaging of hidden objects
through model inversion and frequency domain filtering. This method breaks the resolution
limit of NLOS systems, enhancing the spatial resolution from 7 cm to 1 cm while significantly
improving the reconstruction quality of hidden objects. Moreover, the modulation approach
is compatible with various techniques such as the scan-free boundary migration method, the
virtual waves method, and the light-cone transform method, and can also serve as an independent
modulation strategy to enhance imaging resolution, demonstrating considerable reference value.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Non-line-of-sight (NLOS) imaging enables the visualization of hidden scenes outside the field of
view (FOV) of the detector by leveraging indirect reflections of light scattered from the hidden
scene onto other surfaces. NLOS imaging technology garners significant attention due to its
wide-ranging applications, including autonomous driving, medical imaging, remote sensing,
robotic vision, cave exploration, and public safety [1-7]. In recent years, various solutions
based on different principles have been proposed for NLOS imaging, including wavefront
shaping [8], ordinary camera-based imaging [9-11], thermal imaging [12], acoustic imaging
[13], frequency-modulated-continuous-wave techniques [14], and transient imaging based on
photon time-of-flight (TOF) [3,15-19]. Among these imaging methods, transient imaging is
one of the most widely used in NLOS imaging. Despite the advancements in transient imaging
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technology, achieving both high-resolution and rapid imaging remains challenging due to several
limitations. First, NLOS imaging typically requires at least three-bounce reflections, leading to
significant spherical wave attenuation. The signal strength of the received light drops by several
orders of magnitude, necessitating a relatively long detection duration to collect sufficient signal
photons, which limits imaging speed and quality [20]. Second, the commonly used galvanometer
scanning technique struggles to balance scanning speed and resolution, rapid imaging often
requires reducing the number of sampling points, thereby degrading image resolution [21-27].
Third, if array detectors are used instead of traditional scanning methods, although the acquisition
speed is greatly improved, the imaging resolution is limited by the number of detector pixels [28].
Additionally, compared with the scanning system, considerations must be made for the influence
of detection FOV on the temporal and spatial broadening of the signal, making high-resolution
imaging difficult. Therefore, existing methods often address only single aspects of the problem,
failing to balance imaging speed and resolution, which imposes constraints on the practical
application of NLOS imaging.

Transient NLOS imaging methods based on photon TOF are limited in spatial resolution by the
total time resolution of the system, which restricts resolution to the centimeter scale [14,29,30].
To overcome this limitation, modeling the three-dimensional spatial-temporal kernel matrix and
incorporating it into the forward evolution model can mitigate the effect of broadening caused by
long distances, thus enhancing resolution [3]. Using backscattered photons from the line-of-sight
scenario as a prior for deconvolving the time histogram, the Richardson-Lucy deconvolution
method can reduce the spatial resolution to one-third of the original [31]. Deconvolving the
instrument response function of the system overcomes the bottleneck in NLOS imaging resolution
caused by the system [29]. Designing an up-conversion single-photon detector with a high
time resolution of 1.4 ps can enhance the lateral resolution to 2 mm [30]. While these methods
effectively improve resolution, they require dense scanning on the relay wall to gather spatial
information, resulting in lengthy data acquisition times and difficulty in achieving rapid imaging.

Most NLOS methods rely on galvanometer scanning for extended periods to achieve indirect
scene information acquisition, which imposes certain limitations on the development of NLOS
technology. If the scanning mode is not changed, reducing the number of scan points to decrease
acquisition time may affects imaging resolution and quality [21-27]. Reducing the collection time
per detection point requires optimization algorithms for imaging, leading to longer reconstruction
times [32]. By utilizing spectral filtering and motion compensation algorithms, the number
of scan points can be reduced to quickly acquire low-resolution images for target localization.
Subsequently, higher-resolution images can be reconstructed by combining multiple frames of
low-resolution image subsets [20]. Although this method incurs some delay, it can achieve rapid
imaging through software optimization.

Using digital micromirror device (DMD) modulation [33,34] or array detectors [28,35,36]
can partially or completely replace the galvanometer for spatial scanning, further enhancing
acquisition speed. Combining a single-photon detector with a DMD reduces acquisition time to
0.8 s, the used DMD has a 22 kHz refresh rate and high single-photon sensitivity [33]. Structured
sampling based on single-pixel detectors and DMD can increase acquisition speed by five times
[34]. Using array detectors to partially or completely replace scanning offers strong advantages
in dynamic scene detection speed. With two custom 16X 1 array detectors, sparse scanning with a
galvanometer achieves a maximum acquisition speed of 5 fps [35]. To further enhance acquisition
speed, the scan-free boundary migration (SCBM) method is presented, which uses a 32x32
detector array instead of laser scanning, achieving a maximum of 151 Hz [28,36]. However,
for scan-free NLOS imaging, semiconductor manufacturing processes limit the pixel count of
single-photon avalanche diode array detectors [37-39]. To ensure the detection area, lens is
needed to focus the detection surface of the array detector on the relay wall, which will expand
the detection FOV corresponding to a single pixel of the detector. This affects the temporal and
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spatial information detected, leading to some blurring in the reconstructed object results and
impacting imaging resolution [3,40]. Limited by the number of detector pixels and high time
jitter in existing scan-free systems, achieving high-resolution imaging is challenging. Using
multiple array detectors significantly increases system size and cost. Mechanical movement
methods are restricted by the time required for pointing mechanisms, which makes it difficult to
ensure rapid imaging [41].

To achieve fast and high-resolution NLOS imaging, this paper combines DMD with array
detectors and proposes a high-resolution NLOS imaging method called PSM-NLOS. First, based
on the existing array detection, the fine scanning is performed by combining DMD modulation.
The movement of detection region can reach sub-pixel precision, which can break through the
inherent resolution limitations of the devices and enable rapid sub-pixel sampling. Then, a
non-confocal system model is established, which considers the effects of the DMD, laser and
other devices and detector FOV on imaging, the temporal and spatial broadening of the signal is
modeled as a three-dimensional blur kernel. Finally, high-resolution imaging of hidden scenes
is achieved through model inversion and frequency domain filtering. Our method can reduce
the impact of signal broadening on imaging, requiring only a minimum of four modulations to
achieve scene acquisition, improving the lateral resolution to 1 cm , and enabling high-resolution
imaging of hidden objects. It can also achieve imaging under the scene with ambient light
interference. The proposed method is the first to introduce DMD modulation into scan-free
NLOS systems. Considering the high refresh rate and high single photon sensitivity of DMD, its
introduction does not significantly affect system acquisition speed but adds a new modulation
capability, hoping to provide a new approach for NLOS imaging.

2. Methods

For the traditional scan-free NLOS methods, the number of detector pixels is equivalent to the
number of samples, the imaging resolution is still limited by the detector array [28]. Furthermore,
the system has a high time jitter. Therefore, it is difficult to achieve high-resolution imaging. To
overcome this issue, we propose solutions from both hardware and software perspectives.

In terms of hardware, we achieve sub-pixel sampling based on the DMD spatial modulation.
The NLOS imaging model and method based on pixel shift modulation proposed in this paper
are based on the system shown in Fig. 1. The imaging system consists of a laser, an array
detector, a DMD, a total internal reflection prism, lenses, and a narrowband filter. The laser
(BLAZER-GR10) uses a high-power pulsed laser at the 532 nm wavelength band with a maximum
power of 8 W, a pulse width of 8 ps, and a repetition frequency of 20 MHz. The object scene
hidden from the direct line of sight, and the actual power used by the laser is 1 W. After being
incident on the relay wall, the laser scatters, and part of the photons are reflected into the hidden
scene, some of them reach the relay wall after scattering again in the hidden scene. This study
uses an array detector (Photon Force PF32-USBC-MLA-500k, pixel count: 32x32) combined
with DMD modulation for spatial sampling to obtain information about different detection areas
on the relay wall. As shown in the lower left corner of Fig. 1, a 50 mm focal length lens is used
to image the detection area of the array detector onto a 320x320 pixels range at the center of
the DMD chip (pixel count: 1024x768, pixel pitch: 13.68 um), with one pixel of the detector
corresponding to 10x10 pixels of the DMD chip. A total internal reflection prism is placed
in front of the DMD to change the direction of the modulated light path. In front of the total
internal reflection prism is a 4 mm focal length lens that focuses the detection FOV onto a
120 cmx120 cm area on the relay wall. Spatial encoding modulation can be performed based
on the DMD, and the array detector collects TOF data carrying the information of the hidden
scene after modulation. The refresh rate of the DMD is as high as 22 kHz, meeting the system’s
fast detection requirements. A narrowband filter (Thorlabs FLH532-4) is added in front of the
detector to remove some environmental interference light. The standard transistor-transistor
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logic signal output by the laser can serve as the trigger for the array detector. The time-related
single-photon counting of different pixels in the array detector operate independently, and the
detector has a micro-lens array to improve duty cycle and collection efficiency.

(a) Occlusion wall

Pulse laser

=% Modulation and
Hidden object ; | detection module

Relay wall

(DLens 1 @ Total internal reflection prism @DMD @Lens 2 GFilter ®Array detector

Fig. 1. NLOS imaging system model based on DMD modulation. (a) The optical setup of
the NLOS imaging system. (b) Experimental setup of the modulation and detection module.
(c) Hidden object scene.

It is assumed that there are no occlusions in the hidden scene, and both the relay wall and the
hidden objects are Lambertian, ignoring mutual reflections between hidden objects and reflections
beyond three times. The system adopts a non-confocal structure, with the laser incident point and
the detection point on the relay wall located at different positions. As shown in Fig. 1(a), the
modulation and detection module focus the detection plane of the array detector onto the relay
wall for measurement. The illumination point of the light is fixed, and each pixel of the detector
corresponds to a different pixel area on the DMD, which corresponds to different detection areas
on the relay wall by modulation. For a detection pixel on the array detector, the modulation
process of the DMD can be expressed as:

Y = Htpup, (D

where H is the mask corresponding to the detection point on the DMD, which is an N X T
matrix, N represents the number of modulations and T represents the mask pattern of a 10x10
pixel area on the DMD corresponding to the detection pixel on the array detector. Tpyp is the
spatiotemporal measurement result received by the 10x10 pixel area on the DMD, which is a
T x S matrix, with S representing the number of repeated acquisitions. Y is the three-dimensional
spatiotemporal measurement result received at a single detection pixel after spatial modulation
by the DMD, and it is an N X S matrix.

In the system shown in Fig. 1, a single pixel of the array detector is projected onto a 10x10
pixels area on the DMD through a lens with a focal length of 50 mm. A 7X7 pixels region is
selected as the detection area for a single pixel, and the detection area undergoes changes across
the entire 10x10 region. The array detector has 32x32 pixels, the time-correlated single-photon
counting for each pixel operates independently, such changes need to be synchronized to each
pixel, ultimately forming a mask on the DMD, each change corresponds to a different mask. By
expanding the receiving optical path and ignoring the influence of components like the total
internal reflection prism and DMD on the optical path direction, the simplified optical path of
the DMD modulation process shown in Fig. 2(a) can be obtained. In the receiving optical path,
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the signal carrying object scene information first reaches the DMD. After being modulated by
different masks on the DMD, the signal undergoes different changes. After each modulation, the
array detector detects a set of low-resolution data (32x32x §), where S is the number of repeated
acquisitions. Figure 2(b) shows the detection region on the relay wall under different modulations.
It can be observed that by implementing spatial modulation via the DMD, the movement of the
detection area can be accurately controlled to sub-pixel precision. The high refresh rate of the
DMD also ensures that this method is applicable to NLOS systems with the fastest detection
speeds exceeding 150 fps. By collecting a series of low-spatial-resolution data corresponding
to different masks, higher-spatial-resolution data can be calculated through computation. The
sub-pixel displacements between these low-resolution data provide frequency aliasing constraints,
which are the essence of super-resolution reconstruction [42—45].
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Fig. 2. The schematic of the PSM-NLOS method. (a) The simplified optical path of
the DMD modulation process. (b) The detection region on the relay wall under different
modulations. (c) The influence of Fourier-domain filtering on the time response histogram
collected by a pixel of the array detector. (d) The 3D reconstruction algorithm process of the
PSM-NLOS method.
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For each independent pixel, the imaging of the detector onto the DMD can divide one original
detector pixel into 10x10 virtual detector pixels. By designing the DMD mask, signals from
only 7x7 virtual detector pixel regions can be collected each time. Each modulation of the
DMD can shift the virtual detection area by one or two virtual detector pixels, thus achieving
sub-pixel detection for actual detection points and obtaining more detailed information [46].
The combination of multi-frame low-resolution data detected into high-resolution data Y} can
overcome the inherent resolution limitation of the imaging system. Note that the number of
DMD pixels corresponding to a single detector pixel, the number of DMD modulations, and the
number of virtual detector pixels moved each time can all be designed according to actual needs.
The number of corresponding pixels on the DMD should consider both the imaging effect of a
single detection and the required number of modulations. The number of modulations should
balance imaging quality with acquisition time, generally, good results can be achieved with
four modulations. Increasing the number of modulations will increase the acquisition time and
computational load. However, if higher resolution is required for the scene, more modulations
can be considered. The number of virtual detector pixels moved each time should be designed
based on the corresponding pixel count on the DMD and the number of modulations. The
DMD-modulated subpixel acquisition method proposed in this paper can be applied to any TOF
reconstruction method, such as the SCBM method [28], light-cone transform (LCT) method [16],
phasor field method [18] and so on.

In software, considering the impact of time jitter on imaging, we improved the modeling for
NLOS scenarios based on array detectors and achieved high-resolution imaging of hidden scenes
based on model inversion and frequency-domain filtering. For simplicity, assume that the relay
wall is a flat plane located at z = 0. The light emitted by the pulsed laser illuminates a point
(x7, ¥1,0) on the relay wall. After diffuse reflection from the relay wall, the entire hidden scene
is illuminated. The array detector can record photon TOF information containing structural
information of the hidden object.

Let the distance from the laser irradiation point (x;, y;, 0) to a point (x, y, z) on the object be
denoted as r}, and the distance from a detection point (xs, ys, 0) on the DMD to the point (x, y, z)
be denoted as r,. The data Tpyp detected from the DMD can be expressed as [3,16,36]:

1
TDMD(xS1ySs t) = ¢(x5‘9ys» t) * /[/' ﬁp(&y’ 2)6(1"1 + r2 - lc)dXddes (2)
QI
where
o= ¢xy - s, (3)
X
¢Xy = eXP(—ZT‘_xz - ZT"}Z)’ (4)
t2
= exp(———). 5
¢ = exp( 20_[2) Q)

Here, c is the speed of light, and p is the albedo of the hidden scene in the three-dimensional
half-space Q. The Dirac delta function ¢ simulates the propagation of light from the relay wall to
the hidden object and back to the relay wall.¢ represents the three-dimensional blur kernel, ¢,y
denotes the spatial intensity distribution of the detection FOV on the relay wall corresponding to
a single detection pixel, while ¢, represents the time jitter of the entire system. Both ¢,, and ¢,
can be expressed as Gaussian functions with standard deviations oy, oy, and o3, respectively. *
represents convolution.

Modeling non-confocal scenarios directly is rather complex and computationally expensive.
We propose the non-confocal transformation (NCT) correction method [28] to transform the
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data Tpyp detected on the DMD into confocal scenario data T]’)MD, correcting the position of the
detection points to (x., y¢, 0). The confocal scenario data 7/, can be expressed as:

’ 1 7
Tomp Xes Ve 1) = G(Xe, Yoo 1) * '[//Q r—4p(x, v,2)0(2r, — tc)dxdydz = ¢(xc, ye, t) = ' (x¢, Yer 1), (6)
C

where r = V(xe =02 + (e = )% + 2 I'(¥e. Yo 1) = [[fly 77X y.2)0(2rc — te)dxdydz.
Based on the LCT model, a change of variables is performed by letting u = z> and v = (7
and Eq. (6) can thus be rewritten as [16]:

24y
T)

tc )2

’
TDMD ()CL- s Ve

. 2 1
= $(xe, e, W) [V ///Q 2_x/ﬁp(x, s Vi)3((xe = x)* + (ve = ¥)? + u = v)dxdydu] ~ (7)

- 2 ~ 2
= P(xe, Ve, g) 1" (xe, ye, g)’
where (5 = &xy . (5[’ (5)6)' = _2x 2 ) ¢t z)

Letting RA{I"} = v*/°T'(x., y, 27), Rz{p} = mp(x, ¥, \/ﬁ), h=6((xc=x) + (e =y)* +u—v),
and the following formula can be obtained: R,{I’} = h * R.{p}. Where & is a shift-invariant
three-dimensional convolution kernel, p represents the albedo of the hidden object, the transform
R, nonuniformly resamples and attenuates the elements of volume p along the z axis, and the
transform R, nonuniformly resamples and attenuates I’ along the tlme axis [16]

The discrete free-space propagation operator can be expressed as I = R; 'HR.p = Ap, where
matrix H is the shift-invariant three-dimensional convolution operation, the vectorized volume of
the albedo of the hidden object is represented as p, and A = R, 'HR, is the light transport matrix
[16]. The discrete imaging model can be expressed as:

THMD = @l = DAp, (8)

where the matrix @ represents the shift-invariant three-dimensional convolution operation (i.e., a
convolution with a discretized version of the kernel ¢) [16].

By inverting this model and applying the convolution theorem, the Wiener deconvolution filter,
and a free-space propagation solver based on LCT, the albedo p of the hidden object can be
recovered [47].

The overall workflow of the method is shown in Fig. 2. First, based on DMD modulation,
sub-pixel acquisition as shown in Fig. 2(b) is implemented. After each modulation, the array
detector will detect a set of low-resolution data (32x32x S). The multi-frame low-resolution
data is combined into high-resolution data to obtain a higher resolution reconstruction result. As
shown in Fig. 2(c), due to the introduction of DMD, total internal reflection prism and lens, both
detection efficiency and noise are affected. There is also pixel crosstalk in the array detector, and
the detected signal is greatly affected by noise. In addition, the applicability of the algorithm
under environments with lights on needs to be considered. For this problem, as shown in Fig. 2(c),
we use short-time Fourier transform for time-frequency analysis. From the histogram of the
time response collected by one pixel of the array detector, it can be found that the detected
signals contain substantial noise with a low signal-to-noise ratio. In addition to uniformly
distributed noise, there exist sharp noise components, resulting in noise distribution across both
low frequency and high frequency. As shown in the time-frequency analysis results in Fig. 2(c),
the uniform noise is distributed in the low-frequency range, while the signal frequencies are
slightly higher than this noise component. However, significant spectral overlap exists between
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them, making it difficult to separate noise from signal by simply removing partial low-frequency
components. Some sharp noise components are distributed in high frequencies, and this portion
of noise can be removed through low-pass filtering to better extract object information. Finally,
leveraging the modeling with the blur kernel and the non-confocal imaging model, the Wiener
deconvolution filter and the free-space propagation solver based on LCT are utilized for object
reconstruction. As shown in Fig. 2(d), after post-processing such as grayscale stretching, the
high-resolution three-dimensional imaging results of the object are obtained.

3. Experiment

This paper introduces DMD modulation into scan-free NLOS imaging systems for the first
time. The system uses an array detector instead of galvanometer scanning to realize rapid
data acquisition, and realizes sub-pixel sampling based on DMD spatial modulation. The high
precision and refresh rate of DMD modulation allow the system to preserve the acquisition speed
advantage of the array detector while capturing more detailed information and overcoming the
inherent resolution limitations of the imaging system to obtain high-resolution data. For the
system used in this study, factors such as pixel crosstalk among array detectors, the influence of
the FOV of individual detection points on the temporal and spatial broadening of the signal, and
the impact of introducing components like DMD, total internal reflection prisms, and lenses on
system time jitter, detection efficiency, and noise interference must be considered [28,36,48]. We
model the temporal and spatial broadening of the signal as a three-dimensional blur kernel and
incorporate it into the system model. Object scene recovery is achieved through model inversion
and frequency-domain noise filtering.

We demonstrate the reconstruction capability of our method in the non-confocal scenario based
on array detectors, and compare the imaging effects of our method with that of the scan-free NLOS
imaging method based on an array detector—the SCBM method, NLOS classical method—the
phasor field method and the LCT algorithm. We show the enhancement of modulation on
imaging resolution and showcase the compatibility of our modulation approach with different
methods. Moreover, we test the imaging resolution of our method, its ability to distinguish
human poses, its performance under various acquisition times, and its imaging capabilities under
environment with light. These results are compared with those of other methods, which also
show the advantages of our approach.

3.1. Imaging performance verification of the proposed PSM-NLOS method

In order to verify the actual imaging performance of our method, we present the imaging results
of our method and different fast imaging methods, as shown in Fig. 3. The hidden scene consisted
of four handmade targets: “L”, “O”, “u”, and a dual-target “LU”. Since the LCT method applies
to confocal scenes, we used the NCT algorithm to correct the data into confocal data before
performing the reconstruction. The overall detection area on the relay wall is 120 cm X120 cm.
If only single modulation is performed, the spatial resolution of the collected data is 32x32, and
the spatial resolution of the imaging result is also 32x32. By comparing the imaging effects of
different methods, it can be observed that the phasor field method recovers object structures with
significant missing parts and high background noise. The LCT method is able to basically restore
the shape of objects but also has high background noise. The SCBM method has less background
noise compare to the other two methods, but it also has issues with structural loss. All three
methods mentioned above have problems with blurry object structures and noise interference in
imaging. Our method comprehensively considers the effects of signal broadening and noise on
imaging, allowing it to basically recover the clear structure of hidden objects and significantly
reduce the interference of background noise on imaging, demonstrating strong noise robustness
and significant imaging advantages. By comparing the last two columns of reconstruction results,
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it can be seen that multiple acquisitions and modulations can recover more detailed information
of objects, improving the imaging effect.

SCBM Phasor field LCT+NCT Our method Our method
(PSM=1) (PSM=1) (PSM=1) (PSM=1) (PSM=16)

PSM: pixel shift modulation
Fig. 3. Comparison of imaging performance of different fast imaging methods.

For the closely spaced dual-target “LU”, due to the difference in distance between the two
targets and the relay wall, the reconstruction results of the two targets obtained by SCBM, phasor
field and LCT methods all have intensity differences, and the target with lower intensity is more
affected by noise. Additionally, the structure of the recovered two targets is partially adhered, so
it is difficult to distinguish the structure of the targets accurately. Under single modulation, our
method can recover the basic shape of the targets, but the two targets still exhibit some degree of
adhesion. By performing spatial dimension modulation multiple times using DMD, more spatial
dimensional information of the objects can be explored, overcoming the inherent resolution
limitations of the imaging system to achieve high-resolution imaging. From the last column of
the imaging results, it can be observed that multiple modulations could solve the issue of slight
adhesion in the reconstructed result and accurately restore the two independent objects.

To investigate the influence of the modulation times on imaging performance, as shown in
Fig. 4, the reconstruction results of the LCT method and our proposed method under different
modulation times are shown. The spatial resolution of the imaging results is 32x32, 64x64, and
128x128 for 1, 4, and 16 times of collecting modulations, respectively. It can be observed that
the more modulation times applied, the more complete the recovery of object structural details.
For objects with relatively simple structures or not tightly structured, four modulation times are
sufficient to restore the structural information of the objects. For the dual-target shown in the
last line of Fig. 4, it can be found that there is slight adhesion between the two targets under
single modulation, while the two targets are basically separated after four modulations. After 16
modulations, the two independent targets can be clearly restored. The modulation method can
also serve as an independent step and is applicable to other methods such as LCT, which can
improve the imaging details and resolution.

3.2.  Resolution capability verification of the proposed PSM-NLOS method

To verify the imaging resolution capability and resolution advantage of our method, as well as to
validate the applicability and effectiveness of the modulation method for different methods, we
investigate the system’s resolution limitations and experimentally test the lateral resolutions of
SCBM, phasor field, LCT methods, and our proposed method. For the NLOS system based on
array detectors, the lateral resolution of the system satisfies [16]:

c- Vw2 +72

Ax > ,
- 2w 4
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Fig. 4. The influence of modulation times on imaging.

where c is the speed of light, the total detection area on the relay wall is 2w X 2w, z is the distance
between the object and the relay wall, and vy is half the full width at half maximum (FWHM) of
the system’s overall time jitter. Additionally, the number of spatial dimension samples affects the
lateral resolution. If the sampling is performed at NxN, the resolution of the reconstructed object
scene will also be NxN. However, if the sampling interval exceeds the theoretical resolution, the
actual resolution will decrease accordingly [24,36]. For the NLOS system shown in Fig. 1, the
total detection area of the relay wall is 120 cm X120 cm, and the overall time jitter of the system
is 330 ps. If the distance between the object and the relay wall is 50 cm, the theoretical lateral
resolution of the imaging can be calculated to be 6.44 cm according to Eq. (9). If only single
DMD modulation is performed, the sampling interval is 3.125 cm. Our method can weaken
the impact of signal temporal and spatial broadening on imaging and improve the actual lateral
resolution of the imaging based on multiple DMD modulations. The reconstruction results of
the SCBM, phasor field, LCT method, and our method under different DMD modulation times
are shown in Fig. 5. The hidden objects are comprised three foam resolution bars aligned along
the same axial position, the two leftmost bars maintained a fixed 7 cm spacing. The position of
the rightmost resolution bar is adjusted multiple times, achieving lateral distances of 6 cm, 4 cm,
2 cm, and 1 cm relative to the central resolution bar. From the imaging results, it can be found
that DMD modulation can significantly improve the imaging resolution and is applicable to all
methods. Our method can further reduce the impact of factors such as time jitter and noise on
imaging, enabling clearer differentiation of scene information. The imaging resolution can reach
as low as 1 cm, which can basically meet the needs of most practical scenarios.

To validate the practicality of the proposed method, we conduct imaging experiments using
a mannequin model as the hidden object, capturing various poses. Figure 6 compares the
reconstruction results of five different poses using SCBM, phasor field, LCT, and our method.
Prior to data acquisition, ground truth (GT) references are obtained by photographing the object
with a conventional camera. Columns 2-4 in Fig. 6 display the imaging results of SCBM, phasor
field, and LCT under single DMD modulation. Due to signal broadening and noise interference,
these methods struggle to accurately resolve the object’s pose. Our approach effectively mitigates
signal broadening and noise, enabling clear discrimination of different poses. Furthermore, we
adopt a sub-pixel acquisition scheme with four DMD modulation times, and the imaging results
are shown in the last column of Fig. 6. It can be found that with the increase of modulation times,
more details of spatial dimensions can be collected, and the spatial resolution of imaging results
is also improved.
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Fig. 5. Lateral resolution performance comparison of different methods under varying
modulation times.

GT

GT

3.3. Influence of repetition times and modulation times on imaging

In this paper, an array detector combined with DMD modulation is adopted to replace galvanometer
scanning, enabling rapid acquisition of hidden scenes. We evaluate the minimum acquisition
time required for targets “L” and “LU” under different modulation times, with results presented
in Fig. 7. It can be observed that, for the single target “L”, if single modulation only repeats
sampling 1000 times, i.e., the collection time is about 0.0112 s, the basic structure of the object
can be restored, though with some loss of fine details. When the repetitions are increased to 2,000,
i.e., 0.0217 s, the structural information can be substantially recovered. When performing 4 or
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SCBM Phasor field LCT+NCT Our method  Our method
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Fig. 6. Comparison of mannequin model pose reconstruction performance using different
methods.

even 16 modulations, the object structure can still be effectively restored with 1000 repetitions per
modulation. The refresh rate of DMD can reach up to 22 kHz, which hardly affects continuous
rapid acquisition, facilitating system assembly and synchronized integration. For more complex
targets such as “LU”, the required acquisition time will increase. In the case of 4 modulations,
the object structure can be well restored when the number of repetitions per modulation is 2000.

GT RAT: 1000 RAT: 2000 RAT: 10000 GT RAT: 1000 RAT: 2000 RAT: 10000
LCT+NCT
(without PSM)
Our method
(without PSM)
Our method
(PSM=4)
Our method
(PSM=16)

Acquisition time
under single 0.0112 0.0217 0.1023 under single 0.0112 0.0217 0.1023

modulation (s) modulation (s)
RAT: Repeated acquisition times

Fig. 7. The influence of repetition times and modulation times on imaging.

However, as the number of modulations increases, combining low-spatial-resolution data
obtained under different masks to generate higher-spatial-resolution data not only leads to an
increase in acquisition time but also significantly increases the computational load for subsequent
imaging algorithms, thereby prolonging the overall imaging time. For instance, calculating data
with a spatial resolution of 32x32 requires our imaging algorithm to take 0.024 s computation
time. If the spatial resolution is increased to 64x64, the required computation time becomes
0.107 s. For a data with a spatial resolution of 128x128, the computation time extends to 0.469s.

The introduction of DMD modulation can enhance the spatial resolution and imaging details of
the image, but it will also increase the time cost to a certain extent. Therefore, the selection of the
modulation times also needs to be considered comprehensively. Combined with the experimental
results and analysis of Figs. 3—7, four modulations can achieve rapid high-resolution imaging
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of the object. If the object structure is relatively compact or the spacing between objects is
small, and these scenarios require higher imaging resolution, the number of modulations can be
appropriately increased to obtain imaging results with higher spatial resolution.

3.4. Imaging capabilities of the proposed PSM-NLOS method under the scene with
ambient light interference

We also test the effect of turning on the lights on imaging. As shown in Fig. 8, the hidden scene
includes single targets “U” and “u”, dual-target “LU”, as well as one pose of the mannequin model,
with an illuminance of 248 1x under lighted conditions. It can be observed that turning on the
lights introduces more environmental noise, thereby increasing the interference to imaging. The
filtering performed in the frequency domain in this paper can remove some of the environmental
noise, thereby better restoring the information of the target. Therefore, under the scenario with
ambient light interference, our method can still basically eliminate the noise influence and achieve
high-fidelity restoration of the hidden scene.

SCBM Phasor field LCT+NCT Our method Our method Our method
(PSM=1) (PSM=1) (PSM=1) (PSM=1) (PSM=4) (PSM=16)

] -
GG

# -
Fig. 8. Comparison of the imaging capabilities of different methods under the scene with
ambient light interference.

4. Discussion

According to the theoretical analysis and experimental demonstration, several discussions are
clarified as follows:

(i) Considering the difficulty of rapid data acquisition in scanning-based NLOS methods
[16—-18] and the limited imaging spatial resolution caused by detector arrays in scan-free
approaches [28,36], we propose for the first time the integration of a DMD with an
array detector to develop a high-resolution NLOS imaging method based on pixel-offset
modulation, called PSM-NLOS. The large pixel array and precision of the DMD enable
the system to achieve accurate sub-pixel sampling, while its high refresh rate satisfies
the demand for rapid data acquisition in systems based on array detectors, thus allowing
our method to achieve fast and high-resolution imaging. Compared to conventional
scan-free systems [28], the implementation of DMD modulation requires the introduction
of additional devices. In addition to considering pixel crosstalk among array detectors
and the influence of the FOV of individual detection points on the temporal and spatial
broadening of the signal, the addition impact of introducing components like DMD, total
internal reflection prism, and lenses on system time jitter, detection efficiency, and noise
interference must be considered. For these challenges, this paper establishes a non-confocal
system model. By modeling the broadening as a three-dimensional blur kernel and
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(ii)

(ii)

combining it with spatial sub-pixel sampling, we achieve high-resolution imaging of the
hidden scene through model inversion and frequency domain filtering.

The fine sub-pixel acquisition with fine sub-pixel precision based on DMD modulation
can capture more spatial dimension details. Experimental results demonstrate that the
modulation method enhances imaging resolution and is applicable to various methods such
as SCBM, virtual wave, and LCT. To verify the performance of the proposed PSM-NLOS
method, we test its ability to recognize different poses of the mannequin model, its imaging
performance under different acquisition times, and its applicability under the scene with
ambient light interference. We also demonstrate the imaging advantages of our method
compared to SCBM, virtual wave, and LCT in various scenarios. Our method mitigates the
impact of signal broadening on imaging, achieving a lateral resolution of 1 cm, which meets
the needs of most practical scenarios and enables accurate identification of mannequin
model poses. With single modulation, the acquisition time required to restore the structural
information of the object is approximately 0.0112 s. With four modulations, image quality
can be improved and high-resolution imaging of the object can be achieved. Furthermore,
this paper analyzes noise conditions under the scene with ambient light interference and
performs frequency domain filtering to partially suppress noise interference, endowing
our method with strong noise robustness and improving structural information extraction
capability.

There are various methods to enhance the lateral resolution in imaging, including interpo-
lation [24] and different super-resolution techniques [21,49]. These methods are based on
models for data estimation, and the effect depends on the accuracy of the model. However,
more refined modeling demands longer computational time [42,43] and often struggles
to achieve the required effect and stability for practical detection tasks. In this paper,
based on the variation of the DMD mask, the movement of the detection area is precise
to sub-pixels, which can obtain more detailed information of the scene and overcome
the inherent resolution limitations of the imaging system to obtain high-resolution data.
This hardware-based modulation approach enables rapid and accurate high-resolution
data acquisition without requiring additional modeling, while maintaining stability and
adaptability across diverse scenarios. Our work represents the first integration of DMD
modulation into NLOS systems based on array detectors, introducing a novel modulation
strategy for this architecture. Future research could explore additional DMD-based modu-
lation schemes [50] or incorporate alternative modulation methods [51,52] into NLOS
systems, potentially further enhancing system performance and practical utility. Moreover,
recent studies have demonstrated the feasibility of TOF-based imaging through a scattering
layer using array detectors [53]. Existing modulation methods, including the proposed
DMD modulation method, could be further explored for broader applications.

5. Conclusion

To achieve rapid and high-resolution imaging, this paper introduces the DMD modulation for
the first time into the scan-free NLOS system, proposing a PSM-NLOS imaging method. The
three-dimensional blur kernel derived from signal broadening modeling is incorporated into the
non-confocal scene modeling. By leveraging the rapid modulation of the DMD, fine sub-pixel
sampling in the spatial dimensions of the scene is achieved. Finally, the object’s fine structure is
obtained through model inversion. This method achieves an imaging resolution of up to 1 cm
and can accurately identify different poses of mannequin models. The time required for a single
modulation acquisition is only 0.0112 s, and high-resolution imaging of the object can be achieved
with as few as four modulations, which preserves the speed advantage of the system based on
the array detector. This method is also applicable in scenes with ambient light interference and
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has certain noise robustness. Additionally, the modulation method is compatible with different
methods such as SCBM, virtual waves, and LCT, and can serve as an independent modulation
method to enhance imaging resolution.
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