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Toward optimal performance of systems for digital optical phase conjugation
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Digital optical phase conjugation (DOPC) emerges as a promising technique for controllable optical
delivery in strongly scattering media. Notably, due to the long-standing challenges in accurate alignment
of the wave-front sensor and spatial light modulator (SLM), conventional DOPC systems heavily rely
on digital calibration for misalignments between these two devices, which will significantly increase the
pixel crosstalk of the SLM and thus degrade the performance of DOPC systems. To circumvent this digital
calibration for mitigation of the pixel crosstalk, here we propose and demonstrate a real-space alignment
scheme for DOPC systems based on single-pixel imaging, which enables precise alignment of the SLM
and wave-front sensor: (i) with off-plane alignment precision of submillimeter and milliradian for axial
and angular positions, respectively, and (ii) with in-plane pixel match at subpixel resolution. With addi-
tional efforts on fidelity optimization of optical phase-conjugation, deformations on the phase-conjugated
wave front can almost be removed and the DOPC system would exhibit ultrahigh performance, with
peak-to-background ratio (PBR) approaching the theoretical limit (more than 90%) in the time-reversed
optical refocusing test. It can be anticipated that all DOPC-based applications will tremendously bene-
fit from this near-theoretical-limit performance of optical phase conjugation for improved capacity and
practical utility.

DOI: 10.1103/PhysRevApplied.21.014004

I. INTRODUCTION

Manipulating light scattering by wave-front shaping has
attracted extensive interest for its ability to overcome
the challenge of light transport beyond the optical diffu-
sion limit in random media [1–3], which is promising in
deep-tissue in vivo biomedical applications (i.e., noninva-
sive imaging [4,5], phototherapy [6,7], optogenetics [8,9],
etc.) and optical communication through the fog, cloud,
or disordered multimode fiber [10–12]. Various techniques
are actively developed, including feedback-based iterative
optimization [2,13,14], transmission matrix approach [15–
17], and optical phase conjugation [18–26]. Among them,
digital optical phase conjugation (DOPC), also referred to
as time reversal and serving as the digital counterpart of
analog optical phase conjugation, draws great attention for
its ability to focus light against strong scattering with high
contrast in short time, since the time-consuming repet-
itive measurements necessary for iterative optimization
and transmission matrix approach are no longer needed
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[27,28]. This is advantageous to practical applications of
wave-front shaping.

Acting as a phase-conjugate mirror, a DOPC system
would generate phase-conjugated light waves, which will
trace the original light wave in the backward direction
via the time-reversal symmetry [29,30]. The concept of
the phase-conjugate mirror is illustrated in Fig. 1. The
wave front of an incident beam is distorted by a scat-
tering medium, shown in Fig. 1(a). With an ordinary
mirror, as Fig. 1(b) graphs, the scattered light would be
reflected following the law of reflection. By compari-
son, the phase-conjugate mirror, presented in Fig. 1(c),
flips the sign of phase of the scattered light, and con-
sequently the reflected beam will propagate along the
same light path but in completely opposite direction with
respect to the incident light, just like a time-reversed
copy of the original light field, which is in sharp con-
trast to the ordinary mirror. Being a digital version of the
phase-conjugate mirror, the DOPC is implemented in two
steps: (i) record—recording the wave front of the scattered
light by a wave-front sensor; (ii) playback—generating a
phase-conjugated copy of the recorded wave front with
a wave-front modulator, such as a spatial light modu-
lator (SLM) based on liquid crystal on silicon (LCOS)
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FIG. 1. Comparison of optical phase conjugation with the
ordinary reflection. (a) Light scattering by the scattering medium
and wave-front record of the scattered light by the wave-front
sensor. (b) Ordinary reflection of the scattered light with a
plane mirror. (c) Time-reversed backpropagation of the phase-
conjugated light generated from the reference light with phase
modulated by the SLM.

[29–31] or a digital micromirror device (DMD) [19,32] for
time-reversed backward propagation.

To ensure that the phase-conjugated copy is a real time
reversal of the original scattered light in the DOPC system,
the phase-conjugated wave front and its corresponding
original scattered wave front should coincide with each
other but propagate just in opposite directions [29,30].
However, it is challenging to meet this severe condition:
(a) since it is hard to measure the actual positions of the
SLM and wave-front sensor of high precision, they are
difficult to be precisely situated at the same optical posi-
tion, and thus there always exist in-plane and off-plane
misalignments between them, which would lead to a light
path deviation between the phase-conjugated light and its
original scattered light [18], and even deform the phase-
conjugated wave front; (b) the SLM surface and reference
wave front are supposed to be flat in theory, but even high-
quality SLMs are not completely flat owing to their manu-
facturing process (namely the static aberration) [33], and
there always exist unknown curvatures on the reference
wave front in reality, both of which will distort the phase-
conjugated wave front [30]; (c) due to the interpixel gaps of
the SLM and the protective glass cover on its surface, part
of the light reflected off or transmitting through the SLM
will not be phase modulated [34]. The wave-front deforma-
tion and distortion and those unmodulated lights will bring
down the fidelity of the phase-conjugation, which will also
put adverse effect on the DOPC. As a consequence, the
performance of the DOPC system might be degraded and
even deactivated by these imperfect conditions.

Various optimization methods have been proposed to
suppress the negative influence of (a) and (b) [35,36].
All of these methods begin with a roughly aligned DOPC
system and then proceed with a digital compensation uti-
lizing the phase-modulation ability of the SLM, rather than

precisely situate the wave-front sensor and the SLM in
real space due to the long-standing difficulty of measur-
ing their positions accurately. However, in view of the
pixel crosstalk caused by the fringing-field effect [37] and
elastic forces [38], there will be obvious fly-back zone
errors in the area of 2π phase resets where big phase
jumps between adjacent pixels exist (i.e., the gray value
255 change to 0), which will reduce the diffraction effi-
ciency of the SLM [37,39]. As a result, the accuracy of
digital phase compensation is tremendously reduced [40].
Unfortunately, this effect was overlooked without further
consideration in early works. Besides, the misalignment-
induced wave-front deformation of the phase-conjugated
light, as well as the unmodulated light directly reflected off
the SLM, has never been discussed in detail to date. These
ignored problems would be responsible for the degradation
of the performance in current DOPC systems. To date, the
maximal time-reversed focusing efficiency [namely, peak-
to-background ratio (PBR) of a DOPC refocusing light
spot, which is the most basic and commonly used param-
eter to characterize the performance of a DOPC system]
reaches only 66% of the theoretical limit, even though
digital compensation has been implemented [30]. There-
fore, a simple and efficient approach for calibration of the
system reducing or even fully eliminating the dependency
of digital phase compensation, as well as removing those
unmodulated lights, is imperative for perfect-performance
DOPC.

It is worth noting that speckle pattern is ubiquitous in
the DOPC system. As the speckle pattern varies with the
propagation of the scattered light, different translational
positions will exhibit distinct speckle patterns, and so do
angular positions [41]. Consequently a speckle pattern can
be regarded as a fingerprint to mark the optical position
of a plane in real space. With this consideration, the opti-
cal positions of the SLM and the wave-front sensor could
be labeled by the speckle pattern on their surfaces, that is
to say, speckle patterns on their surfaces will be the same
only on the condition that these two devices share the same
optical position. Therefore, if the speckle pattern on the
surface of the SLM can be precisely captured, the SLM
and the wave-front sensor can be placed at just the same
optical position in real space by comparison of the speckle
patterns on their surfaces. Fortunately, single-pixel imag-
ing provides a very successful approach to capture images
on the surface of the SLM [42,43] and digital speckle cor-
relation (DSC) supplies a powerful tool for the comparison
of speckle patterns [44–47]. By this way, we no longer
need digital compensations for misalignments of optical
positions, and the fly-back zone errors can be reduced. On
the other side, since the unmodulated light reflected off or
transmitting through the SLM will appear at the 0th diffrac-
tion order, optical filtering techniques [34,48] could be
adopted to eliminate the adverse effect of the unmodulated
light on a DOPC system.
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In this work, we pursue optimal performance of a DOPC
system. To achieve this goal, a precise real-space align-
ment scheme is designed based on single-pixel speckle
imaging to circumvent conventional digital calibration
of the system misalignments for mitigation of the pixel
crosstalk. With this scheme, the SLM and wave-front sen-
sor could be accurately settled in real space for optimal
alignment of the phase-conjugated wave front: with off-
plane axial and angular positions at submillimeter and
milliradian levels, respectively, and in-plane pixel match
at subpixel accuracy. Moreover, by employing parallel
single-pixel imaging, a rapid alignment of the DOPC sys-
tem of high precision can be implemented even for SLMs
with slow response time. With further efforts on improve-
ment of the phase-conjugation fidelity, including digital
compensation for curvatures of the reference wave front
and surface of the SLM, and elimination of the 0th diffrac-
tion order of the SLM by optical filtering, deformations on
the phase-conjugated wave front could be reduced to a very
low extent and the DOPC system would exhibit an ultra-
high performance, approaching the theoretical prediction
in the time-reversed refocusing experiment, which would
be beneficial to applications of DOPC in both the static and
dynamic random media.

II. DOPC SETUP AND METHODOLOGY

In this work, we propose a modified DOPC configura-
tion shown in Fig. 2, in which a SCMOS camera (Thorlabs,
CS2100M-USB), together with an electro-optical modu-
lator (EOM), is utilized as a phase-shifting interferomet-
ric wave-front sensor [49] for imaging the wave front
of the scattered light. And a reflective SLM (Holoeye,
PLUTO-VIS-016) is placed in the mirror position of the
SCMOS around a beam splitter for generation of the phase-
conjugated wave front. A He-Ne laser beam is split into a
reference beam and a signal beam. The reference beam is
spatially filtered, expanded, and collimated to overfill the
full active area of the SLM. The signal beam is expanded
by a beam expander and then scattered by a light scattering
medium (in this case, three layers of ground glass stacked
on top of each other are used, OptoSigma, DFB1-50C02-
1500). The scattered light is collected by an objective lens
OL and incident on the SLM and the SCMOS. With these
two devices, the wave front of the scattered light can be
recorded and played back for time reversal. As an essential
modification, a single-pixel camera is also constructed in
the light path for precise real-space alignment of the DOPC
system, which is composed by components in the dashed
yellow area. With this camera the speckle pattern on the
surface of the SLM can be captured, and then alignment
of the DOPC system could be implemented with the aid of
the DSC method.

Considering the misalignments and fidelity degradation
mentioned in the Introduction, the DOPC system will be
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FIG. 2. Schematic of the single-pixel imaging assisted DOPC
system. S1 and S2, shutter; PD1 and PD2, photodiode; CL, col-
limating lens; BS, beam splitter; L1, L2 and L3, lens; P1 and P2,
polarizer; TL, telecentric lens; OL, 10× objective lens; EOM,
electro-optical modulator; BE, beam expander; M, mirror.

precisely aligned and optimized step by step in the follow-
ing sections. Figure 3 is a schematic diagram of the whole
procedure.

A. Alignment of the SLM and fidelity optimization

To guarantee that the phase-conjugated light would
propagate in the exact opposite direction to the original
scattered light, the reference beam is always claimed to be
at normal incidence to the SLM [18,30,35]. This require-
ment could be fulfilled by carefully adjusting the tip and tilt
angle of the SLM. Figure 4(a) drafts a simplified vignette
of the experimental setup relevant to the calibration, where
the transmission of the backpropagating light reflected off
the SLM through the pinhole of the spatial filter is moni-
tored by a photodiode PD1. We tip and tilt the SLM with
two motorized actuators to adjust the incident angle of
the reference beam and record the transmitted intensity of
the backpropagating light, which is illustrated in Fig. 4(b).
When the transmitted intensity reaches its maximum, i.e.,
the point at the center of the bright spot in Fig. 4(b), the
reference beam is at exactly normal incidence to the SLM.

In order to restrain the distortion of the phase-conjugated
wave front induced by the curvatures of the SLM surface
and reference wave front, digital compensation could be
implemented to correct them after the alignment of the
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FIG. 3. Schematic diagram for the real-space alignment and
optimization of the DOPC system.

SLM. Here we adopt the method in which orthonormal
rectangular polynomials, shown in Fig. 4(c), are employed
to carry out this correction [35,50]. The key idea of this
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FIG. 4. (a) Experimental setup relevant to the transmission of
the backpropagating light reflected off the SLM through the pin-
hole of the spatial filter, simplified from Fig. 2. (b) Intensity
of the transmitted backpropagating light versus the tip and tilt
angle of the SLM. (c) The first four orthonormal rectangular
polynomials. (d) Compensation coefficient of each rectangular
polynomial and the transmitted backpropagating signal. (e) The
final compensation phase pattern.

method lies in the fact that the phase aberration induced
by curvatures of both the reference wave front and the
SLM surface could be decomposed into orthonormal rect-
angular polynomials, thus allowing compensation with a
phase pattern conjugating to them. Blue bars in Fig. 4(d)
graphs the decomposition coefficient �i of each rectangular
polynomial, while the red line plots the intensity variation
of the backpropagating light when the phase aberration is
compensated by a conjugated-phase pattern including the
first i rectangular polynomials. It can be seen that the tilt
terms �1 and �2 equal 0, suggesting that the SLM is pre-
cisely aligned perpendicular to the incident light by the
above method, and consequently, phase compensation for
tilt of the SLM is not required and the fly-back zone error
is reduced. Figure 4(e) illustrates the final compensation
phase pattern. (See Appendix A for details.)

Due to the pixelated structure of the SLM and the pro-
tective glass cover on its surface, part of its reflected light
is not phase modulated. Optical filtering could be imple-
mented to eliminate their influence. As these unmodulated
lights will appear at the 0th diffraction order of the SLM,
here a high-pass filter is utilized to filter them out, which
is set to the focal plane of lens L2 just after the align-
ment of the SLM (see Appendix B for details). With the
above digital compensation and optical filtering, fidelity
of the phase-conjugation could be optimized, whose pos-
itive influence would be shown in the following DOPC
refocusing experiment.

B. Alignment of the SCMOS to the SLM

In fact, misalignments between the SLM and the wave-
front sensor (SCMOS) occur both in plane (i.e., translation
and rotation) [30] and off plane (i.e., axial translation, tip
and tilt), as shown in Fig. 5(a) where a perspective view
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FIG. 5. (a) Misalignments between optical positions of the
SLM and the wave-front sensor (SCMOS) in perspective view.
Axial translation: �z, tip and tilt: �θx/�θy . (b) Perspective
projection of a speckle pattern on the SLM onto the SCMOS
camera.
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of the optical positions of these two devices is illustrated.
Mismatch between pixels of these two devices would arise
on account of the in-plane misalignment. For off-plane
misalignments, it is apparent that the speckle pattern on
the SCMOS would be deformed with respect to that on the
SLM, and the deformation can be classified into two cate-
gories: (i) coherent part, caused by the coherence nature of
the scattered light in the view of wave optics, which would
change the grain texture of the speckle pattern, and (ii) the
noncoherent part, i.e., perspective distortion in the view of
geometric optics, which would stretch or skew the speckle
pattern without texture variation. Owing to the long-term
difficulty in measuring the speckle deformation, especially
the coherent deformation, it is hard to fully compensate
them with digital methods. This might be part of the main
reasons why the time-reversal efficiency is much below the
theoretical prediction thus far.

In this work, we leverage the speckle pattern gener-
ated by the scattering of the signal beam to precisely
locate the actual positions of the SLM and SCMOS cam-
era. Upon this approach, both the minimal in-plane and
off-plane misalignments could be pursued for diminishing
the speckle-pattern deformation and pixel mismatch, and
thus high-quality phase conjugation can be obtained even
without any digital calibration for these misalignments.
While the SLM has been aligned to be exactly perpen-
dicular to the reference beam in the preceding step, here
the SCMOS camera will be adjusted to minimize their
misalignments so that they share the same optical posi-
tion. In this section, the speckle pattern on the SLM will
be captured by a single-pixel camera firstly. And then the
alignment (including off-plane alignment, in-plane align-
ment and pixel match) will be implemented individually
based on the captured speckle patterns on the SLM and
SCMOS camera.

1. Single-pixel imaging of the speckle pattern

As shown in Fig. 2, after being scattered by the scatter-
ing medium, the signal beam will illuminate the SLM and
the wave-front sensor, and speckle patterns would emerge
on their surfaces. A single-pixel camera is built to capture
the speckle pattern on the surface of the SLM.

A simplified experimental setup relevant to speckle-
pattern imaging on the SLM and the SCMOS camera is
illustrated in Fig. 6(a). A photodiode PD2 is utilized to
detect the intensity of the light reflected off the SLM for
single-pixel imaging of the speckle pattern on its active
area. We rotate the polarizers P1 and P2 to be at angles
of 45◦ and −45◦ from the vertical, respectively, so that the
phase-only SLM could control the reflected intensity of the
incident light [51,52]. In this work, Hadamard basis shown
in Fig. 6(b), is chosen to be the measurement basis for
single-pixel imaging. Figure 6(c) plots the intensity fluc-
tuation of the light reflected off the SLM with respect to
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FIG. 6. (a) Experimental setup relevant to imaging of the
speckle patterns on the surface of the SLM and the SCMOS,
simplified from Fig. 2. (b) Hadamard basis to be displayed on
the SLM. (c) Light intensity reflected off the SLM with respect
to the Hadamard basis patterns. (d) Speckle pattern captured by
the SCMOS of 1920 × 1080 pixels. (e) Speckle pattern obtained
by the SLM-based single-pixel imaging method, of 512 × 512
pixels and at Nyquist sampling rate of 1.25%.

the Hadamard basis sequence, which is detected by the
photodiode PD2. Image on the active area of the SLM
can be reconstructed from this fluctuation by a single-pixel
imaging algorithm [53]:

I(ρ) ∝ 〈SH(ρ)〉 − 〈S〉 〈H(ρ)〉 . (1)

Here I(ρ) represents the speckle pattern on the active
area of the SLM with ρ being the pixel coordinates on
its surface, S is the intensity detected by PD2, and H(ρ)

denotes the Hadamard basis. 〈∗〉 ≡ 1/N
∑N

i=1 ∗ describes
an ensemble average over N Hadamard basis patterns.

Figure 6(d) shows a speckle pattern captured by the
SCMOS, while Fig. 6(e) presents its counterpart obtained
by the single-pixel camera. Taking into consideration the
time consumption, here the single-pixel camera only takes
advantage of a small part of the SLM and is at Nyquist
sampling rate, for instance, Fig. 6(e) is 512 × 512 pix-
els and at Nyquist sampling rate of 1.25% (that is to say,
N = 1.25% × 5122, where 5122 is the total number of
Hadamard basis patterns for full sampling rate). The mean
speckle size approximates 17.9 times of the SLM’s pixel
pitch, which is obtained by calculating the width of the
normalized autocorrelation function of the speckle pattern
[54,55]. It can be seen that the Nyquist sampling indeed
degraded the fidelity of a speckle pattern, but its main tex-
ture has been retained, and therefore the likeness to its
high-quality counterpart captured by the SCMOS can be
recognized (see below for more details). According to our
experience, for speckle size larger than 10 times of the
pixel pitch, the Nyquist sampling is enough to capture the
main texture of the speckle pattern. Once the speckle pat-
terns on the surfaces of the SCMOS and the SLM have
been obtained, the alignment of these two devices can be
implemented by comparing the similarity between them.
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2. Off-plane alignment

We mount the wave-front sensor (SCMOS) on an
assembled electric moving stage, which can move along z
axis and rotate around x and y axis, and hence the off-plane
variation of the speckle pattern can be monitored. Mean-
while, the speckle pattern inside an area covering N × N
(N = 512 in this work) pixels surrounding the center point
of the SLM was captured by the single-pixel camera. Fig-
ures 6(d) and 6(e) show an example of speckle patterns
acquired in this step.

As is well known, the similarity of two images f and g
can be assessed by calculating the correlation coefficient:

C(f , g) =
∑

ij (fij − fm) × (gij − gm)
√∑

ij (fij − fm)2 ×
√∑

ij (gij − gm)2
, (2)

where fij and gij are intensities at point (xi, yj ) in the image,
fm and gm are mean intensities over the whole frame. How-
ever, because of the pixel mismatch between the SCMOS
and SLM, we cannot directly estimate the similarity by
this equation. In this work, we make use of the method
of DSC, also called digital image correlation (DIC), which
is to match the same speckle points in the reference image
and its deformed image by seeking the maximal correlation
coefficient [47]. This maximal value of correlation coeffi-
cient can be regarded as the similarity measure to assess
the likeness between speckle patterns. Obviously, in this
case, the similarity measure CM could be approximated
by searching for the maximal value over pixel mismatch,
including in-plane amplification, rotation, and translation:

CM = max
�,u,v

C[f , g(�, u, v)]. (3)

Here f is the speckle pattern obtained by single-pixel
imaging. g(�, u, v), which is of the same pixel size as f , is
a cropped subset of an amplified and rotated speckle pat-
tern with respect to the raw one captured by the SCMOS.
The parameter collection � = (αx, αy , �θz), where αx and
αy are amplification factors along x and y axis, respec-
tively, and �θz denotes the rotation angle around z axis.
(u, v) is the cropping position in the raw image and the
center point of g. Taking advantage of Eq. (3), the likeness
between speckle patterns on the SLM and the SCMOS rel-
ative to the movement of the electric moving stage can be
monitored.

Figure 7(a) are two typical examples displaying the sim-
ilarity parameter CM as a function of the axial translation
(z position) of the SCMOS, which are obtained with dif-
ferent speckle patterns (denoted as speckle I and speckle
II). It is observed that the maximal correlation coefficients
vary with �z, and at �z = 0 mm CM reach their max-
imum for both speckle patterns, and thus we conclude
that the SCMOS and the SLM share the same axial posi-
tion at this point. The maximal values of CM are about
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C
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C
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Speckle IV

FIG. 7. The maximum correlation coefficient versus (a) �z,
and (b) �θx and �θy , for different speckle patterns.

0.73, much smaller than 1. This is caused by the fact that
here the single-pixel imaging is only at Nyquist sampling
rate, which will degrade the fidelity of the final recon-
structed image. However, Fig. 7(a) implies that even such
a low image quality will not affect the similarity judg-
ment between two speckle patterns. The minimum step
size of the axial translation shown in the inset of Fig. 7(a)
is 0.5 mm, and according to our repeated experiments, the
peak CM for different speckle patterns would locate at the
same place for such a step size in our system, indicating
that the SCMOS could be aligned with an axial distance
of submillimeter to the SLM. Figure 7(a) also reveals that
an axial translation of 10 mm will only induce a reduc-
tion of approximately 5%, and approximately 10% for an
axial translation of 16 mm, and consequently, an accuracy
of millimeter level is adequate for the axial alignment of
the SCMOS camera in most cases, especially for those not
perusing perfect performance of the DOPC system.

After the alignment of the axial position, the off-
plane angular misalignment will be calibrated. Figure 7(b)
graphs the variation of CM for two typical speckle patterns
(denoted as speckle III and speckle IV) versus the tip and
tilt angle of the SCMOS with imaging lens TL removed
out of the light path, in other words, without any imaging
lens in front of the SCMOS camera. This figure unfolds
that the similarity parameter drops quickly with the off-
plane angular deviation, and a derivation of 5◦ will result
in a drop of approximately 20%, indicating that the speckle
pattern is sensitive to the angular derivation of the SCMOS
camera, and thus the phase-conjugation fidelity together
with the DOPC performance will be considerably influ-
enced by the tip and tilt angle. As shown in the inset of
Fig. 7(b), the minimum step size is 2 mrad, and accord-
ing to our repeated experiments, the peak CM for different
speckle patterns would also locate at the same place for
such an angular step size in our system, exhibiting that the
angle between the SLM and the SCMOS camera could be
reduced to be on the order of milliradian with the proposed
method. This will tremendously suppress both the coherent
and noncoherent deformation between speckle patterns on
these two devices and thus restrain the fidelity reduction of
the phase-conjugated wave front to only a few percentage
points.

014004-6



TOWARD OPTIMAL PERFORMANCE OF SYSTEMS. . . PHYS. REV. APPLIED 21, 014004 (2024)

Taking into consideration the size difference between
the active area of the SLM and the SCMOS camera, an
imaging lens is usually utilized in front of the SCMOS
camera to make full use of the active area of these two
devices. Due to the tremendous influence of the tip and tilt
angle, here a telecentric lens TL (GCO-232203, DHC) is
introduced into the light path in front of the SCMOS cam-
era. The numerical aperture (NA) of this lens can reach
a minimum value of 0.007 by adjusting the f number
with its diaphragm. Thus, only light with an incident angle
smaller than about 7 mrad (approximately 0.4◦) can trans-
port through this lens and illuminate the active area of
the SCMOS, which not only permits precise normal inci-
dence of the reference beam but also enormously eases
the alignment of the SCMOS camera. As shown in the
inset of Fig. 7(b), only a decrease of about 2.9% occurs
for CM when the SCMOS deviates 7 mrad from the SLM
surface, manifesting that the fidelity degradation of the
phase-conjugation induced by the tip and tilt angle will
be significantly suppressed by this telecentric lens. Fur-
thermore, the active area for the SCMOS is of size about
9.68 × 5.44 mm, while that of the SLM is about 15.36 ×
8.64 mm. Hence the telecentric lens (magnification fac-
tor ×0.64) will enable the SCMOS camera to image the
speckle pattern of an almost equal region to the active area
of the SLM, which would enhance the utilization rate of
pixels on these two devices in the DOPC experiment.

3. In-plane alignment and pixel match

According to Fig. 5(a), speckle patterns on the SLM and
the SCMOS are generated by a laser beam scattered from
the same scattering medium, and therefore, points on these
two speckle patterns could be linked by perspective pro-
jection. Thus, the perspective transformation can be used
to match pixels on these two devices while also getting rid
of the effect of the perspective distortion mentioned above.

Point P(x, y, z) on the surface of the SLM and its pro-
jection point P′(x′, y ′, z′) on the SCMOS can be related by
the following function in homogenous coordinate system
[56,57]:

⎛

⎝
x′
y ′
z′

⎞

⎠ =
⎛

⎝
a11 a12 a13
a21 a22 a23
a31 a32 a33

⎞

⎠

⎛

⎝
x
y
z

⎞

⎠ , (4)

where aij (i, j = 1, 2, 3) are the elements of the perspec-
tive projection matrix. Considering that we could only
get access to the two-dimensional pixel coordinates of P
and P′, it is reasonable to assume that z = 1 and a33 = 1
[56,57], and thus the coordinates of P and P′ in two-
dimensional Cartesian coordinate system can be denoted as
(x, y) and (X ′, Y′) = (x′/z′, y ′/z′), respectively. Therefore,
an equation set with Cartesian coordinates can be derived

from Eq. (4):

{
a11x + a12y + a13 − a31xX ′ − a32yX ′ = X ′
a21x + a22y + a23 − a31xY′ − a32yY′ = Y′ . (5)

As there are eight unknown parameters in Eq. (5), we only
need four pairs of projection points, such as Pi and P

′
i (i =

1, 2, 3, 4) shown in Fig. 5(b), to form eight equations to
calculate them. When the perspective projection matrix is
acquired, pixels on the SLM and SCMOS can be matched
with Eq. (4).

The projection point P
′
i of Pi can also be found utiliz-

ing the DSC method mentioned in the previous step. If Pi

denotes the center point of f , P
′
i would be the center point

of the cropped subset g, and the coordinates of P
′
i (X ′, Y′)

could be located by a similar formula to Eq. (3):

(�, X ′, Y′) = arg max
�,X ′,Y′

C
[
f , g

(
�, X ′, Y′)] . (6)

With methods such as subpixel interpolation, (X ′, Y′) can
be found at subpixel resolution [58,59]. To accelerate the
single-pixel imaging, a subset of only 150 × 150 pixels on
the SLM is utilized for imaging the speckle pattern and the
sampling rate also equals the Nyquist sampling rate in this
step.

Figures 8(a)–8(f) show examples of the projection. The
blue points mark the positions of the projection point P

′
i ,

each of which is of subpixel resolution and acquired with
a fully different speckle pattern by moving the scattering
medium with a small distance. The red star in the cen-
ter is the average position of all blue points (60 points)
in each subfigure. The light blue circle centering at the
red star has radius equaling the pixel pitch of the SCMOS
camera (also approximately equaling the pixel pitch of the
SLM because of the amplification of the telecentric lens
TL). It can be seen that all blue points lie inside the circu-
lar area, implying the distances of all blue points from the
averaged center are smaller than one pixel pitch. Thus, the
point match with DSC method is at pixel level. Further-
more, with the error analysis in Appendix C, it is evident
that the averaged projection points (red stars in the center)
are of subpixel resolution. Using the averaged coordinates
of P

′
i (i = 1, 2, 3, 4) in Fig. 8, as well as the coordinates of

their original point Pi (i = 1, 2, 3, 4), the perspective pro-
jection matrix can be obtained from Eq. (5), and then the
projection relation between the SLM and the SCMOS cam-
era can be evaluated by Eq. (4). Purple crosses in Figs. 8(b)
and 8(e) are calculated projection points of P5 and P6,
namely, P

′
5 and P

′
6 in Fig. 5. Depending on the error anal-

ysis in Appendix C, the distances between the purple cross
and the red star in Figs. 8(b) and 8(e) are about 0.2 and 0.1
times of the pixel pitch, respectively, suggesting that pixel
coordinate transformation from the SLM to the SCMOS
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FIG. 8. Point projection of the original point Pi on the SLM to the projection point P′
i on the SCMOS camera.

is of subpixel resolution with the help of point averag-
ing. The projection points of all other pixels on the SLM
could also be calculated in the same way, and thus the
high-precision pixel match has been established.

In addition, there always exist in-plane translations and
rotations between the SLM and the SCMOS camera, which
will reduce their overlap, implying that only a part of
their active areas can be utilized for the DOPC experi-
ment. Taking advantage of Eq. (6), the projection points
on the SCMOS corresponding to four corners of the SLM
could be found, and accordingly, the overlap of these two
devices can be evaluated. By in-plane translating and rotat-
ing the SCMOS camera, their overlap could be maximized
in order to make full use of the active area of these two
devices. Finally, with the proposed alignment and pixel
match scheme, the SLM and wave-front sensor in the
DOPC system could be precisely settled in real space for
optimal alignment of the phase-conjugated wave front.

III. DOPC REFOCUSING THROUGH
SCATTERING MEDIUM

After the precise alignment of the SLM and the SCMOS
in real space, as well as pixel match between these two
devices, the conjugated phase of the speckle pattern mea-
sured by the SCMOS camera can be mapped to the SLM
in the playback stage, and thus the experiment of DOPC
refocusing through scattering medium could be performed
[10,24]. In our case, the phase of a speckle pattern on the
SCMOS camera is measured by the four-step phase-shift
method [18,30] after rotating the polarizers P1 and P2 to be
in vertical polarizations, and the conjugated phase on the
SLM is calculated by two-dimensional interpolation after

the pixel match between the SLM and the SCMOS with
the perspective transformation of Eq. (4).

Figures 9(a)–9(c) image the DOPC refocusing light
spots imaged by the CCD camera in Fig. 2 when the SLM
displays a conjugated phase pattern. Figure 9(a) presents
the case with the SLM displaying the raw conjugated
phase pattern (denoted as case I). Compared with case I,
in Fig. 9(b) an extra phase measured in the step of “digital
compensation for the curvatures” is superposed on the con-
jugated phase (denoted as case II, and see Appendix A for
details). Moreover, in Fig. 9(c) the elimination of the 0th
diffraction order of the SLM is further considered (denoted
as case III, and refer to Appendix B for details). A bright
light spot appears in Figs. 9(a)–9(c). In contrast, Figs. 9(d)
and 9(e), corresponding to cases without and with the high-
pass filter in the light path, respectively, present speckle
patterns captured by the CCD camera with each pixel on
the SLM randomly and independently modulated, where
there is no refocusing light spot observed.

To assess the quality of the refocusing light spot and the
performance of the DOPC system, the peak-to-background
ratio (PBR, also referred to as intensity enhancement)
is adopted, which equals the ratio of the peak intensity
of the refocusing light spot to the mean intensity of the
background. Because of the high contrast between the
peak intensity and the background, as an alternative, the
background is usually obtained by measuring the mean
intensity of the speckle pattern with a random phase pattern
displayed on the SLM [30] (see Appendix E for its theo-
retical rationale). By theoretical analysis with transmission
matrix method, the maximal PBR approximates πN/4,
where N is the number of degrees of freedom controllable
by the SLM and the SCMOS camera [21,23]. N is given
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FIG. 9. (a)–(c) A comparison of the refocusing light spot among different occasions: (a) with raw conjugated phase pattern displayed
on the SLM (case I), (b) with additional digital compensation superposed (case II), (c) with both digital compensation and high-
pass filtering implemented (case III). (d) Speckle pattern captured by the CCD camera with each pixel on the SLM randomly and
independently modulated. (e) Similar to (d) except that a high-pass filter is inserted into the light path. (f) PBR of the DOPC refocusing
light spot as a function of the speckle coherence area, and the ratio of the experimental PBR to the theoretical prediction: case I, red;
case II, green; case III, blue; and the theoretical PBR, black.

by Np/S where Np is the total number of effective pixels,
S is the speckle coherence area in pixel numbers, namely
speckle granularity. In our system, both the SLM and the
SCMOS own 1920 × 1080 pixels, but the pixel pitch of
the SCMOS (5.04 µm) is much smaller than that of the
SLM (8 µm). In view of the telecentric lens TL (×0.64),
there are only Np = 1890 × 1064 valid pixels. The speckle
coherence area can be evaluated by the aforementioned
speckle size of the speckle pattern. The speckle granularity
corresponding to Figs. 9(a)–9(c) is around 9.1 × 9.1 pix-
els, so the theoretical maximal PBR is about 1.89 × 104.
The experimental PBRs corresponding to Figs. 9(a)–9(c)
are 1.27 × 104, 1.53 × 104, 1.78 × 104 (see Appendices B
and E for details of the PBR evaluation for case III), which
achieve about 67%, 81%, and 94% of the theoretical max-
imum, respectively. Figure 9(f) plots the variation of the
PBR to the coherence area of the speckle pattern, which is
modulated by modifying the diameter of the incident sig-
nal beam with the iris behind the beam expander. The black
line is the theoretical maximal PBR (π/4)Np/S. The red,
green, and blue solid lines are experimental PBRs corre-
sponding to case I, case II, and case III, respectively. In all
of the three cases, the PBR declines with the increase of the
speckle coherence area, showing a similar tendency to the
theoretical formula. The red, green, and blue dashed line
plot the ratio of the measured PBR (corresponding to the
red, green, and blue solid lines, respectively) to their the-
oretical maximum, whose average values are around 65%,
80%, and more than 90%, respectively, implying that a rel-
atively high PBR could be acquired if the SLM and the
wave-front sensor are well aligned in real space even with-
out any other optimization. And what is more, with further
efforts on improvement of the phase-conjugation fidelity
according to digital compensation for the curvatures of the
reference wave front and SLM surface, accompanied by

optical filtering of the unmodulated light from the SLM,
deformations on the phase-conjugated wave front have
almost been removed and the time reversal has approached
the theoretical prediction. This near-theoretical-limit per-
formance indicates that the real-space alignment method in
this work is much more effective, and the influence of pixel
crosstalk has been reduced to a very low extent as digital
compensation for misalignment is no longer required.

IV. CONCLUSION

In this work, we have presented an efficient scheme
for precise real-space alignment of DOPC systems to cir-
cumvent conventional digital calibration of the system
misalignments. Taking advantage of single-pixel imaging,
the speckle pattern on the surface of the SLM has been cap-
tured. By comparing the speckle patterns captured by the
single-pixel camera and the wave-front sensor with DSC
technique, the SLM and wave-front sensor have been pre-
cisely aligned in real space: (i) with off-plane axial and
angular misalignments at the level of submillimeter and
milliradian, respectively, and (ii) with in-plane pixel match
at subpixel accuracy. As a consequence, the speckle pat-
tern deformation and pixel mismatch between these two
devices have been immensely suppressed, and the coin-
cidence between the phase-conjugated wave front and its
original scattered light has been enhanced to a tremendous
extent, resulting in the fact that the commonly used dig-
ital compensation for misalignment is no longer required
and the pixel crosstalk of the SLM has been mitigated.
Performing time-reversed optical refocusing in this well-
aligned DOPC system, the PBR of the refocusing light
spot could reach up to 65% of the theoretical maximal
even without any other optimization. Moreover, with par-
allel single-pixel imaging, quick high-precision alignment
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of the DOPC system has been enabled even for SLMs with
slow response time (see Appendix D for details).

With additional optimizations on the fidelity of the phase
conjugation, including digital compensation for the curva-
tures of the reference wave front and SLM surface, and
elimination of the unmodulated light from the SLM with
a high-pass filter, deformations on the phase-conjugated
wave front could almost be removed and the PBR could
approach the theoretical limit of a DOPC system (more
than 90%). It is reasonable to anticipate that the real-space
alignment and optimization scheme is also applicable for
other DOPC configurations, and the near-theoretical-limit
performance of optical phase conjugation is extremely
advantageous for DOPC-based applications, such as opti-
cal imaging, communication, and manipulation inside or
through opaque scattering media.
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APPENDIX A: DIGITAL COMPENSATION FOR
THE CURVATURES OF THE REFERENCE WAVE

FRONT AND SLM SURFACE

To simplify the DOPC playback procedure, the refer-
ence beam and the SLM are always required to have a
planar wave front and surface, respectively. However, as
the reference beam is an expanded Gaussian beam, its
wave front is not ideally flat, and furthermore, there always
exists surface curvature for commercial SLMs [35]. This
unflatness on the reference wave front and SLM surface
will distort the phase-conjugated wave front, which would
cause a considerable negative influence on the DOPC play-
back. Fortunately, these imperfections are so small that
they could be corrected digitally with a compensation
phase pattern displayed on the SLM. Several techniques
have been developed to perform this digital correction
[30,35,36,60,61].

Here we adopt the method in which orthonormal rect-
angular polynomials, shown in Fig. 4(c), are employed to
carry out this correction [35,50]. The core concept of this
method is that the phase aberration induced by curvatures
of both the Gaussian wave front and the SLM surface could
be decomposed into orthonormal rectangular polynomials,
thus allowing compensation with a phase pattern conjugat-
ing to them. The backpropagating light, monitored by PD1
in Fig. 2, will be maximized if these two curvatures are
fully compensated. Therefore, the main goal of the digital
compensation is to seek the proper coefficient of each rect-
angular polynomial for maximizing the backpropagating
signal.

Supposing that the compensation coefficient corre-
sponding to the rectangular polynomial Ri is denoted as

�i, the compensation phase consisting of the first i − 1
rectangular polynomials could be expressed as φi−1 =
∑i−1

j =1 �j × Rj . To find the value of �i, we multiply the
rectangular polynomial Ri by a factor γ and add the prod-
uct to φi−1 to get an alternative phase pattern φ = φi−1 +
γ × Ri. Then we display φ on the SLM while simulta-
neously monitoring the variation of the backpropagating
signal by PD1 relative to the value of γ . By scanning γ ,
the value maximizing the backpropagating signal can be
found, which is just the exact value of �i. Thus, the com-
pensation phase pattern composed of the first i rectangular
polynomials can be calculated by φi = φi−1 + �i × Ri. The
search of �i could be executed one by one starting from
i = 1 following this route. Only the first 20 rectangular
polynomials are exploited in this work, which is sufficient
for most occasions. Figure 4(d) plots the decomposition
coefficient �i and the intensity variation of the backprop-
agating light, with respect to the index of the rectangular
polynomial. It presents that the intensity will be maxi-
mized and tend to be stable after compensating the first
14 rectangular polynomials. Figure 4(e) illustrates the final
compensation phase pattern.

APPENDIX B: OPTICAL FILTERING OF THE 0TH
DIFFRACTION ORDER OF THE SLM

Here we discuss the filtering of the 0th diffraction order
of the SLM in DOPC experiment. Due to the reflection of
the protective glass cover and interpixel gaps of the SLM,
part of its reflected light is not phase modulated [34,62],
which will contribute to the intensity of the background
speckle pattern rather than the time-reversed refocusing
light spot, and hence the PBR will decrease with respect
to the theoretical prediction. Therefore, eliminating the
influence of the unmodulated light is essential for high-
performance DOPC. We have dealt with this problem in
detail in the DOPC experiment.

Since the reflected light without any phase modulation
will appear at the 0th diffraction order of the SLM, we
can remove their impact by filtering them out with a high-
pass filter [34]. In this work, a high-pass filter is set to
the focal plane of the lens L2, shown in Fig. 2. Usually,
a light filter is a mask with a patterned opaque film on
the surface of a glass substrate to block a particular part
of the incident light. In consequence, if the filter is only
inserted into the light path during the playback stage and
removed during the phase record stage, there will be an
extra optical path difference induced by the glass substrate
between these two stages, which will reduce the PBR pro-
vided that this light path difference is not compensated.
Besides, the playback stage cannot be implemented syn-
chronously with the phase record stage even if this optical
path difference has been compensated, which will affect the
real-time performance of the system. Given these facts, the
high-pass filter is inserted into the light path at both stages
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stage. (b) Filtering out the 0th diffraction order of the SLM dur-
ing the time-reversal stage. (c) Spatial frequency spectrum of
the time-reversed light. (d) Spatial frequency spectrum of the
backpropagating light with random phase modulation.

in our experiment, as the simplified vignette displayed in
Figs. 10(a) and 10(b).

Figure 10(c) illustrates the spatial frequency spectrum
of the time-reversed light in Fig. 9(c), while Fig. 10(d)
images that of the backpropagating light in Fig. 9(e) whose
phase is randomly modulated by the SLM, both of which
are measured at the focal plane of lens L2 where the high-
pass filter is placed. It is observed that in both cases light of
the 0th diffraction order locates at the center of the image
while with those of higher diffraction orders surrounded. In
Fig. 10(c), the spatial distribution of the scattering light on
the focal plane is reconstructed by the phase-conjugated
light, in which an intensity valley appears around the
0th diffraction order, namely the white dashed area in
Fig. 10(c). This intensity valley is caused by the squared
opaque region on the high-pass filter, which blocks light
scattering from the scattering medium to the SLM and the
wave-front sensor during the phase record stage, just as
shown in Fig. 10(a). Consequently, the phase-conjugated
light will bypass this opaque region rather than incident on
it. Hence the squared opaque region would merely filter out
energy lying inside the white dashed area, i.e., energy of
the 0th diffraction order only, just as Fig. 10(b) illustrates.
As a consequence, there will be no energy loss for the
backpropagating light of the true phase-conjugated part.

Comparing Fig. 9(b) with Fig. 9(a), the peak intensity
of the refocusing spot increased about 20%, suggesting that
the curvatures of the reference wave front together with the
SLM are well compensated. However, the peak intensity in
Fig. 9(c) decreases to about 90% of that in Fig. 9(b), which
approximates the transmittance of the quartz glass sub-
strate of the high-pass filter, implying that the curvatures of
the reference wave front and the SLM are also well com-
pensated in this case, and the decrease of the peak intensity
is induced by the reflection of the glass substrate of the
high-pass filter. Therefore, except for the reflection of its
glass substrate, the high-pass filter will neither enhance

nor reduce the peak intensity of the refocusing light spot.
This is consistent with the analysis of Fig. 10(c) in the
above paragraph. Considering that light of the 0th diffrac-
tion order has been filtered out in Fig. 9(c), its background
intensity will be much weaker and the PBR will be much
larger than that in Fig. 9(b).

It is worth noting that the the background intensities
in Figs. 9(a) and 9(b) are obtained, as an alternative, by
measuring the mean intensity of the speckle pattern with a
random phase displayed on the SLM. However, if this idea
is adopted for Fig. 9(c), fake PBR might appear, since the
backpropagating light with random phase modulation is
somewhat different for case III. It is evident that the energy
in Fig. 10(d) is less concentrated relative to Fig. 10(c),
which is caused by the fact that the maximum spatial fre-
quency of the random backpropagating light equals the
reciprocal of the SLM’s pixel pitch while that of the time-
reversed light equals to the reciprocal of the speckle grain
size. In addition, there is no dark space inside the white
dashed area in Fig. 10(d) while there is an intensity val-
ley for the time-reversed light in Fig. 10(c), indicating that
part of the light energy of higher diffraction orders will also
be filtered out. As a result, the average intensity for the
speckle pattern of random phase modulation will be low-
ered, consistent with the observation in Fig. 9(e), which is
only about 59% of the mean intensity in Fig. 9(d), much
smaller than the transmittance of the quartz glass substrate
of the high-pass filter. This will lead to a disastrous conse-
quence: the measured PBR will be exaggerated, sometimes
even greater than the theoretical prediction.

To solve this problem, the size of the opaque region
on the high-pass filter should be precisely equal to the
size of the 0th diffraction order of the SLM, to guaran-
tee that only light of the 0th diffraction order would be
filtered out. However, we may not have a high-pass filter
of proper size in hand. In this situation, there is also a sim-
ple expedient way to solve the problem if a high-pass filter
of a larger size is used. The spatial frequency spectrum
in Fig. 10(c) indicates that the time-reversed refocusing
light spot in Fig. 9(c) is induced by the phase-conjugated
light of total energy Et × (1 − γ0) × t, where Et is the total
energy of the reference beam incident on the SLM, γ0 is
the proportion of light of the 0th diffraction order, and t is
the transmittance of the quartz glass substrate. In contrast,
Fig. 10(d) presents that the speckle pattern in Fig. 9(e)
is caused by randomly modulated light of total energy
Et × (1 − γ0 − γh) × t, where γh is the energy loss rate
of higher diffraction orders. Hence the actual mean back-
ground Ib should be Im × (1 − γ0)/(1 − γ0 − γh), where Im
is the mean intensity of the speckle pattern in Fig. 9(e).
Consequently, the true PBR should be modified as

ηPBR = Ipeak

Ib
= Ipeak

Im × 1−γ0
1−γ0−γh

, (B1)
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where Ipeak is the peak intensity of the refocusing light
spot. The theoretical derivation of this PBR formula will
be detailed in Appendix E.

In this work, we employ the modified formula Eq. (B1)
to measure the true PBR of a time-reversed refocusing
spot. The size of the 0th diffraction order, namely, the
size of the bright spot in Fig. 10(c), is measured to be
about 400 µm, while the size of the opaque region on
the high-pass filter is around 900 µm, much bigger than
that of the 0th diffraction order. Using data in Figs. 9(c)
and 9(e), the raw measured PBR (without correction of the
energy loss of high diffraction orders) is calculated to be
around 1.23 times of the theoretical value, much exagger-
ated relative to the theoretical prediction. (1 − γ0) × t and
(1 − γ0 − γh) × t can be acquired by comparing the energy
behind the high-pass filter on occasions with and without
the high-pass filter inserted into the light path, respectively.
In the case of Fig. 9(c), (1 − γ0) × t is measured to be 69%,
while (1 − γ0 − γh) × t is measured to be 53% in Fig. 9(e),
so the true PBR is shown to be 1.23 × 53% ÷ 69% ≈ 94%
of the theoretical value. All blue circles in Fig. 9 are mea-
sured by this method, indicating that they all approach the
theoretical value.

APPENDIX C: ERROR ANALYSIS OF
PERSPECTIVE TRANSFORMATION

In the ideal case for speckle patterns with good sam-
pling rate such as those captured by commercial CCD or
CMOS cameras, it is quite simple to match a point of a
reference image in its deformed one at subpixel resolu-
tion using the method of DSC. However, because of the
long-time consumption, pictures captured by single-pixel
imaging are usually undersampled, which will affect its
image quality and then influence the error of point match
with the DSC method. The random blue points in Fig. 8
show that we cannot accurately locate a point of an under-
sampled reference image, captured by single-pixel imaging
in this case, in a well-sampled SCMOS image even though
a subpixel DSC algorithm is utilized. As a consequence,
the pixel match with perspective transformation cannot
be implemented with a low match error (sometimes even
larger than the pixel pitch of the SLM). This mismatch
will affect the ultimate performance of the DOPC system.
Hence, the sampling rate should be raised to improve the
picture quality so as to decrease the pixel match error.

However, owing to the ambient light noise, the noise
of the detector, and the intensity fluctuation of the laser
light, it is hard to capture the speckle pattern with high
quality even if a good sampling rate is adopted. There-
fore, in this work, we employ another method, which
takes the idea of point averaging: considering the random
nature of blue points in Fig. 8, the real position of the
projection point on the SCMOS could be approximated
by averaging all blue points in each subfigure. As the

(a) (b)

FIG. 11. (a) Uncertainty of the averaged projection point with
respect to the number of measurements along x (blue) and y (red)
directions, respectively. (b) Distance between the averaging posi-
tion of the measured projection points and the calculated one with
perspective transformation; the blue and red colors correspond to
the distance in Figs. 8(b) and 8(e), respectively.

variance for the average value of a collection of random
observations equals the variance of this random collec-
tion divided by its size, the true projection point can be
approached by increasing the number of blue points, i.e.,
the number of observations or measurements. The uncer-
tainty of the averaged projection point in Fig. 8(a) is
plotted in Fig. 11(a), in which �X ′ and �Y′ are the uncer-
tainty of X ′ and Y′, respectively. It can be seen that �X ′
and �Y′ decrease with the number of measurements, and
they get smaller than 0.1 pixels when more than 20 times
of measurements are implemented, meaning that 95% of
the averaged points will lie inside a square region with a
side length of 0.2 pixels around the true projection point.
Hence, the averaged projection point is of subpixel res-
olution. The blue and red lines in Fig. 11(b) graph the
distances of the averaging projection points (the red stars)
in Figs. 8(b) and 8(e) from the calculated one (the purple
crosses) under perspective transformation, respectively,
demonstrating that they also decrease with the number of
measurements and converge to about 0.2 pixels and 0.1
pixels after 45 measurements. Thus, the random error of
the perspective transformation is also under subpixel level.
In conclusion, pixel match between pixels on the SLM and
the SCMOS camera is of subpixel resolution.

APPENDIX D: FAST SINGLE-PIXEL SPECKLE
IMAGING FOR QUICK ALIGNMENT OF THE

DOPC SYSTEM

Due to the slow response time for liquid crystal of many
commonly used commercial SLMs (for example, 60 ms
for the Holoeye PLUTO-VIS-016 used in this work), the
imaging frame rate would be severely affected since a pic-
ture acquired by single-pixel imaging consists of a large
series of measurements, each needing the SLM to display
a different measurement basis. In consequence, it is time
consuming to align a DOPC system with the proposed
scheme. Therefore, improving the frame rate of single-
pixel imaging is indispensable for quick alignment of the
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DOPC system, especially for SLMs with slow response
time.

Fortunately, many algorithms have been put forward
to speed up the frame rate, such as single-pixel imaging
via comprehensive sensing [63] and deep learning [64].
Here we present a demonstration to improve the frame rate
based on a simple idea of parallel imaging with a camera
array: configure a single-pixel camera array with a single
SLM, each capturing the image of a small region on the
SLM, and then stitch images obtained by each single-pixel
camera to form a large picture. Since each single-pixel
camera only needs to image a small region, the number
of samples for each camera could be lowered, as well as
the sampling time.

In this work, an industrial CCD camera is employed to
construct an array of single-pixel detectors for the building
of single-pixel camera array. A simplified illustration of
the experimental setup relevant to the parallel single-pixel
imaging is shown in Fig. 12(a): the single-pixel photodi-
ode PD2 is replaced by an industrial CCD camera, and the
collecting lens L1 is replaced by an imaging lens L4. The
polarizers P1 and P2 are also 45◦ and −45◦ aligned with
respect to vertical direction, respectively. The region on
the SLM to be imaged is divided into M × N small sub-
regions, and the CCD camera is employed to detect the
reflection of each subregion. An array of M × N single-
pixel cameras could be established for rapid imaging of
the speckle pattern as follows:

(1) Calibration of the single-pixel camera array. Firstly
the scattering medium is removed from the light path, and
the phase pattern of Fig. 12(b) is displayed on the imag-
ing region of SLM. This phase pattern includes M × N

subregions, with the phase of the adjacent subregions alter-
natively modulated so as to render their images on the CCD
to be alternatively bright and dark, as Fig. 12(c) illustrates.
Each bright and dark area in Fig. 12(c) can be treated as
a superpixel by summing up intensities of all pixels inside
this area. Thus the reflection of each subregion on the SLM
could be measured by its corresponding superpixel on the
CCD camera.

(2) Measurement with Hadamard basis. Reinsert the
scattering medium into the light path, and hence the
speckle pattern appears on the surface of the SLM. To cap-
ture its image, every subregion in Fig. 12(b) displays the
Hadamard basis patterns shown in Fig. 12(d) in sequence,
and simultaneously the reflection of each subregion is
monitored by the corresponding superpixel on the CCD.
Figure 12(e) plots intensity fluctuations of four superpixels
versus the varying Hadamard basis patterns.

(3) Image reconstruction. Utilizing Eq. (1), the speckle
pattern on each of the SLM subregions could be recon-
structed. Figure 12(f) graphs the speckle pattern acquired
on four subregions corresponding to the intensity fluctua-
tions in Fig. 12(e). By stitching images of all subregions
up, the whole speckle pattern could be obtained, such as
that shown in Fig. 12(g), which consists of 512 × 512
pixels (16 × 16 subregions, and each subregion contains
32 × 32 pixels) on the SLM imaging area and is at Nyquist
sampling rate of about 1.25%.

It is worth noting that the calibration of the single-pixel
camera array needs to be performed only once. With this
single-pixel camera array, the frame rate is improved M ×
N times with respect to the single-pixel camera with only a
single detector. For instance, the imaging time of Fig. 12(g)
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FIG. 12. Parallel imaging of the speckle pattern with a single-pixel camera array. (a) Experimental setup of the single-pixel camera
array. (b) Subregions to be imaged on the SLM. (c) Image of the subregions captured by the CCD camera. (d) Hadamard basis to be
displayed on each subregion of the SLM. (e) Light intensity reflected off subregions (00, 10, 20, and 30) on the SLM with respect to
the Hadamard basis, detected by the corresponding CCD superpixels of 00, 10, 20 and 30. (f) Speckle patterns on subregions (00, 10,
20, and 30) of the SLM acquired by the single-pixel camera array. (g) Full speckle pattern stitched from (f).
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is about 2 s, which is only about 1/(16)2 ≈ 0.004 of the
time consumed with a single photodiode detector to cap-
ture the same image. Consequently, the time consumption
for the entire alignment of the DOPC system could be
reduced to a few minutes. Furthermore, if one does not pur-
sue perfect performance in DOPC experiment, averaging is
unnecessary for point projection between speckle patterns
captured by the single-pixel camera and the wave-front
sensor, namely one shot is sufficient. As a result, the align-
ment procedure could be finished on the order of tens of
seconds. With continuing increase of the number of single-
pixel cameras in the camera array, the time consumption
could be reduced further. Therefore, with the proposed
single-pixel imaging-based scheme, quick high-precision
alignment of a DOPC system can be implemented even for
an SLM with a slow response time.

APPENDIX E: MEASUREMENT OF THE PBR

Since the DOPC refocusing light spot is commonly used
to characterize the basic time-reversal performance of a
DOPC system, we follow this convention and test the PBR
of this refocusing light spot in this work. The PBR is given
by ηPBR = Ipeak/Ib, where Ipeak is the peak intensity of the
refocusing light spot and Ib is the mean intensity of the
background. The simplest way to get PBR is to measure
Ipeak and Ib directly with a camera. However, it is hard to do
so in an actual experiment, because the intensity contrast
between Ipeak and Ib is so high that the commonly used
cameras could not obtain them at the same time for their
small dynamic range. To solve this problem, an alternative
way is proposed, in which Ipeak is measured directly (at
this time, the background intensity approaches zero) but Ib
is measured indirectly with the SLM displaying a random
phase pattern. This has been widely adopted in previous
works about DOPC. By following the theoretical frame-
work of transmission matrix method [21,23], here we will
demonstrate analytically that this method could be used
not only in conventional DOPC systems, but also in our
modified one.

In conventional DOPC systems, namely without elim-
ination of the 0th diffraction order of the SLM with a high-
pass filter. As presented in Fig. 13, we describe the input
modes on the input plane A of the random medium as a
vector EA (with elements denoted as EA

m, m = 1, 2, . . . , M ),
and EB the output modes on the output plane B (with ele-
ments EB

n , n = 1, 2, . . . , N ). The transformation of EA and
EB can be described as

EB = TABEA, (E1)

where TAB (with elements tAB
mn) is the transmission matrix

describing the propagation of EA from plane A to B. In the
playback stage, a phase-conjugated wave front could be

FIG. 13. Light propagation through the random medium.

obtained on the input plane A:

EA′ = TBA(EB)∗ = TBA(TABEA)∗ = (EA)∗ (E2)

TAB is unitary in perfect phase conjugation, namely
(TAB)† = (TAB)−1 = (TBA)∗.

However, TAB is only part of the total transmission
matrix in practical applications, and therefore the phase-
conjugated wave front is not perfect and a background
speckle pattern would appear. Here a system with only one
nonzero input mode (EA

1 = 1, and EA
m = 0 for m 
= 1) will

be considered for simplicity but without loss of generality.
Thus, the output modes could be obtained by

EB
n =

M∑

m

tAB
mn × EA

m = tAB
1n × EA

1 = tAB
1n . (E3)

In the recording stage of phase-only DOPC systems, the
phase pattern of EB

n will be recorded, i.e., arg(EB
n ) =

arg(tAB
1n ). And in the playback stage, a phase-conjugated

wave front will be generated by the phase-only SLM. Sup-
posing that the electric field and intensity of the reference
beam are denoted as ER and IR, respectively. Thus, the
phase-conjugated wave front of the nonzero input mode
could be described by

EA′
1 =

N∑

n

tBA
n1 × ER × exp[−i × arg(tAB

1n )] = ER

N∑

n

|tAB
1n |

(E4a)

I A′
1 = IR × [

N∑

n

|tAB
1n |]2. (E4b)

The phase-conjugated wave front of those zero input
modes will be

EA′
m = ER

N∑

n

tBA
nm × exp[−i × arg(tAB

1n )], (m 
= 1),

(E5a)
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I A′
m = IR ×

∣
∣
∣
∣
∣

N∑

n

tBA
nm × exp[−i × arg(tAB

1n )]

∣
∣
∣
∣
∣

2

, (m 
= 1).

(E5b)

Apparently, the ensemble average 〈I A′
1 〉 and 〈I A′

m 〉 denote
the peak intensity of the refocusing light spot and the
background intensity Ib, respectively. The PBR could be
acquired by ηPBR = 〈I A′

1 〉/〈I A′
m 〉.

Now supposing that the SLM displays a uniformly dis-
tributed random phase pattern φn, the resulting electric
light field would be

EA′′
m = ER

N∑

n

tBA
nm × exp[−i × φn] (E6a)

I A′′
m = IR

∣
∣
∣
∣
∣

N∑

n

tBA
nm × exp[−i × φn]

∣
∣
∣
∣
∣

2

(E6b)

From the statistical properties of the transmission
matrix, we know that tBA

nm and tAB
1n are independent complex

random variables, and the phase of tAB
1n , namely arg(tAB

1n ),
is also uniformly distributed, which is the same as φn. We
thus obtain that

〈∣
∣
∣
∣
∣

N∑

n

tBA
nm × exp[−i × φn]

∣
∣
∣
∣
∣

2〉

=
〈∣
∣
∣
∣
∣

N∑

n

tBA
nm × exp[−i × arg(tAB

1n )]

∣
∣
∣
∣
∣

2〉

. (E7)

Consequently,

Ib ≡ 〈I A′
m 〉 = 〈I A′′

m 〉. (E8)

That is to say, the mean background intensity of the
phase-conjugated light equals the mean intensity of the
light field when the SLM displays a uniformly distributed
random phase pattern. This is the rationale behind the idea
that the random phase modulation on the SLM gives the
genuine background value.

In the modified DOPC system of this work in which a
high-pass filter is inserted into the light path. As shown
in Fig. 10(a), the light path of the scattered light could
be divided into two parts: the part bypassing the opaque
region of the high-pass filter (namely along path I, which
could reach the wave-front sensor) and others blocked by
the opaque area (namely along path II, which could not
arrive at the wave-front sensor), in sharp contrast to con-
ventional DOPC systems. We use tABI

mn and tABII
mn to describe

the transmission matrix mapping each of the M input chan-
nels to N possible output modes for light along path I and
path II, respectively.

Here a system with only one nonzero input mode (EA
1 =

1, and EA
m = 0 for m 
= 1) will also be considered for sim-

plicity but without loss of generality. The output modes
at plane B (namely the surface plane of the wave-front
sensor) in Fig. 10(a) can be obtained by

EB
n = EBI

n + 0 × EBII
n =

M∑

m

tABI
mn × αmEA

m

+ 0 ×
M∑

m

tABII
mn × βmEA

m

= α1 × tABI
1n (E9)

EBI
n and EBII

n are electric fields of light coming from path
I and path II, respectively. 0 × EBII

n means that these parts
of light are blocked by the opaque area of the high-pass
filter. αm, βm denote the contribution of incident mode m
to output mode n along path I and path II, respectively.
According to the principle of superposition, αm + βm = 1.

Following a procedure similar to the above conventional
case, the phase-conjugated wave front of the nonzero input
modes could be obtained by

EA′
1 = E′

R ×
{

N∑

n

tBAI
n1 × α′

n × exp
[
−i × arg

(
α1tABI

1n

)]

+ 0 ×
N∑

n

tBAII
n1 × β ′

n × exp
[
−i × arg

(
α1tABI

1n

)]
}

= E′
R ×

N∑

n

α′
n × |tABI

1n | exp [−i arg (α1)] , (E10a)

I A′
1 = I ′

R ×
[

N∑

n

α′
n ×

∣
∣
∣tABI

1n

∣
∣
∣

]2

. (E10b)

And the phase-conjugated wave front of those zero input
modes will be

EA′
m = E′

R

{
N∑

n

tBAI
nm × α′

n × exp
[
−i × arg

(
α1tABI

1n

)]

+ 0 ×
N∑

n

tBAII
nm × β ′

n × exp
[
−i × arg

(
α1tABI

1n

)]
}

= E′
R ×

N∑

n

tBAI
nm × α′

n exp
[
−i × arg

(
α1tABI

1n

)]
,

(m 
= 1) (E11a)

I A′
m = I ′

R ×
∣
∣
∣
∣
∣

N∑

n

tBAI
nm × α′

n exp
[
−i × arg

(
tABI
1n

)]
∣
∣
∣
∣
∣

2

,

(m 
= 1) (E11b)
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Where E′
R and I ′

R (= |E′
R|2) are the electric field and inten-

sity of the light which has been modulated by the SLM,
respectively. α′

n and β ′
n denote the contribution of the out-

put mode n to the input mode m transporting along path
I and path II, respectively, and α′

n + β ′
n = 1. Because the

light is the phase-conjugated counterpart of EB
n , α′

n will
approximate 1, consequently,

I A′
1 ≈ I ′

R

[
N∑

n

∣
∣
∣tABI

1n

∣
∣
∣

]2

(E12a)

I A′
m ≈ I ′

R

∣
∣
∣
∣
∣

N∑

n

tBAI
nm × exp

[
−i × arg

(
tABI
1n

)]
∣
∣
∣
∣
∣

2

, (m 
= 1).

(E12b)

The average intensity of I A′
m will be

〈I A′
m 〉 ≈ I ′

R × N × Var
{
tBAI
nm

}

× Var
{

exp
[
−i × arg

(
tABI
1n

)]}
, (E13)

where Var{∗} denotes the variance of a random variable.
If the SLM displays a uniformly distributed random

phase pattern φn, the resulting electric light field would be

EA′′
m = E′

R

{
N∑

n

tBAI
nm × α′′

n × exp [−i × φn]

+ 0 ×
N∑

n

tBAII
nm × β ′′

n × exp [−i × φn]

}

= E′
R ×

N∑

n

tBAI
nm × α′′

n × exp[−i × φn], (m 
= 1)

(E14a)

I A′′
m = I ′

R ×
∣
∣
∣
∣
∣

N∑

n

tBAI
nm × α′′

n × exp[−i × φn]

∣
∣
∣
∣
∣

2

, (m 
= 1)

(E14b)

where α′′
n and β ′′

n denote the contribution of the output
mode n to the input mode m transporting along path I
and path II, respectively, and α′′

n + β ′′
n = 1. The ensemble

average intensity will be

〈I A′′
m 〉 = I ′

R × N × Var
{
α′′

n

} × Var
(
tBAI
nm

)

× Var {exp [−i × φn]} . (E15)

Comparing Eq. (E13) with Eq. (E15), the following
equation can be obtained:

〈I A′′
m 〉

〈I A′
m 〉 ≈ I ′

R × Var
{
α′′

n

}

I ′
R

=
I ′
R ×

{
E[|α′′

n |2] − ∣
∣E[α′′

n ]
∣
∣2

}

I ′
R

(E16)

where E[∗] represents the expectation of a random vari-
able.

Since φn is uniformly distributed in the range of −π ∼
π , α′′

n will also be uniformly distributed with the mean
value equals to 0, namely E[α′′

n ] = 0. Consequently,

〈I A′′
m 〉

〈I A′
m 〉 = I ′

R × E[|α′′
n |2]

I ′
R

= I ′′
R

I ′
R

. (E17)

Apparently, I ′
R and I ′′

R (= I ′
R × E[|α′′

n |2]) represents light
intensity of the part bypassing the optical filter. In the
experiment, I ′

R and I ′′
R are proportional to the energies of

the reference beam incident on the surface of the scatter-
ing medium, which could be given by Et × (1 − γ0) × t
and Et × (1 − γ0 − γh) × t, respectively. As mentioned in
Appendix B, Et is the total energy of the reference beam
incident on the SLM, and t is the transmittance of the
quartz glass substrate of the high-pass filter, and γ0 is
the proportion of light of the 0th diffraction order, and
γh is the energy loss rate of higher diffraction orders. In
consequence,

〈I A′′
m 〉

〈I A′
m 〉 = 1 − γ0 − γh

1 − γ0
(E18a)

Ib ≡ 〈I A′
m 〉 = 〈I A′′

m 〉 × 1 − γ0

1 − γ0 − γh
= Im × 1 − γ0

1 − γ0 − γh
(E18b)

〈I A′
m 〉 is the actual average background intensity of the

phase-conjugated light field, namely Ib. 〈I A′′
m 〉 is the mea-

sured mean intensity by the camera with a random phase
pattern displaying on the SLM, denoted as Im in the experi-
ment. Therefore, the PBR in the modified DOPC system in
this work could be measured with the following formula:

ηPBR = 〈I A′
1 〉

〈I A′
m 〉 = Ipeak

Ib
= Ipeak

Im × 1−γ0
1−γ0−γh

. (E19)

From Eq. (E19), it can be seen that if the high-pass fil-
ter only filters out the 0th diffraction order of the SLM
(namely the size of the opaque region on the high-pass
filter equals the size of the 0th diffraction order of the
SLM), ηPBR = Ipeak/Im. That is to say, in this situation
the PBR measurement is the same as that in conventional
case. However, if the high-pass filter is of improper size,
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the energy loss of higher orders (γh) should be considered
to avoid fake PBR values when utilizing this alternative
measurement method.
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