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ABSTRACT: Non-line-of-sight (NLOS) detection and ranging aim to identify hidden objects by '
sensing indirect light reflections. Although numerous computational methods have been proposed o Prosiods

for NLOS detection and imaging, the post-signal processing required by peripheral circuits 4 £
remains complex. One possible solution for simplifying NLOS detection and ranging involves the K - [
use of neuromorphic devices, such as memristors, which have intrinsic resistive-switching ‘i@
capabilities and can store spatiotemporal information. In this study, we employed the memristive \ \ Momristor
spike-timing-dependent plasticity learning rule to program the time-of-light (ToF) depth

information directly into a memristor medium. By coupling the transmitted signal from the source

with the photocurrent from the target object into a single memristor unit, we were able to induce a ’

tunable programming pulse based on the time interval between the two signals that were ’

superimposed. Here, this neuromorphic ToF principle is employed to detect and range NLOS 1 ‘

objects without requiring complex peripheral circuitry to process raw signals. We experimentally 73

demonstrated the effectiveness of the neuromorphic ToF principle by integrating a HfO,

memristor and an avalanche photodiode to detect NLOS objects in multiple directions. This technology has potential applications
in various fields, such as automotive navigation, machine learning, and biomedical engineering.

KEYWORDS: memristors, time-of-flight, avalanche photodiodes, non-line-of-sight, spike-timing-dependent plasticity,
neuromorphic computing

Bl INTRODUCTION temporal ToF information.'’™"* This method facilitates the
storage of the detected ToF information in a physical medium
as conductance without requiring complex digital ToF
architectures with numerous transistors and capacitors,
resulting in a miniaturized system footprint. The neuromorphic
3D sensing also allows for a low power consumption of 0.171
mW for single depth acquisition,'® which is below the average
power consumption of other conventional ToF architectures
(0.1—0.65 mW) such as a vernier delay line,"> multiphase delay
line,'* ring oscillator," and vernier ring oscillator.™

NLOS ranging is a promising 3D imaging application based

Mammalian visual systems employ a process known as spike-
timing-dependent plasticity (STDP) that modulates synaptic
weights based on the timing of presynaptic and postsynaptic
spikes.'" The STDP learning rule is an asymmetrical and
temporal form of Hebbian learning that facilitates sparse
asynchronous spiking dynamics of synapses with low-power
neurotransmissions. This process has been replicated in various
artificial synaptic devices, such as resistive-switching random-
access memories (ReRAMs), ferroelectric field-effect transis-

tors, Mott transistors, and electrolyte-gated FETs.””® Among o . o o
o ) - s on the ToF principle, which detects indirect optical signals for
these, ReRAM exhibits nonvolatile resistive transitions based principie, w et phical sig

L 5 . 16 .
on both the timing and amplitudes of the applied electrical visualizing hidden objects. * To demonstrate a neuromorphic

. . . . 6.9 ToF system for NLOS sensing, we integrated the HfO,
spikes, with the information stored as conductance.”

In this study, we employed a memristive STDP learning rule memristors with avalanche photodiodes and a laser light

. . . . . . source, as shown in Figure la (for more details, see Methods).
to acquire non-line-of-sight (NLOS) information using the . - .
o : .. 110 The flexible polyimide substrate allows the device to conform
neuromorphic time-of-flight (ToF) principle.” The ToF

principle calculates the distance by measuring the time
difference between the transmitted and received signals,
considering the constant speed of light.'" The neuromorphic
3D sensing method is based on the ToF principle, which
utilizes the overlap of the transmitted and received signals as
the input for the memristor. Similar to the STDP learning rule,
the conductance of the memristor is programmed using
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Figure 1. Neuromorphic NLOS detection. (a) Schematic of neuromorphic NLOS detection system. The HfO, memristor stores the NLOS
information as conductance via STDP. (b) Illustration of experimental neuromorphic NLOS detection setup. The presynaptic spike is generated via
pulse generator, branched to both memristor and laser. The postsynaptic spike is converted from the reflected optical signal via the avalanche
photodiode and the following transimpedance amplifier. The two spikes sandwich the memristor and program the memristor only if a target object
is scanned. (c) Schematic waveforms of presynaptic and postsynaptic spikes, reset/read and super-positioned pulse signals to memristor from top to
bottom for neuromorphic NLOS detection. The postsynaptic spike 2 is generated from the light scattered by the target object and is coupled with
the presynaptic spike. The superposed waveform programs the memristor with a superposition peak higher than Vj;. Two read pulses are applied to

the memristor to achieve Gg,,; and G

init*

The memristor conductance is initialized by the negative reset pulse.

to a variety of surfaces, enabling their potential use in wide-
field-of-view NLOS detection. Figure 1b illustrates the NLOS
detection process using the neuromorphic ToF system. An
electrical signal from a pulse generator was applied to both the
memristor and a picosecond laser, which served as the
presynaptic spike for the system (Alphalas PLDD-S0M, 750
mW peak power). The emitted laser pulse was reflected off the
target object and received by an avalanche photodiode (APD),
which converted the signal into an electric current
(Hamamatsu $9073). To detect NLOS objects, the emitted
laser pulse first hits a reflective wall and partially scatters. The
partially scattered rays then reach the hidden object.
Subsequently, both the rays reflected from the wall and the
hidden object reach the APD sequentially with respect to the
distances of the ray propagations. The resulting signals are
usually weak because of multiple reflections. Thus, the
observed current signal is amplified and converted into a
voltage signal (postsynaptic spike) using a tunable transimpe-
dance amplifier (Edmund 5$9-179). In the neuromorphic ToF
system, the input signal generated by the superposition of the
presynaptic and postsynaptic spikes, referred to as a STDP
learning rule, is used to program the depth information as the
conductance of the memristor connected to the avalanche
photodiode.

Figure lc shows the waveform details of each spike and
pulse in the neuromorphic ToF system. The observed
information is converted into a postsynaptic spike that
generates a superposed spike (megram) capable of program-
ming the connected memristor upon exceeding a threshold
voltage (V). Presynaptic and postsynaptic spikes were applied
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to the top and bottom electrodes of the memristor,
respectively. Therefore, the programming signal applied to
the memristor is the potential difference between the positive
presynaptic and negative postsynaptic spikes. The first
postsynaptic spike originated from the rays that were directly
reflected from the wall. Thus, the first postsynaptic spike did
not contain information from the target object and was not
coupled to the presynaptic spike. The first read pulse (V4 =
0.1 V and t.,q = 10 ps), after the neuromorphic ToF learning
process, provides a programmed conductance (Ggy,). The
programmed conductance is initialized by applying a reset
pulse (Vieee = —1.5 V and t,., = 10 ps) and then confirmed by
the second read pulse (Gjy.)- The conductance transition is

calculated as AG = (G = o) X 100(%). All the pulses were

init
applied to the top electrode of the memristor, except for the
postsynaptic spike.

Figure 2a shows the current—voltage (I-V) characteristics
of the HfO, memristors, which were measured using a
semiconductor analyzer (Keysight BISO0A). Upon applying a
set voltage of 1.5V, the positive electric field induced a robust
conductive bridge (made up of oxygen vacancies) within the
memristor medium, causing the resistance of the memristor to
abruptly transition from high to low. To prevent Joule heating
degradation, the measurement setup included a 1 mA current
compliance. When —1.5 V is applied to the memristor, the
conductive bridge diminishes, causing the low-resistance state
of the memristor to switch back to the high-resistance state
(HRS). Figure 2b shows the pulse train of a memristor for
analog resistance transition, which is a crucial property for

https://doi.org/10.1021/acsphotonics.3c00448
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Figure 2. Electrical characteristics of artificial synapses. (a) DC current—voltage (I—-V) characteristics of HfO, memristors. The set and reset
voltages are approximately 1.5 and — 1.5 V, respectively. The forming process was conducted at 4 V before the measurement. (b) Average and
standard deviation of 250 pulses potentiation/250 pulses depression five-cycle conductance updates under incremental pulse conditions (200 ns
pulse train with amplitudes from 0.8 to 1.2 V for potentiation and from —0.7 to —0.9 V for depression. (c) Cumulative probability plot of set and
reset states for 100,000 cycles. The applied set and reset voltages are 1.5 and —2 V, respectively (20-us pulse). (d) Spike-timing dependent
plasticity (STDP) response of HfO, memristors. Identical spike geometry is applied for both presynaptic and postsynaptic spikes (from —0.5 to 1.2

V with 20-ns peak-to-peak spike).
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Figure 3. Neuromorphic ToF ranging waveforms. (a) STDP waveforms from the ToF ranging (40, 25, and 10 cm object distances from left to
right). Light-color lines: before the smoothing process. (b) STDP waveforms from ToF ranging with fixed postsynaptic spike. The spike timing of
the presynaptic spike is manually delayed with the fixed postsynaptic spike. The amplitude of the peak potentiation increases with the delay times

that correspond to farther distance (30 and 45 cm).
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then from the wall (Reflection 2). Both reflection signals are detected by the ToF sensor, and the laser steers the angle to another angular position
for the next scanning. (b) Ray-tracing simulations of the NLOS detection. The first peak is from the direct reflection from the wall, and the second
smaller peak is from the NLOS object when the object is located at positions p; (i), p, (ii), and p; (iii). (c) Experimental results of the NLOS
detection. The second peak is coupled to the electrical presynaptic spike to generate the STDP programming (top). Results without coupling for
objects located at each p;, p,, and p; (bottom). (d) Experimental comparison of superposed spiking energy between the scanning positions. As the
object is located at the nonscanning points, less coupling leads to less conductance switching of the memristor. The error bars indicate the standard

deviation.

neuromorphic processing applications. We applied a pulse train
of 200 ns with incremental amplitudes ranging from 0.8 to 1.2
V for potentiation (P) and decremental amplitudes ranging
from —0.7 to —0.9 V for depression (D). A total of 250
potentiation pulses and 250 depression pulses were employed
in a single-cycle test for the conductance update process, and
this analog programming capability was utilized in neuro-
morphic ToF ranging to obtain the depth information.

We also studied the endurance of the resistive switching
devices. The cumulative probability for 100,000 cycles of the
set/reset operation of the memristors is presented in Figure 2c.
The average resistances of each set and reset state are 1.815
and 7.287 k€, respectively. The resistance distribution of each
state during the repeating cycles exhibits a Gaussian
distribution with small set/reset variances (86.71 and 1.118
kQ, respectively). The consistent resistive endurance of the
memristor has potential applications in 3D imaging techniques,
such as light detection and ranging (LiDAR).'*™'® These
techniques require the acquisition of massive point-by-point
data through repeated emitting and receiving of optical flux.

2742

We utilized the above-mentioned analog switching capability
and high endurance of memristors to emulate the biological
spike-timing-dependent plasticity learning rule for neuro-
morphic ToF ranging and NLOS detection applications.
Figure 2d demonstrates the emulation of the STDP learning
rule using memristors. Presynaptic and postsynaptic spikes
were applied to the top and bottom electrodes of the
memristors, respectively. Depending on the time difference
between the two spikes, various amplitudes of superposed
peaks can be achieved. These superposed peaks incorporate
the presynaptic and postsynaptic spikes, programming the
memristor. The conductance transition (AG) of the memristor
increases when the spike-timing difference (At) is small. This
increase can be interpreted as a short distance between the
neuromorphic ToF system and a target object. We mathemati-
cally fit the relationship between conductance transition and

distance as AG=Ae_At/B, where A and B are fitting
parameters. This, combining with the ToF equation, enables
the conductance-to-distance conversion to be achieved as a

(<)

neuromorphic ToF equation, d = ( 7)
https://doi.org/10.1021/acsphotonics.3c00448
ACS Photonics 2023, 10, 2739-2745
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the distance between the system and target object, and c is the
speed of light. The fitting parameters (A and B) and AG can be
experimentally determined.

The waveforms measured experimentally using the neuro-
morphic time-of-flight (ToF) system, for detecting objects at
varying distances (40, 25, and 10 cm from left to right), are
presented in Figure 3a. To compensate for the time delay
caused by the parasitic capacitance and stray inductance of the
system, an intentional spike delay was applied in the NLOS
experiment. For neuromorphic ToF ranging and NLOS
detection, a retro-reflective object with a metal-coated
diameter of 5 cm and 0.9 reflectivity was used. According to
the neuromorphic ToF learning rule, the conductance
transition increases when the distance between the sensor
and object decreases, leading to a higher peak potentiation.
However, distance-dependent attenuation of the reflected
optical signal also affects the conductance transition. We
thus tested the feasibility of the neuromorphic ToF system
using a presynaptic spike with different firing timings but with
an identical amplitude and a fixed postsynaptic spike (Figure
3b). This approach was made possible through compact circuit
design and post signal processing algorithms.'”'® The peak
potential of the programming signal decreased from 1.25 to 1
V when the temporal superposition between the presynaptic
and postsynaptic spikes was reduced by 2 ns. This result
confirmed that the difference between the firing timings of the
presynaptic and postsynaptic spikes led to a tunable
programming signal for the artificial synapses.

Finally, a neuromorphic ToF system is used for NLOS
detection using a time gated STDP learning rule. This was
achieved by overlapping the reference electrical signal and
spike signal received after multiple reflections from the hidden
target object and scattering wall, as shown in Figure 4a. The
APD received two optical signals (Reflection 1 and Reflection
2), which originates from the wall and the target object,
respectively. The time gated neuromorphic ToF system
allowed only the signal reflected from the object to be coupled
with the presynaptic spike to program the memristor. This was
achieved by applying a presynaptic spike after the first strong
reflection signal was received without forming highly super-
posed peaks. Thus, the presynaptic spike was coupled only
with the signal reflected from the object, when the hidden
object was in the scanning region. As expected, no second
postsynaptic spike was generated unless the object existed in
the scanning region. Figure 4b shows the simulated results of
NLOS ray tracing using a two-dimensional model with
geometrical optics (GOP). In this simulation, the target object
was located at three angular positions (10°, 20°, and 30°), and
the second peak was generated only when the object was in the
corresponding angular position. Therefore, the second spike
was coupled with the presynaptic spike to program the
memristors.

We also conducted an experimental demonstration of the
neuromorphic ToF-based NLOS detection, as illustrated in
Figure 4c. The target object was positioned 48 cm from the
center of the wall and rotated at an angular position of 10° to
30°. The laser source and receiver were co-rotated horizontally
to detect the target objects located at different positions (10°,
20°, and 30° from the wall). Electrical input with an amplitude
of 0.7 V and a pulse width of 30 ns was utilized as presynaptic
spikes. The neuromorphic ToF system rotates to select one
position (10°, 20°, or 30°), and the target object is detected
when the scanning direction matches that of the object. The
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second peak in Figure 4c represents the signal reflected from
the NLOS object, which was coupled to the memristor via the
STDP learning rule in the neuromorphic ToF system. The first
postsynaptic spike was time gated with an asynchronous
postsynaptic spike to prevent programming through direct
reflection from the wall. Therefore, only the NLOS signal
(second peak) is coupled with the presynaptic spike, as shown
in Figure 4c. When the NLOS optical scan is applied to an
object located at the target angle, a superimposed spiking
signal is applied to the memristor for programming, which
represents the NLOS detection, as shown in Figure 4d. The
superposed spiking power was calculated by squared voltage
signals, multiplied by the average value of the HRS memristor
of 7.287 k€, and integrated by time. Combined with this
technique, the localization of the two angular bases in the polar
coordinate can be carried out by a 2-axis steering system such
as double axis MEMS mirrors.'®'? Further practical
implementation is also viable by using an APD array that
can scan multiple spots in a single laser shot, so that the entire
scanning time can be significantly reduced.”’ Integration with
multiple focusing lenses and intensity-thresholding compo-
nents, including comparator, amplifier, and filter circuits,” can
alleviate target reflectivity and accurate detection timing issues,
respectively. Moreover, digital and analog co-designed
integrated circuits can offer practical solutions for addressing
distance-related attenuation by using automatic gain modu-
lation through digital logics for different distances and
employing the signal regulation of the postsynaptic spike
through an analog regulation circuit.”

The distance-dependent attenuation issue in the proposed
system, similarly in LiDAR systems, is influenced by the
ambient environment, target reflectivity, and distance. One
effective way to address the ambient light effect is to use a
near-infrared (NIR) light source, which can propagate robustly
through the air.'” Neuromorphic ToF ranging and NLOS
detection can be further improved by minimizing the parasitic
parameters through system-on-chip structures and by using
faster switching artificial synapses, such as ferroelectric,”****
spin-torque,”*® and phase-change devices.”” >’

In conclusion, we successfully demonstrated NLOS
detection using a neuromorphic ToF method. HfO,
memristors were employed for neuromorphic ToF ranging
via nanoscale sandwiching spikes, which exhibited an analog
conductance transition via a pulse train. The coupling between
presynaptic and postsynaptic spikes, electrical turn-on signals,
and multiple-reflected optical signals enabled the NLOS
detection via neuromorphic ToF. The presynaptic and second
postsynaptic spikes were coupled when the target object was in
the same direction as the scanning direction, resulting in high
programming power for the memristors. The proposed
neuromorphic NLOS detection features the processing of
detection information in the memristor medium, thereby
minimizing the need for additional signal processing
algorithms and circuitry required for 3D ranging. We believe
that neuromorphic ToF-based NLOS detection can provide a
simplified and miniaturized 3D vision computing platform with
potential applications in various engineering fields, such as
automotive navigation,m_?’2 machine 1e211'ning,9’33'_35 and
biomedical engineering,’*~**

B METHODS

Device Fabrication. The polyimide substrate was annealed
at 200 °C for 30 min to prevent thermal expansion during the

https://doi.org/10.1021/acsphotonics.3c00448
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fabrication process. The first 100 nm Al,O; buffer layer was
deposited via atomic layer deposition (ALD) at 200 °C,
followed by e-beam evaporation of a 3/25-nm-thick Ti/Pt
bottom electrode. A HfO, medium (5 nm) was deposited
using ALD at 200 °C, and a Ta top electrode (55 mm?) of SO
nm thickness was deposited using DC magnetron sputtering.

Ray Tracing. The COMSOL Multiphysics software was
used to simulate NLOS ray tracing. The refractive index of the
object was 1.46, the maximum number of secondary rays was
set to 500, and a wavelength of 660 nm was used to determine
the ray properties. The cone angle of the beam emitted from
the inlet was 18°. The object in this simulation was an ellipse
with major and a minor axis of 22 and 4 cm, respectively. A
scattered-reflection surface was used to determine the surface
properties of the object. A-ray detector was used to count the
photons passing through the detection area. The laser and
detector were located at 10°, 20°, and 30° with respect to the
center of the horizontally oriented rectangle. At these angles,
the objects were placed 40 cm from the rectangular barrier and
27.5 cm above the horizontally oriented rectangle.
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