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Abstract: Non-line-of-sight (NLOS) imaging, which allows the recovery of hidden scenes outside the direct view, holds
immense  potential  across  numerous  fields.  However,  conventional  scanning-based  NLOS  imaging  systems,  face  a
fundamental trade-off between imaging speed and resolution due to their reliance on scanning relay surfaces, where
dense  sampling  prolongs  measurement.  Here,  we  introduce  a  scanning-free  NLOS  imaging  technique  that  adapts
laser  reflective  tomography (LRT)  to  reconstruct  hidden objects  by  exploiting the diffuse relay  surface as  a  natural
beam  expander.  Our  method  requires  only  single-point  detection  of  third-bounce  photons,  effectively  breaking
through  the  resolution  and  speed  limitations  imposed  by  scanning.  Compared  with  scanning-based  approaches,  it
delivers a twofold enhancement in spatial resolution and a 91-fold improvement in imaging speed. Furthermore, we
extend the advantages of this method to long-range experiments, demonstrating NLOS imaging over 3.3 km with a
resolution of 3 cm in 3 minutes, establishing new benchmarks in imaging range, resolution, and speed for NLOS imaging.
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 1    Introduction
As  a  cutting-edge  computational  imaging  technology  capa-
ble of detecting hidden targets beyond direct visibility, non-
line-of-sight  (NLOS) imaging has  garnered extensive  atten-
tion  in  recent  years1.  By  overcoming  the  inherent  line-of-
sight limitations of conventional imaging techniques, NLOS
imaging  holds  significant  potential  across  a  wide  range  of
domains  including  medical  diagnosis,  self-driving  system,
emergency  search  and  rescue,  and  industrial  inspection,
providing  innovative  solutions  to  imaging  challenges  in
complex  scenarios.  Over  the  past  decades,  diverse  NLOS
imaging approaches have been developed, including speckle
correlation2−6,  wavefront  shaping7,8,  neural  network9−11,  and
time-of-flight  (ToF)  imaging12−15.  Some  technologies  have
also confirmed that light field modulation methods exert an

optimizing  effect  on  NLOS  imaging8,16,17.  Among  these,  the
ToF-based  NLOS  imaging  has  emerged  as  one  of  the  most
extensively explored methods attributed to its strong robust-
ness  against  environmental  interference  and  relatively
mature technical framework.

Despite  advances  in  hardware  and  reconstruction  algo-
rithms that have extended imaging range18, enhanced resolu-
tion19−21,  and improved real-time performance22−25,  the ToF-
based  NLOS  imaging  systems  remain  fundamentally
constrained  by  a  trade-off  between  imaging  speed  and
spatial  resolution.  In  principle,  these  systems  rely  on  scan-
ning a  relay surface with a  pulsed laser,  measuring the ToF
signals  of  multiply  scattered  photons  with  high  temporal
resolution  detectors,  and  then  reconstructing  the  hidden
scene  through  efficient  algorithms.  This  scanning-based
paradigm  essentially  leads  to  a  conflict  between  achieving
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fast imaging and high-resolution simultaneously. Achieving
fast imaging requires decreasing the sampling density on the
relay  surface  or  shortening  the  acquisition  time  of  each
detection  point,  which  leads  to  information  loss  or  lower
signal-to-noise  ratio (SNR),  thus degrading the image reso-
lution.  Some  algorithms  can  mitigate  the  impact  of  under-
sampling,  but  at  the  cost  of  increased  reconstruction
time25−28.  While  array  detectors  can  acquire  data  rapidly,
they  face  challenges  in  achieving  high-resolution  imaging
due  to  high  temporal  jitter  and  photon  crosstalk23,24.  To
achieve  high-resolution  imaging,  a  large-area  dense  scan  of
the relay surface is required to obtain sufficient spatial infor-
mation, as the resolution improvement in NLOS imaging is
closely related to the increase in scanning aperture. Usually,
during  the  sampling  process,  the  scanning  area  needs  to  at
least  exceed the  orthographic  projection area  of  the  hidden
scene. For example, detecting a hidden space of 40 cm × 40
cm × 40 cm requires a scanning aperture of at least 40 cm ×
40 cm, but the resolution may still be insufficient to present
the fine features of the hidden target at this time. To obtain
higher  resolution,  the  scanning  aperture  needs  to  be
expanded  several  times,  creating  a  contradiction  where  the
smaller  the  hidden  target,  the  larger  the  required  scanning
aperture. In addition, when the scanning aperture increases,
the  spacing  between  scanning  points  needs  to  be  main-
tained smaller  than the object  detail  size,  which leads  to  an
increase in the number of measurements and thus prolongs
the overall acquisition process. At the same time, the expan-
sion  of  the  scanning  aperture  requires  a  large-area  relay
surface, which is difficult to achieve in practical applications.
Therefore, if fast and high-resolution NLOS imaging can be
achieved  without  scanning,  using  only  a  single  relay  point
for  detection,  it  will  broaden  the  application  potential  of
NLOS imaging.

In  recent  years,  some  breakthrough  technologies  in
conventional  line-of-sight  imaging  have  achieved  remark-
able  results  in  high-resolution  and  fast  imaging29−40,  inspir-
ing  us  to  explore  their  application  in  NLOS  scenarios  to
solve  the  above  problems.  Among  them,  laser  reflective
tomography  (LRT)  stands  out  as  a  non-scanning  active
imaging technique that  can circumvent the resolution limi-
tation  imposed  by  aperture  size41−47.  Its  basic  principle  is
similar to that of computed tomography (CT), except that it
uses  reflection  signals  instead  of  transmission  signals  to
reconstruct the object image. The specific process of LRT is
to  emit  an  extended  laser  pulse  to  completely  cover  the
detection target, after a relative angular displacement occurs
with the target and the laser echoes reflected by the target at
different  angles  are received,  then a tomographic algorithm
is  used  for  image  reconstruction.  The  spatial  resolution  of
this technology is primarily governed by the detector band-
width,  the  laser  pulse  duration,  and noise  level,  rather  than
the  working  distance  or  optical  receiving  aperture.  As  a
result, LRT combines high-resolution with rapid acquisition,
eliminating the need for point-by-point scanning.

Here,  we  present  a  novel  NLOS  imaging  technique  that
adapts  LRT  to  hidden  scene  reconstruction.  By  exploiting
the  diffuse  scattering  of  a  relay  surface  as  a  natural  beam
expander,  we  extend  LRT  principles  to  the  NLOS  regime,
offering  a  novel  imaging  paradigm  for  scenarios  such  as
detecting occluded rotating blades in engines or identifying
vehicles  or  drones  turning  around  corners.  In  short-range
indoor experiments, our method reconstructs hidden objects
using  only  triple-scattered  light  signals  from  a  single  point
on  the  relay  surface,  delivering  a  2-fold  improvement  in
resolution  and  a  91-fold  increase  in  imaging  speed
compared  to  conventional  scanning-based  NLOS  imaging.
Importantly,  these  advantages  persist  in  long-range  scenar-
ios,  where  NLOS  imaging  is  demonstrated  at  a  distance  of
3.3  km,  attaining  3  cm  resolution  while  requiring  only  3
minutes  for  data  collection,  representing  the  longest-range
NLOS imaging with the highest resolution and fastest speed
reported to date.

 2    Results
 2.1  Principle of LRT for NLOS imaging

In  typical  ToF  imaging  NLOS  systems,  the  main  compo-
nents  are  a  laser,  a  time-resolved  detector,  a  relay  surface,
and  the  hidden  object.  During  imaging,  short  laser  pulses
illuminate  the  relay  surface,  then  the  light  propagates  into
the  occluded  region,  scatters  from  the  hidden  object,  and
returns to the relay surface for a third scattering before being
captured  by  the  detector.  At  the  second  scattering,  the
spatial  features  of  the  hidden  object  are  encoded  into  the
ToF  of  the  scattered  light.  The  detected  signals  can  be
processed using efficient  algorithms to estimate the geome-
try  of  the  concealed  object.  However,  detecting  only  the
signals  from a  single  point  on  the  relay  surface  is  generally
insufficient  for  NLOS  image  reconstruction.  High-quality
reconstruction  requires  dense  scanning  of  the  relay  surface
to  acquire  abundant  data,  which  is  time-consuming.  Even
with  the  use  of  array  detectors  or  optimized  algorithms  to
enhance  data  acquisition efficiency,  another  core  limitation
cannot be avoided: the requirement of a large scanning aper-
ture for high-resolution imaging.

For  the  aforementioned  NLOS  imaging  system,  when  it
adopts  a  confocal  configuration,  i.e.,  the  laser  illumination
point  coincides  with  the  detection  point,  the  lateral  resolu-
tion can be formulated as12: 

Δxs =
√
1+

z2

w2 ·
cγ
2

, (1)

where z denotes  the  separation  between  the  hidden  object
and the relay surface, w indicates the half-width of the scan-
ning  aperture, c represents  the  speed  of  light,  and γ is  the
timing  jitter  associated  with  the  detection  system. Eq.  (1)
indicates  that  high-resolution  imaging  requires  reducing z
and γ,  or  increasing w.  In  practice, z cannot  be  actively
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controlled  in  NLOS  scenarios,  reducing γ is  possible  but
often leads to increased system cost and complexity. There-
fore, increasing w,  that is, expanding the scanning aperture,
represents  the  straightforward approach to  enhance  resolu-
tion.  This  principle  aligns  with  conventional  optical  imag-
ing  systems,  where  larger  aperture  yields  higher  resolution.
Nevertheless,  in  many  real-world  situations,  the  scanning
aperture is constrained by the finite size of the relay surface,
imposing  a  fundamental  physical  limit  on  the  achievable
resolution.

The  imaging  resolution  of  LRT  is  independent  of  the
working distance and optical aperture, relying instead on the
temporal  resolution  and  SNR  of  the  detection  system.  This
property has already enabled LRT to overcome the aperture-
limited lateral resolution in line-of-sight imaging, and it can
likewise  be  harnessed  to  break  the  resolution  constraint
imposed by the scanning aperture in NLOS imaging. A key
requirement  for  LRT  is  the  use  of  a  beam  expander  to
expand  the  laser,  enabling  it  to  uniformly  illuminate  the
entire  target,  ensuring  complete  information  capture  for

reconstruction.  Remarkably,  this  process  bears  a  striking
similarity to the propagation of light after its first scattering
at  the  relay  surface  in  NLOS  imaging:  the  divergent  scat-
tered  light  naturally  covers  the  hidden  object,  while  in  a
confocal  configuration,  photons  scattered  from  different
parts  of  the  object  can be  detected at  the  original  illumina-
tion point on the relay surface. Owing to its ability to scatter
light divergently into the hidden space, the relay surface can
be  regarded  as  a  natural  beam  expander.  This  analogy
provides  a  conceptual  bridge  for  extending  the  LRT  model
to NLOS imaging, offering a pathway to transcend the reso-
lution limitation.

The  architecture  of  the  NLOS  imaging  system  based  on
LRT,  as  shown  in Fig. 1(a),  is  basically  consistent  with  the
ToF-based  configuration,  with  the  primary  distinction  that
it  eliminates  the  need  for  scanning.  In  scenarios  such  as
detecting rotating turbine blades in aero-engines or identify-
ing  vehicles  or  drones  turning  around  corners,  the  hidden
object  undergoes  rotation,  leading  to  relative  angular
displacements  between  the  object  and  the  detection  point.

 

Visible wall

Hidden object

Detector

Laser

Occluder

Laser
reflec�ve
tomography

Time (ns) Angle (°)00

0

40

80

120

1
23

120
240

360

Ph
ot

on
 c

ou
nt

s

a

b c

Rota�on axis

Fig. 1 | Schematic of LRT-based NLOS imaging. (a) Schematic diagram of imaging system architecture. (b) Angle-time data collected by LRT method. (c) The
NLOS image reconstructed by tomographic algorithm.
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The  detector  thus  receives  echo  signals  from  the  target  at
varying  angles,  which  can  be  processed  through  tomo-
graphic imaging algorithms to reconstruct the hidden object.

In  most  practical  situations,  the  hidden  target  is  posi-
tioned  far  enough  from  the  relay  surface  that  the  scattered
light  covering  the  object  can  be  approximated  as  a  parallel
beam, thereby simplifying the LRT model  in NLOS scenar-
ios. To satisfy this approximation, the difference between the
distances from the hidden object’s edge and its center to the
detection point should be smaller than the depth resolution
of the imaging system:  √(wo

2

)2
+ z2 − z ≤ cγ

2
, (2)

wo

f(x, y)

f(x, y)

where  is  the  width  of  the  object.  Specifically,  the  ray
propagating  along  the  parallel  beam  and  the  object’s  rota-
tion axis intersect to define a plane, which we refer to as the
meridional  plane.  The  plane  perpendicular  to  the  merid-
ional plane is defined as the sagittal plane. The projection of
the hidden target’s contour onto the sagittal  plane can then
be  represented  as  a  reflectivity  function .  At  a  given
detection  angle θ,  the  single-pixel  detector  records  a  one-
dimensional triple-scattered signal modulated by the object,
which  is  mathematically  the  Radon  transform  of  partial

 at this angle and can be described by: 

p(r, θ) =
w
Lr,θ

1
r4
f1(x, y)dl , (3)

Lr,θ

f1(x, y)
f(x, y)

f2(x, y)

p(r, θ+ π)

where  denotes  the  ray  along  the  propagation  direction
of  the  scattered  light, r=ct/2  with c being  the  speed of  light
and t the  ToF  of  the  scattered  photons,  and  repre-
sents  the  portion  of  facing  the  detection  point.  In
LRT,  light  cannot  penetrate  the  object,  thus,  the  opposite
region  which  is  denoted  as  cannot  be  measured.
However,  this  complementary  region  contributes  to  the
signal  after  the  object  rotates  by  π,  yielding .  By
applying a symmetry transformation along the rotation axis,
this signal is converted to: 

p(2d− r, θ+ π) =
w
Lr,θ

1
r4
f2(x, y)dl , (4)

p(r, θ)

where d is  the  perpendicular  distance  from  the  detection
point to the object’s rotation axis. Superimposing this trans-
formed  signal  with  the  initial  signal  provides  the
complete projection of the reflectivity function: 

p∗(r, θ) = p(r, θ) + p(2d− r, θ+ π) =
w
Lr,θ

1
r4
f(x, y)dl . (5)

For  a  full  rotation  cycle  of  the  object,  if  scattered  signals
are  acquired  at  2m angles,  the  superposition  approach
described above can be used to obtain complete projections
at m angles, as illustrated in Fig. 1(b). The object’s image can
then  be  reconstructed  using  the  filtered  back-projection
(FBP),  a  standard  method  in  CT,  with  the  reconstruction

process described by: 

f(x, y) =
∑m

i=1
F−1 {|ω|F [r4p∗(r, θ)]} , (6)

|ω| F
F−1

where  is  the  frequency  domain  filter,  represents  the
Fourier  transform,  and  denotes  the  inverse  Fourier
transform.  The  representative  reconstruction  outcome  is
shown  in Fig. 1(c).  In  practice,  this  procedure  involves
applying  Fourier  transform  to  the  projections  from  each
angle,  filtering  in  the  frequency  domain,  combining  the
filtered data,  and ending with an inverse  Fourier  transform
to  obtain  the  reconstructed  image.  More  derivation  details
are provided in Supplementary Section 1.

By incorporating the above LRT workflow into an NLOS
imaging scheme, the transverse resolution can be written as: 

Δxl =
cγ

2cosφ
, (7)

1/cosφ <
√

1+ z2/w2

where φ represents the angle between the object surface and
the sagittal plane. While this resolution is also influenced by
the  SNR  of  detection  system  in  practice,  it  is  no  longer
constrained  by  the  separation  between  the  target  and  the
relay  surface,  nor  by  the  scanning  aperture.  In  scenarios
where  the  object  lies  far  from  the  relay  surface  or  the
detectable  aperture  on the  relay  surface  is  small,  the  condi-
tion  is generally satisfied. A compari-
son between Eq. (1) and Eq. (7) therefore indicates that LRT
enables higher resolution in NLOS imaging.

Owing  to  its  distinctive  angular  projection  sampling
scheme, LRT further enables substantially faster data acqui-
sition. Whereas conventional scanning-based methods typi-
cally require tens of thousands of sampling points to achieve
high-resolution  reconstruction,  LRT  attains  comparable  or
even  higher  resolution  with  data  collected  from  only  a  few
hundred angular  projections.  This  markedly  accelerates  the
imaging  process  and,  importantly,  requires  only  a  single
relay  point  for  signal  detection,  thereby  relaxing  the
constraints imposed on the relay surface.

 2.2  Laboratory experiments

To validate  the  feasibility  of  NLOS imaging using LRT and
compare its performance with conventional scanning-based
approaches,  we  construct  a  confocal  imaging  system  as
presented  in Fig. 2(a).  The  system  employs  a 1550-nm
pulsed  laser  operating  at  50  mW  average  power  with  a  12
MHz repetition rate and a 2 ps pulse width. A single-photon
avalanche  diode  (SPAD) with  a  temporal  jitter  of ~80  ps  is
used in gating mode to detect  scattered light  signals,  which
gate  out  the  signals  of  first-bounce  light.  A  time-correlated
single-photon  counting  (TCSPC)  module  with  a  temporal
resolution of  1  ps  records photon histograms at  a  temporal
bin width of 16 ps. The overall system temporal jitter is ~100
ps, corresponding to a ranging resolution of 1.5 cm.

The  experimental  setup  is  installed  in  a  laboratory
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environment,  where the laser  is  positioned about 5 m from
the relay wall and illuminates the wall at an incident angle of
~45°. A photograph of the setup is provided in Supplemen-
tary  Section  3.  For  scanning-based  NLOS  imaging,  the
hidden object is arranged to face the relay wall with a separa-
tion of 60 cm, as depicted in Fig. 2(b). A fast steering mirror
(FSM) is used to deflect the laser, scanning a 43 cm × 43 cm
area on the relay wall  with 128 × 128 pixels.  Each pixel  has
an  exposure  time  of  0.1  s,  leading  to  an  overall  acquisition
time  of ~1638 s.  For  LRT  imaging,  the  hidden  object  is
mounted on a rotation stage tilted at 45° relative to the hori-
zontal plane and placed at the same 60 cm distance from the

relay  wall,  as  shown  in Fig. 2(c).  The  FSM  is  fixed  at  the
origin, such that only a single point on the relay wall is illu-
minated and detected, while the rotation stage is  controlled
to rotate at 20°/s. With data integrated every 0.1 s, a total of
180 angular views are acquired in 18 s for image reconstruc-
tion,  giving  LRT  an  acquisition  rate  91  times  higher  than
that  of  scanning-based  imaging.  The  number  of  pixels  in
LRT  reconstruction  depends  on  the  number  of  time  bins
recorded  by  the  TCSPC,  which  can  exceed  tens  of  thou-
sands,  allowing  for  high-resolution  reconstruction.  For
consistent comparison with scanning-based imaging, a 128 ×
128  pixel  region  corresponding  to  a  43  cm2 spatial  area  is
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Fig. 2 | Experiments on short-range NLOS imaging based on LRT. (a) Diagram of the system optical path. (b) Schematic diagram of the point scanning mode.
(c) Schematic diagram of the LRT mode. (d) Imaging targets and reconstruction results of different methods.
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selected from the reconstructed images.
Three  different  objects  are  reconstructed  in  experiments:

a mask representing a human face, a letter "F" and a fan with
a small  hole  on one of  its  vanes,  as  shown in Fig. 2(d).  The
two holes  representing the eyes  on the mask have a  diame-
ter  of  4  cm,  the  parallel  strokes  of  the  "F"  are  spaced  4  cm
apart, and the defect hole on the fan measures 3 cm in diam-
eter.  For  the  scanning-based  data,  reconstructions  are
performed  using  three  fast  imaging  algorithms:  LCT, f-k
migration  and  phasor-field,  each  requiring  tens  of  seconds
for  computation.  In  contrast,  LRT  reconstructions  are
performed  using  FBP,  a  fundamental  and  rapid  CT  algo-
rithm which complete the computation in a few seconds.

The reconstruction results for each method are presented
in Fig. 2(d).  While  scanning-based  methods  fail  to  resolve
fine details of the objects, LRT clearly render these features.
This outcome is consistent with the calculated lateral resolu-
tion of 4.7 cm for scanning-based imaging versus 2.1 cm for
LRT,  indicating  a  2-fold  improvement  in  resolution  that
matches  the  object  feature  scales.  The  quantitative  evalua-
tion of image quality is characterized by peak signal-to-noise
ratio (PSNR) and structural similarity index (SSIM), both of
which validate the superior performance of LRT, indicating
smaller deviations from the ideal  target and more complete
structural  recovery.  The  detailed  parameters  of  the  LRT
reconstruction  algorithm  are  described  in  Supplementary
Section 2.

The  LRT  method  is  further  extended  to  image  a  three-
dimensional (3D) hidden object, a human head sculpture. In
this  experiment,  the  rotation  stage  is  placed  horizontally,
with its  rotation axis  perpendicular  to the horizontal  plane,
while other parameters remain identical to those used in the
two-dimensional  object  imaging  experiments.  The  target  is
rotated  in  three  different  poses,  yielding  three  distinct
projection  views,  as  shown  in Fig. 3.  Using  only  a  single

relay  point,  LRT reconstructs  3D object  as  slice  projections
on the sagittal plane. Owing to the vertical rotation axis, the
lateral  resolution  is  improved  to  1.5  cm,  enabling  clear
reconstruction of the target’s external contour.

 2.3  Outfield experiments

The  advantages  of  high-resolution  and  rapid  imaging
offered  by  LRT  become  more  pronounced  in  long-range
NLOS  imaging.  In  distant  scenarios,  scattered  photons  are
severely  attenuated,  necessitating  increased  exposure  time
to  accumulate  detectable  signals.  For  scanning-based
approaches,  this  requirement  leads  to  prohibitively  long
acquisition  time.  In  addition,  the  spatiotemporal  broaden-
ing  effect  becomes  more  significant,  further  degrading
resolution.

To  assess  the  long-range  NLOS  imaging  performance  of
LRT,  outdoor  experiments  are  conducted  in  the  suburb  of
Chengdu.  A satellite  view of  the experimental  site  is  shown
in Fig. 4(a).  The  imaging  system  is  deployed  at  site  A
(30°26'39''N,  104°10'21''E),  with  a  free-space  link  of  3.3  km
to site B (30°25'22"N, 104°8'54"E), where the hidden scene is
located.  The optical  layout is  basically identical  to the labo-
ratory  configuration,  except  for  the  addition  of  a  custom
telescope with a 350 mm aperture after the FSM to collimate
the  emitted  laser  and  enhance  the  efficiency  of  collecting
scattered light, and a narrowband filter to suppress interfer-
ence  from  ambient  light  [Fig. 4(b)].  To  ensure  sufficient
photon  flux,  a 1550-nm pulsed  laser  with  300  mW average
power,  21  MHz  repetition  rate,  and  7  ps  pulse  width  is
employed while retaining the same SPAD and TCSPC as in
the  laboratory  experiments.  The  hidden  scene  is  situated
inside an observatory [Fig. 4(c)], where only a 0.5 m × 0.5 m
diffuse  relay  wall  is  directly  visible  to  the  imaging  system,
and  the  hidden  object  is  concealed  behind  a  black  curtain

 

a b c

Fig. 3 | LRT reconstruction of NLOS 3D target. (a) View from the front. (b) View from the side. (c) View from the top.
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[Fig. 4(d)]. The hidden object is mounted on a rotation stage
tilted at  45°  relative  to  the  horizontal  plane and placed ~60
cm from the relay wall [Fig. 4(e)]. The stage rotates at 2 °/s,
and  the  imaging  system  integrates  scattered  light  signals
once  per  second,  collecting  data  from  180  angular  view-
points  over  a  total  duration  of  3  min.  The  system  records
data with a temporal bin width of 16 ps and a temporal jitter
of ~200  ps.  To  suppress  the  spatiotemporal  broadening
effect  and  improve  the  signal  intensity,  the  laser  is  focused
onto the relay wall for illumination.

Figure 4(f) presents  the  reconstruction  results  using  LRT
for  two  different  hidden  objects,  a  humanoid  model  and  a
letter “E”. The proposed method successfully generates clear
images of  both objects,  achieving a  resolution better  than 3
cm,  a  level  of  performance  unattainable  with  conventional
scanning-based imaging. Figure 5 presents  a  comparison of
our work with several other works, indicating that our work
has  the  longest  imaging  range,  relatively  less  acquisition
time  and  higher  resolution.  Given  that  indoor  experiments
have  already  demonstrated  the  substantial  advantages  of
LRT over  scanning methods,  and that  a  scanning approach

would  have  required  a  total  acquisition  time  of ~4.5  h  for
this  long-range  scenario,  rendering  it  significantly  time-
consuming and placing extreme demands on system stabil-
ity  and  scanning  precision,  a  long-range  scanning-based
NLOS imaging experiment is not performed.

 

3.3 km
A

B

5 cm 5 cm 5 cm 5 cm

a
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d

f

Fig. 4 | Experiments  on  long-range  NLOS  imaging  based  on  LRT.  (a)  Satellite  view  of  the  experimental  site.  (b)  Photograph  of  the  detection  system.
(c) External view of the target end. (d) Scene within the field of view at the target end. (e) NLOS scene at the target end. (f) Imaging targets and their LRT
reconstruction results.
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 3    Discussion
In  summary,  we  introduce  a  rapid  high-resolution  NLOS
imaging  framework  based  on  LRT.  By  exploiting  diffuse
relay  surfaces  as  natural  beam  expanders,  we  demonstrate
that  the  LRT  model  can  be  effectively  applied  to  NLOS
scenarios.  Leveraging  its  aperture-independent  resolution
and unique angular projection acquisition mode, LRT over-
comes  the  resolution  and  imaging  speed  limitations  of
conventional scanning-based approaches, achieving a 2-fold
improvement  in  resolution  and  a  91-fold  acceleration  in
imaging speed in laboratory experiments. We further extend
the method to long-range applications, where it successfully
reconstructs  hidden  objects  at  a  distance  of  3.3  km  with  a
resolution better than 3 cm in only 3 min. To the best of our
knowledge,  this  represents  the  highest  resolution,  fastest
imaging speed, and longest detection range reported to date
in  the  field  of  kilometer-scale  NLOS  imaging.  This  result
indicates that the proposed LRT-based NLOS imaging is not
limited  to  laboratory  conditions  but  can  evolve  into  a
general tomographic sensing framework for dynamic indus-
trial  inspection,  intelligent  navigation,  and  remote  sensing,
laying  the  foundation  for  practical  applications  of  NLOS
imaging.  Looking  forward,  for  targets  with  non-uniform
rotation  or  translational  motion,  motion  estimation  can  be
introduced to track the target, followed by motion-compen-
sated  reconstruction.  Compressed  sensing  methods  or
reconstruction  approaches  incorporating  prior  information
and regularization can be adopted to handle sparse and non-
uniform sampling data.  In addition, deep learning methods
may also be applied to address complex motion scenarios. In
this work, image reconstruction is performed using only the
computationally  efficient  FBP algorithm to  verify  the  feasi-
bility  of  the  proposed  method.  Iterative  algorithms
combined with total variation regularization can be adopted
to  improve  the  robustness  of  the  reconstruction  under  low
SNR conditions.
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