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Abstract
Wedeveloped a fast-response digital phase conjugatemirror using a 700Hz high-speed liquid crystal
spatial lightmodulator and a high-speed camera. The total delay from signal light acquisition to phase
conjugate light generationwas 9.7ms at 1246× 1024 and 5.9ms at 640× 512. The tracking
experiment performed on a targetmoving at a constant distance perpendicular to the optical axis,
produced an error of 2%. Furthermore, a heated soldering iron, used to compensate for artificially
generated air disturbance, showed that beamwandering and intensity fluctuations were reduced by
86%and 55%, respectively, compared to a phase conjugatemirror with added delay. Phase conjugate
light irradiation of a continuouslymoving target at amaximum speed of 0.9mm s−1 was also
performed. This study shows that real-time digital phase conjugatemirrors can correct wavefront
distortion caused by air fluctuation, which is amajor challenge in long-distance wireless optical
transmission in the turbulent atmosphere, without complicated control, and prevent beamquality
degradation in the presence of atmospheric disturbance.

Introduction

In recent years, wireless optical transmission in the atmosphere has been rapidly gaining attention among
researchers in thefield of optics. In addition to civilian applications, such as long-distance free-space wireless
optical communications between ground and satellites, thesewireless optical transmissions have potential
applications in space development, includingwireless power supply forflying objects such as drones and space
solar power generation [1, 2].

However, turbulence-induced fluctuations in the refractive index of air can distort thewavefront of light
beams traveling in the atmosphere, causing beamwandering, scintillation, and diffusion of the optical beam
[3–5].

In general, gimbalmirrors comprise themost commonly usedmethod for the irradiation of remote targets
with light [6, 7]. Thismethod, inwhich amotor is used to rotate and steer themirror, is highly ineffective in
terms of compensating distortions in light wavefronts caused by atmospheric disturbances. Although adaptive
optics (AO) for wireless optical transmission has been extensively studied, AO requires complex control of a
wavefront sensor and a variablemirrorwhose number of controllablemodes remains limited because the
number of actuators for a variablemirror can only be a fewhundred atmost [8–10].

The phase conjugatemirror generates light with identical wavefronts as the incident light in the opposite
directionwithoutmechanical control [11]. Since the replica of the incident light, or phase conjugate light,
retraces the original incident light path, it automatically travels back to the light source. In addition, optical
wavefront distortions are canceledwhen the phase conjugate light travels backward along the same path [12].
Consequently, the original beamquality can be restored, enabling light to be irradiated close to the diffraction
limit. Therefore, irradiation of a large space using the probe light enables the phase conjugate light to
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automatically capture, track, and focus the light beamon amoving object based on the signal reflected from the
target even in the presence of atmospheric disturbances.

Conventional generationmethods of phase conjugate light use nonlinear opticalmedia. However, each
mediumused has one ormore difficulties, includingwavelength limitations, threshold of incident light
intensity, and narrow aperture, but also frequency shift, different response time, and energymisbalancewith the
incident light [13, 14]. In contrast, we have adopted a digitalmethod for generating phase conjugate light that
uses a camera and a spatial lightmodulator [15, 16]. In this digitalmethod, the camera records the incident light,
and the spatial lightmodulator then generates the phase conjugate light in away that recording and playback are
performed at different locations. Consequently, this eliminates unnecessary interactions between the light
beams and allows for a highly versatile device with no intensity or frequency limitations. For example, our
method enables the acquisition of target information at wavelengths with low scattering characteristics and the
emission of phase conjugate light at wavelengths with high absorption at the target, including the acquisition of
data from the object when necessary. In particular, the use of digital devices facilitates larger sizes, and the large
aperture facilitates long-distance wireless optical transmission using high intensity lasers.

Digital phase conjugatemirrors have often used liquid crystal spatial lightmodulators (SLM) [17]. They are
used in various field such as beam steering, beam shaping for laser processing and optical sensing. Liquid crystal
SLMhave the advantages of highfidelity due to grayscalemodulation and simple setup.However, the delay
imposed by the orientation time of the liquid crystalmolecules is significantly high [18]. For instance, a previous
study reported that the total delay between the acquisition of images and the generation of phase conjugate light
was approximately 0.1 s [19]. In order to generate phase conjugate light before atmospheric conditions change,
response time of the digital phase conjugatemirror should be short. The velocity of atmospheric turbulence
fluctuations is expressed as the time τ= /r v0 inwhich the turbulent velocity (wind speed) v passes through the
Fried (coherence) length r ,0 the length at which thewavefront can be considered a planewave. For example,
Sergeyev et almeasured Fried lengths from2mm to 15 cmover a path ofmore than 3 kmat an elevation of
250 m [20]. Assuming awind speed of 10 m s−1, thefluctuation time ranges from0.2 to 15 ms. Therefore, a
response time of the order ofmilliseconds or less is required to freeze the fluctuations of atmospheric
turbulence.Wang et al obtained a response time of 5.3 ms at 1920× 1080 using amicrooptoelectromechanical
systembased on a digitalmirror device (DMD) andfield-programmable gate array (FPGA) instead of a liquid
crystalmodulator [21]. However, DMDcan only performbinarymodulation andmust be an off-axis system.

In this study, we improved the real-time performance of this systemusing a 700 Hz high-speed liquid crystal
SLMand a high-speed camera. High-speed SLMcan stabilize liquid crystalmolecules in 1.4 ms using the
overdrive technique, which fulfils the application of this study. In our system, the photographed interference
fringes are directly displayed on the SLMand the light is diffracted to generate phase conjugate light. Therefore,
there are nomechanical drive components and no need for phase retrieval, which is performed by phase-
modulated-type digital phase conjugation, so the speed can be increased.We achieved total delay times of 9.7 ms
and 5.9 ms at 1246× 1024 and 640× 512, respectively, and demonstrated tracking of amoving target and real-
timewavefront compensation in artificial atmospheric disturbance.

Experiments and results

As shown infigure 1, the device records and reproduces optical information from a target using two lasers.
Instead of a nonlinear opticalmedium, a charge coupled device (CCD) camera is used to record interference
fringes created by the target signal beam,which are transferred to a liquid crystal SLMand retrieved by the other
laser. In this study, images from a high-speed streaming camera (InfinicamUC-1), with 1246× 1024 resolution
andmaximum1000 fps image capture speed, are transferred to a 1920× 1152 high-speed liquid crystal on
silicon (LCOS) type SLM (meadowalk optics) driven at 714 Hz (table 1). The difference in pixel size between the
camera and the SLM is compensated by placing a lens system in front of Camera 1. The captured interference
fringe patterns are sent to a PC viaUSB 3.1 and displayed on a high-speed SLMvia PCIe. A frequency stabilized
He-Ne laser was used for recording interference fringes, and aHe-Ne laser was used for reading out. The light
fromLaser1 (recording) ismade into aMichelson interferometer using PBS1. One arm is directed to a spherical
mirrorwith f=−200 as a probe light for target detection, and the reflected light is incident onCamera 1 as a
signal light from a virtual point source. The other arm is reflected by themirror and is vertically incident on
Camera 1, and interferes with the reference light to produce interference fringes. Though the coherence length
becomes an issue, reference light can be created by bifurcating and filtering the signal light with zero-path length
difference [22]. The image of the interference fringes is displayed on SLM, andwhen the light fromLaser 2 is
directed perpendicularly to the SLM, a part of the light becomes phase conjugate light through diffraction. Since
the optical paths of the signal light from the target and the generated phase conjugate light are decoupled by PBS
2, Camera 1 and SLMneed to be placed at the same position optically across PBS 2. Part of the phase conjugate
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light generated by SLMenters the observation arm at PBS 3, while the other part is focused 200 mmbehind the
sphericalmirror. In this experiment, the size of the phase conjugate light focuswas 1.1 times the diffraction
limit.

Thefirst stepwas tomeasure the response speed. The response timewasmeasured using a PhotronAXmini
high-speed camera. Amechanical shutter was used to turn off and on the light of Laser 1, and the timing of the
appearance and disappearance of the phase conjugate lightwasmeasured in relation to the blinking of the light
of Laser 1.Our results showed that the response timeswere 9.7± 1.7 ms for the 1246× 1024 pixel INIFINICAM
UC-1 and 5.9± 2.3 ms for the 640× 512 downsampled XIMEAMQ013MG,whichwere comparable to the
response time reported inWang et al [20].

Next, we performed our tracking experiment. The target positionwasmoved in the direction perpendicular
to the optical axis at constant intervals, and the focal position of the phase conjugate light wasmonitored. Our
findings revealed that the phase conjugate lightmoved exactly the same distance as the sphericalmirror
(figure 2), indicating that it followed themovement of the target with an error of 2%.

Figure 1.A schematic diagramof the experimental setup. TwoHe-Ne lasers (Lasers 1 and 2) are used to record and playback,
respectively.WP 1 and 2 are half-wave plates, whileWP3–5 are quarter-wave plates. SF: spatial filter, BE: beam expander, PBS:
polarizing beam splitter,M:mirror, and P: polarizer. Cameras 1 and 2 are used for fringe recording and observation, respectively. The
sphericalmirror is placed on a rail for tracking tests, and a soldering iron is placed under the light path surrounded by dotted lines
during correction tests for artificial air disturbances.

Figure 2.Movement of the phase conjugate light when the virtual point light sourcewasmoved.
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Next, a 100-Wsoldering ironwasplacedunder the optical path to emulate randumintensity andphase
fluctuations to test thewavefront distortion compensation effect of thephase conjugate light indynamic air
disturbance [23]. Thewanderingof the center of the beamatCamera 2was assessedwithphase conjugate light that
was delayedby0.5 s.When the0.5-s delaywas added, the state of disturbance changedbefore thephase conjugate light
couldbe generated, resulting in significant beamwandering that couldnotbe adequately corrected.The soldering iron
washeld andwavedbyhand to increase the effect of turbulence, and the individual holding the soldering ironwasnot
informedof thepresence or absence of thedelay.The standarddeviations of beamwanderingwere 99.0μmin the
x-direction and39.8μmin the y-directionwhena0.5-s delaywas added, and13.6 μmand18.6μm, respectively, for
thephase conjugate lightwithoutdelay. The results showed that eliminationof thephase conjugatemirror delay could
reducebeamwanderingby86% in thex-direction and53%in the y-direction (figure3).

Next, a pinhole was placed on the observation path divided by PBS 3 at a location corresponding to the
position of the sphericalmirror. The center of the pinhole was aligned to that of the phase conjugate light. The
power of light passing through the pinhole wasmeasured by a powermeter. A comparison of the phase
conjugate light with andwithout the 0.5 s delay showed that the intensity fluctuationwas reduced by 55%when
no delaywas added.

Table 1. Specifications of experimental apparatus.

Optical digital phase conjugatemirror characteristics

He-Ne laser output power 1 mW

Spericalmirror −200 mm

Soldering iron 100 W

PCLoutput tens of nW

InfinicamUC-1 (photoron)
resolution 1246× 1024 pixel

pixel size 10 μm

frame per sec (max.) 988 fps

MQ013MG-ON (Ximea)
resolution 1280× 1024 pixel

pixel size 5 μm

frame per sec (max.) 210 fps

SLM (HSP1920–500–1200-HSP8CX (Meadowalk optics)
resolution 1920× 1152 pixel

pixel pitch 9 μm

system frame rate 714 Hz

Figure 3.Wavefront compensation experiment. Beamwanderingwasmeasuredwith phase conjugate light generatedwith a delay of
0.5 sec (left) and in real time (right). Angular fluctuations are reduced by 86% in the x-direction (top) and 53% in the y-direction
(bottom).
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Finally, the phase conjugate light was generatedwhile the sphericalmirror was continuouslymoved.When
the target wasmoving, positions of constructive and destructive interference change because of the continuous
change of the optical path difference. If the brightness and darkness of the interference fringes were reversed
within one exposure time, the interference fringes were averaged, and no phase conjugate light could be
generated. Therefore, in actual applications, it is necessary to acquire instantaneous interference fringe patterns
using a short-pulse laser. In this study, we usedCW light with shutter speeds of 1/300 s, 1/600 s, and 1/1000 s.
The output of the phase conjugate light wasmeasuredwhilemoving the sphericalmirror along the optical axis at
amaximum speed of 0.9 mm s−1. At this speed, the brightness and darkness of the interference fringes are
reversed approximately six times during a 1 ms exposure. As a result, the power of the phase conjugate light
decreased as themoving speed of the target increased, as shown infigure 4, but the power can bemaintained by
shortening the shutter speed to prevent averaging of interference fringes.

Summary

In this study, a 700 Hz high-speed liquid crystal spatial lightmodulator and a high-speed camerawere used to
improve the response time of a digital phase conjugatemirror, achieving a total delay time between signal light
acquisition and phase conjugate light generation of 9.7 ms at 1246× 1024 and 5.9 ms at 640× 512. The tracking
experiment was conducted on a targetmoving at constant intervals perpendicular to the optical axis, and it was
found that themovement of the target and that of the phase conjugate lightmatchedwithin an error of 2%. In
addition, correction experiments for artificially generated air disturbance were conducted using a soldering iron
heat source. Compared to the phase conjugate light with an added delay, the phase conjugate light emitted in real
time reduced beamwandering by 86%and intensityfluctuation by 55%. In addition, phase conjugate light was
emitted to a continuouslymoving target. Our findings confirmed that a short-pulse laser is necessary to prevent
averaging of interference fringes.

In this initial experiment, low-powerHe-Ne lasers were used to verify the response speed and principle.
Taking advantage of the fact that this digital phase conjugatemirror can be usedwith any laser, we further aim to
conductfield tests with higher-energy lasers.

Data availability statement

The data cannot bemade publicly available upon publication because they are not available in a format that is
sufficiently accessible or reusable by other researchers. The data that support the findings of this study are
available upon reasonable request from the authors.

Figure 4.Normalized phase conjugate light output versus the line-of-sight velocity of the target. Solid lines represent a guide to the
eye. Shorter exposure time prevents interference fringes frombeing erased and preserves phase conjugate light output.
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