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The memory effect is a type of auto correlation observed in linear systems, which is widely used to control scattered
light through thin scattering layers. We show that there exists a strong correlation among the optimized phase distributions
of adjacent focal points in focusing through scattering media. The numeric simulation and experiment indicate that within
the memory effect, the phase difference between the two adjacent focal points shows an optical phase fringe pattern, and
the closer the adjacent focal points are, the wider the fringe pattern will be, corresponding to the tilting of a plane wave
phase added onto the acquired optical phase distribution at the focal point. This effect can be utilized for achieving optimal
phase distributions of focal point scanning without optical phase evaluation via the experiment, which has great potential
application in imaging through the scattering medium.
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1. Introduction
Turbid media, such as wood, disordered metamaterials,

and living tissues, are opaque because of the strong scattering
of light.[1–3] For a long time, it is believed that light scattering
is the fundamental limitation for light to propagate through tur-
bid media.[4] As an optical field passes through a medium, its
spatial profile becomes randomly perturbed.[5] Luckily, even
strongly scattered optical fields still maintain a certain de-
gree of correlation, which can be used to reconstruct clear im-
ages from behind scattering media.[4] One of the most widely
known correlations is the so-called memory effect, which is
firstly proposed by Isaac Freund and coworkers.[6,7] The tra-
ditional memory effect describes the following phenomenon:
when an input wavefront reaching a diffusing sample is tilted
within a certain angular range, the output wavefront is equally
tilted. This effect is widely used in imaging through scatter-
ing media by point scanning.[8] When the input wavefront is
shaped to converge at a spot on the screen, tilting the input
wavefront scans the spot on the screen laterally. The memory
effect also can be applied to correlation with a known object[9]

and off-line reconstruction.[10]

Evaluating the region of the memory effect would be di-
rectly measuring the physical shift of the imaged spot[8] or
tilting the incident light.[10] In this paper, we proposed to
acquire the region of the memory effect by evaluating the
transmission matrix of the scattering system. In theory, there
is a linear relationship between the incident and transmit-
ted light fields, which is referred by a transmission matrix
(TM).[11,12] Measuring TM of a scattering medium is an ap-
proach to focus coherent light through scattering media. The

optical system of light scattering is a linear system. Under
this assumption, a scattering medium could be completely de-
scribed by TM. Therefore, this approach can work for dif-
ferent targeted patterns at a time, as long as the TM is mea-
sured. TM is usually acquired by monitoring the intensity
distribution of the transmitted light field when the incident
light is modulated by a set of given input patterns, such as
Hadamard phase patterns.[11,12] Due to the orthogonality of
the Hadamard phase patterns and the flexibility of coherent
control of the scattered light, TM approach can be applied to
various research fields, such as sub-wavelength imaging[13]

and multispectral control.[14] One application of TM evalua-
tion is to achieve the scanning of the focal points, the posi-
tions of which can be arranged in the imaging plane regarding
to the corresponding TM calculations.[15] The relationship of
the focal points reveals the natural properties of the scattering
processing.[16]

The knowledge of optical memory effect and the
TM approach to focusing light through turbid media have
been widely studied and can be applied to many research
fields.[9,17–20] However, little work has studied on the relation-
ship between the optimal phase masks of two adjacent focal
points. In this paper, we predict that there exists a strong cor-
relation among the optimized phase distributions of adjacent
focal points in focusing through scattering media. The finding
is verified by both numeric simulation and experiment, which
indicate that in the range of the memory effect, the phase dif-
ference between the two adjacent focal points shows a linear
relationship, or the tilting of the optical phase relation. This
effect can be utilized for achieving optimal phase distributions
of focal points based on one adjacent focal point in focusing
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light through scattering media, as well as the quick imaging
configuration through the scattering medium.

2. Theory study
2.1. Generalized optical memory effect

In many applications including imaging through a thin
turbid layer, it is a basic objective to scan a focus in a two-
dimensional (2D) or three-dimensional (3D) outgoing plane.
However, generating multiple foci at different positions and
scanning these reconstructed foci are time consuming and
technically challenging. The optical memory effect enables
the scanning of a reconstructed optical focus through a scat-
tering layer.

Consider the propagation of monochromatic and coher-
ent light from an input plane a to an output plane b. The input
field Ea and the output field Eb are related by[19]

Eb(𝑟b) =
∫

T (𝑟b,𝑟a)Ea(𝑟a)d𝑟a, (1)

where T (𝑟b,𝑟a) is the sample’s TM, and 𝑟a and 𝑟b are the
position vectors in the input plane and output plane, respec-
tively. The translation distance within which the optical mem-
ory effect holds (that is, the field of view (FOV)) is inversely
proportional to sample thickness L and directly proportional to
the distance s of the sample from the screen. It can be approx-
imated by the equation[18]

FOV≈ sλ

πL
, (2)

where λ is the wavelength of light. Within this range, when
the incident wave is shifted by ∆𝑟a and tilted by ∆𝑘a, the out-
put wave is shifted by ∆𝑟b and tilted by ∆𝑘b. One impor-
tant branch of the theoretical studies is the random matrix the-
ory (RMT), in which the correlations between the propagating
modes inside the scattering media are examined based on the
scattering matrix. Here, we list a generalized tilt/shift correla-
tion function, which is defined as[18]

C(∆𝑟b,∆𝑘b;∆𝑟a,∆𝑘a)

≡
∫∫ 〈

T (𝑟+b ,𝑟
+
a )T

∗(𝑟−b ,𝑟
−
a )
〉

e i(∆𝑘a·𝑟a−∆𝑘b·𝑟b)d𝑟a d𝑟b,

where 𝑟+a ≡ 𝑟a +∆𝑟a/2, 𝑟−a ≡ 𝑟a−∆𝑟a/2 (the same for 𝑟b),
and ∗ stands for the conjugate transpose. In the special case
that ∆𝑘a = ∆𝑘b and ∆𝑟a = ∆𝑟b = 0, equation (3) reduces to
the optical tilt memory effect, whereas for ∆𝑟a = ∆𝑟b and
∆𝑘a = ∆𝑘b = 0, the correlation function corresponds to the
shift memory effect. The approximate solution of the correla-
tion function for forward scattering is given by[19]

C(∆𝑟b,∆𝑘b;∆𝑟a,∆𝑘a)

= (2π)2CFP(∆𝑟b,∆𝑘b)δ (∆𝑘a−∆𝑘b)

×δ (∆𝑟b−∆𝑟a−∆𝑘aL/k0), (3)

where CFP(∆𝑟b,∆𝑘b) is a 2D Fokker–Planck correlation
function,[19] and k0 is the wave number. As is clear from
Eq. (3), the shift and tilt correlations along the output plane
are not independent, but show a combined effect. The two δ

functions are a direct result of the shift and tilt invariance of
the Fokker–Planck model.[21–23]

The schematic of our work is shown in Fig. 1. When the
input wavefront is shaped by a spatial light modulator (SLM)
to converge at a spot on the screen. When a coherent wave
propagates through disordered media, the addition of a small
phase gradient to the incident field (i.e., tilting of the incident
field) results in the addition of the same phase gradient to the
corresponding transmitted field. Therefore, once an incident
wavefront is optimized such that the optical focus is generated
at a target position behind a scattering layer, the generated fo-
cus can be translated by adding a small phase gradient to the
optimized wavefront or tilting the incident wavefront using a
mirror or an SLM.

sample

focal
points

SLM

Fig. 1. Generalized optical memory effect. When the input wavefront
is shaped to converge at a spot on the screen, tilting the output wave-
front scans the spot laterally, which can be used for imaging by point
scanning.

2.2. Transmission matrix approach

In the scattering processing, the input field and output
field can be described as the input channels and output chan-
nels. The light channels are the amplitude or phase modes of
light fields. Therefore, equation (1) can be rewritten as[1]

Eout
m =

N

∑
n=1

tmnE in
n , (4)

where Eout
m (m = 1,2,3, . . . ,M) is the electric field at the mth

output channel, E in
n (n = 1,2,3, . . . ,N) is the electric field at

the nth input channel, and tmn are the elements of the TM.
The TM approach exploits a set of predefined phase

distributions and requires four measurements for each input
mode. The observed TM is obtained by calculating the com-
plex light field corresponding to a set of given input modes.
The Hadamard basis set is selected, because it can be repre-
sented as a phase basis with uniform amplitude. The complex
electric field response is measured by interference between the
Hadamard basis elements and known phase reference beams,
where we use a four-phase approach to reconstruct the com-
plex light field. Each Hadamard basis element interferes with
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phase references of 0, π /2, π , and 3π /2 and is detected af-
ter propagation through the random scattering layers. The
observed TM response for Hadamard basis element n is cal-
culated with the intensity measurements at the output mode
from all four phase references (I0, Iπ/2, Iπ , and I3π/2) accord-
ing to[11]

kn
obs = (I0− Iπ)/4+ j(I3π/2− Iπ/2)/4, (5)

where kn
obs (n= 1,2,3, . . . ,N) is the nth element of the observed

TM Kobs. The optimized phase distribution for creating a focus
at the single output mode is calculated as[11]

E in = KH
obs/|KH

obs|, (6)

where H represents the conjugate transpose. The procedure
described above is the approach to measure the TM for a sin-
gle output mode. We have measured the transmission matrices
of the focal points. It is impossible to measure the whole TM
of the scattering media. We only concern about the phase dis-
tributions of focal points. By using the measured transmission
matrices, the focal points can be attained by conjugating the
phases of the transmission matrices. As mentioned above, the
TM approach can work for different target patterns at a time,
as long as the TM is measured.

Both tilting the incident light into the scattering medium
and TM evaluating could shift the output mode (focal points)
through the scattering medium, which indicates the essential
correlation between these two factors. This also reveals that
we could evaluate the region of the memory effect by compar-
ing the optical phases of the adjacent output modes, or focal

points, through calculating the transmission matrix of the scat-
tering system. In the following sections, we study the correla-
tion of the optimal phase distributions of adjacent focal points
in the range of the memory effect through the TM evaluation
approach by both numeric simulation and experiment.

3. Numeric simulation
The TM simulation model is shown in Fig. 2. The inci-

dent plane wave is represented by a matrix consisted of N ele-
ments with phase 0, and the magnitudes of all the elements
are set to 1. The plane wave is incident on a spatial light
modulator. The phase-only modulator can be seen as a matrix
with complex numbers N in which their moduli are ones and
phases can be changed. The spatially phase shaped wave is
incident on a strongly scattering sample, which is represented
by a random matrix with circular Gaussian distribution. After
propagating through the turbid medium, the scattered light is
collected by a CCD, which could be represented by an oper-
ation of Fourier transform (FT). The whole procedure can be
expressed as[17]

𝐴= F [𝐴0 exp(i𝛷SLM)exp(i𝛷sample)], (7)

where 𝐴 is the complex amplitude distribution in the output
plane, F represents the Fourier transform, 𝐴0 represents the
complex amplitude in the incident plane wave, 𝛷SLM is the
phase-only modulation on SLM, and 𝛷sample is the phase mod-
ulation of the sample. The intensity distribution in the output
plane is given by I = |𝐴|.[2] In order to emulate the experimen-
tal noises in actual measurements, we add 1% of the average
speckle intensity to simulate the noise.

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

ϕ1 ϕ2

ϕG

ϕ1 ϕ2

ϕG

y1 y2

yM

cameralensSLMlaser beam scattering medium

FFT

Fig. 2. Simulation model used for focusing light through turbid media. The plane wave is incident on a SLM so that the wavefront of the
incident light is spatially phase shaped. Then it propagates through a strong turbid medium and focuses at a predefined target which can be
observed by CCD.

Figure 3 shows the positions of the focal points on the
CCD screen by employing the evaluated optical phases via
the transmission matrix of the scattering system on the SLM.
The distances between the focal point of Fig. 3(a) and that of
Figs. 3(b)–3(l) are in the the range of memory effect, while
the distances between the focal point of Fig. 3(a) and that of
Figs. 3(m)–3(p) are outside the range of memory effect. The
focal points are listed from left to right and the intensity of the
focal point is normalized to the incident light. The number of
pixels on the CCD screen is 64× 64 = 4096. Employing the
TM approach mentioned above, 16 optimal phase distributions

for the focal points in Fig. 3 can be obtained. From Fig. 3(a)
to Fig. 3(l), each picture moves by one pixel on the screen of
the CCD. For Fig. 3(l), the focal point totally moves by 12 pix-
els on the screen. Figures 3(m)–3(p) show the focal points on
the CCD screen in which the distances are outside the range
of optical memory effect. The focal points with respect to that
in Fig. 3(a) move by 16 pixels, 17 pixels, 18 pixels, and 19
pixels, respectively. The normalized intensities of the focal
points in Figs. 3(a)–3(p) are listed in Table 1. From Table 1, it
can be seen that the intensities have minor differences among
the 16 focal points, indicating that there exist noises in the
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process of focusing. The reason of adding noise in the opti-
mization process of the TM approach will be discussed in de-
tail in Section 5. We calculate the phase differences between
the corresponded first focal point in Fig. 3 and the rest focal
points, which are shown in Fig. 4. The number of pixels of the
SLM is 64× 64 = 4096. From Figs. 4(a)–4(l), it can be seen
that, when the distances are in the range of memory effect, the
phase differences show optical phase fringe patterns, and the
closer the focal points are, the wider the fringe periodicities
are. The optical phase gradients and their variations shown
in Figs. 4(a)–4(l) reveal that the optical phase differences are
linear optical phases, which correspond to plane waves. The
periodicity increase of the phase gradient shows the rotation
of the plane waves. The phase gradient along the horizontal
direction can be expressed as

∆φ = 2π |cos(nkx)| , (n = 0,1,2, . . .), (8)

where x is the deviation from the optical axis, and k is a fitting
parameter. In other words, the differences reveal that after ac-
quiring the optimal phase distribution corresponding to a focal
point using an iterative approach (for example, the GA), we
could obtain the optical phases to form the focal points at any
defined positions by directly adding the phase gradient to the
optimized optical phase distribution. Of course, the formed
focal points should lie in the range of optical memory effect.
From Figs. 4(m)–4(p), it can be seen that, when the distances
are outside the range of optical memory effect, the phase dif-
ferences exhibit random phase patterns, indicating that there
exist no correlations under this condition. Note that although
the number of segments of the CCD screen is limited, these
random phase difference patterns are due to the large distances
between the original focal point and the moved focal points,
rather than the limited number of pixels of the CCD screen.

0

0.5

1.0

0

0.5

1.0

0

0.5

1.0

0

0.5

1.0

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

(m) (n) (o) (p)

x x x x

x x x x

x x x x

x x x x

y
y

y
y

y
y

y
y

y
y

y
y

y
y

y
y

Fig. 3. (a)–(l) Evaluated focal spots listed from left to right edge of the CCD. The number of pixels on the CCD screen is 64× 64 = 4096. The intensity
patterns on the screen are obtained by the fast Fourier transform of MATLAB software. The intensities are normalized with respect to the maximum intensity.
From (a) to (l), each picture moves by one pixel on the screen of the CCD. For (l), the focal point totally moves by 12 pixels on the screen. For (m)–(p), the
focal point moves by 16 pixels, 17 pixels, 18 pixels, and 19 pixels, respectively. The distances between the focal point of (a) and that of (b)–(l) are in the the
range of memory effect, while the distances between the focal point of (a) and that of (m)–(p) are outside the range of memory effect.

Table 1. The normalized intensities of focal points in Figs. 3(a)–3(p).

Figure 3(a) 3(b) 3(c) 3(d) 3(e) 3(f)
Intensity 0.8356 0.8344 1 0.8999 0.9312 0.9007
Figure 3(g) 3(h) 3(i) 3(j) 3(k) 3(l)

Intensity 0.8516 0.8936 0.8351 0.8201 0.8107 0.9845
Figure 3(m) 3(n) 3(o) 3(p)

Intensity 0.9563 0.9572 0.8746 0.8329

Figure 5 shows the phase difference profiles along one di-

rection shown in Fig. 4, which clearly reflects the inclinations
of phase gradients. We decrease the magnitude of noise levels
through averaging the vertical phase values of the gradient pat-
terns. The asterisks denote the simulated phase differences,
while the blue curves denote the observed fringe patterns.
Note that there are many saw-tooth structures in Fig. 5, which
correspond to phase inclination and wavefront tilting. From
Fig. 5, it can be seen that, when the distance between two
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Fig. 4. The phase differences of the focal points shown in Fig. 3. (a)–(p) The phase patterns of Figs. 3(a)–3(p) minus Fig. 3(a). The independently controlled
number of segments of the spatial light modulator is 64× 64 = 4096. The number of fringes in (a)–(l) is 0,1,2,3, . . . ,11, respectively. We decrease the
magnitude of noise levels through averaging the vertical phases of the gradient patterns. (m)–(p) The phase difference patterns outside the range of memory
effect.
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Fig. 5. The phase difference profiles along one direction of Fig. 4. The independently controlled number of segments of the spatial light modulator is
64× 64 = 4096. For (a) to (l), the number of peaks of each picture is 0,1,2,3, . . . ,11, respectively. The asterisks denote the simulated phase differences,
while the blue curves denote the phases of the observed fringe patterns. (m)–(p) The phase difference profiles along the central horizontal direction of
Figs. 4(m)–4(p).
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focal points increases, the number of peaks in Fig. 5 increases.
In Figs. 5(a)–5(l), the number of peaks is 0,1,2,3, . . . ,11, re-
spectively. The inclinations of phase gradients reflect the di-
rection of the wave vector of the output wavefront. Moreover,
the peak values of the plots are not definitely the same due
to the measurement noises added in the simulation process.
From Figs. 5(m)–5(p), it can be seen that, when the distances
are outside the range of optical memory effect, the phase dif-
ferences along the central horizontal direction exhibit random
phase profiles, indicating that there exist no correlations under
this condition. Therefore, we can conclude from the numeric
simulation that, inside the range of optical memory effect, the
phase differences between the two adjacent focal points are
phase gradients, and the further the adjacent focal points are,
the larger the inclination of the output wavefront will be. The
essence of the phase gradient is the tilting of a plane wave
phase added onto the acquired optical phase distribution at
the first focal point. Once an incident wavefront is optimized
such that the optical focus is generated at a target position be-
hind a scattering layer, the generated focus can be translated
by adding a small phase gradient to the optimized wavefront
using a mirror or through tilting the incident wavefront using
an SLM.

4. Experiment
The scattering medium we used in the experiment com-

prises a layer of 10 µm (average diameter) Al2O3 spheres
diffused in polydimethylsiloxane (PDMS), which is spray-
painted onto a standard glass microscope cover slip. The ex-
perimental setup is shown in Fig. 6. A He–Ne laser beam with
632.8 nm wavelength is spatially filtered and collimated to be-
come a plane wave after passing through a microscope objec-
tive (not shown in the figure) and a polarizer P1. The polarizer
P1 is used to select the polarization state for which the modu-
lator works. The plane wave is incident on a phase-only SLM
(Holoeye HEO 1080P). The phase-modulated light is reflected
and redirected by a beam splitter BS, focused on the surface of
the scattering medium by an objective lens (10×, NA = 0.25).
A 20× objective lens (NA= 0.4) is used to image the scattered
light onto a CCD camera (Point Grey Research Grasshopper,
pixel number 1920× 1200). The scattering medium in this
experiment is a ground glass, in which depolarization would
happen when light propagates through the medium. Therefore,
the polarizer P2 is used to filter depolarized photons. The in-
tensity distribution in the output plane is transferred to a com-
puter and the feedback signal is used to control the spatial light
modulator.

He-Ne

P1
M

BS

SLM

O1
S
O2

P2

CCD

computer

Fig. 6. Schematic diagram used to focus light through scattering me-
dia. M is a mirror, O1 and O2 are microscope objectives, P1 and P2 are
polarizers, BS is a non-polarizing 50% beam splitter, SLM is a spatial
light modulator, and S is a scattering medium.

In this work, we use the TM approach (see Subsection
2.2) to optimize the phase distribution of the spatial light mod-
ulator. We totally perform the experiment for 12 times, and 12
focal points and their corresponding phase masks can be ob-
tained. In the range of memory effect, each time the target
point moves by two pixels. Thus, the 8 focal points are adja-
cent on the CCD screen, where the central coordinates of the
focal points are [20, 40], [20, 42], [20, 44], [20, 46], [20, 48],
[20, 50], [20, 52], and [20, 54], respectively. We integrate the
intensity of 3× 3 pixels around the central points to save in
a computer as the feedback signal to control the spatial light
modulator. Figures 7(a)–7(h) show the positions of the focal
points shot by the CCD experimentally. Each time the focal
point on the screen moves by 24 µm. The focal points are
listed from left to right, in which the intensity is normalized
to the incident light. The number of pixels on the CCD screen
is 80×100 = 8000. When the distances are outside the range
of optical memory effect (see Figs. 7(i)–7(l)), the central co-
ordinates of the focal points are [20, 68], [20, 70], [20, 72],
and [20, 74]. We integrate the intensity of 3×3 pixels around
the central points to save in a computer as the feedback signal
to control the spatial light modulator. In Figs. 7(i)–7(l), the
focal points move by 28× 14 µm, 30× 14 µm, 32× 14 µm,
and 34× 14 µm, respectively. The normalized intensities of
the focal points in Figs. 7(a)–7(l) are listed in Table 2, which
reflect the quality of foci. From Table 2, it can be seen that the
intensities have minor differences among the 12 focal points,
indicating that there exist noises in the process of focusing.

Table 2. The normalized intensities of focal points in Figs. 7(a)–7(l).

Figure 7(a) 7(b) 7(c) 7(d)
Intensity 0.9936 0.9351 1 0.9107
Figure 7(e) 7(f) 7(g) 7(h)

Intensity 0.8699 0.8193 0.8201 0.8791
Figure 7(i) 7(j) 7(k) 7(l)

Intensity 0.9812 0.9156 0.8754 0.8937
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Fig. 7. The focal points after optimization through strongly scattering media. The independently controlled number of segments of the SLM
is 64× 64 = 4096. From (a) to (h), each time the focal point on the screen moves by 24 µm. In (h)–(l), the focal point totally moves by
8× 24 µm = 192 µm, 16× 24 µm = 384 µm, 17× 24 µm = 408 µm, 18× 24µm = 432 µm, and 19× 24 µm = 456 µm, respectively. The
focal points in (a)–(h) are in the range of memory effect, while those in (i)–(l) are out of the range of memory effect.

Figure 8 shows the phase differences of focal points mea-

sured experimentally. The independently controlled number of

segments of the SLM is 64× 64 = 4096. When the distances

are in the range of optical memory effect (see Figs. 8(a)–8(h)),

each time the focal point on the screen moves by 24 µm, and

the distance between the scattering medium and the screen

(i.e., the CCD) is 10 cm. Therefore, each time the wavefront

rotates 0.72 mrad. Since there exist some measurement noises

in the process of focusing, we portray the fringe patterns to

guide eyes. The red curves are the portrayed phase masks

to guide eyes for observation, while the fuzzy fringe patterns

show the experimental values. The number of vertical fringes

in Figs. 8(a)–8(h) is 0, 2, 4, 4, 5, 7, 9, and 10, respectively.

When the distance of two focal points increases, the magni-

tude of the phase gradient increases simultaneously, indicating

that the tilting angle of the output wavefront increases. When

the focal point moves by 7×24 µm = 192 µm, which means

the wavefront rotates 7× 0.72 mrad = 5.04 mrad, the phase

gradient pattern gradually disappears. Commercially available

CCDs have a maximum full-image frame rate of 41 fps, the

possible number of segments available under this condition is

limited. For this reason, we combine the 1920× 1200 array

of pixels into 960× 600 segments. As a result, we are able

to take advantage of the high frame rate of CCDs. Thus, the

resolution of the phase gradients is limited by the number of

pixels, and the range of optical memory effect for this medium

is larger than 5.04 mrad. As mentioned above, the theoretical

FOV of the system is sλ/πL. In this experiment, s = 10 cm,

λ = 632.8 nm, and L = 2.5 µm. Thus, FOV can be estimated

as 8 mrad, which has a magnitude equal to that of the exper-

imental values. When the distances are outside the range of

memory effect (see Figs. 8(i)–8(l)), the phase differences ex-

ist random phase patterns, indicating that the correlations of

the wavefront disappear. Figure 9 shows the phase difference

profiles along one direction of Fig. 8 by subtracting the calcu-

lated optical phase of the first focal point from the rest, which

clearly reflects the magnitude of phase gradient. The asterisks

denote the smoothed experimental phase differences, while

the blue curves denote the observed phase gradient patterns

to guide eyes. Note that there are many saw-tooth structures

in Figs. 9(a)–9(h). These saw-tooth structures represent phase

gradients and wavefront tilting. For the phase differences in

the range of memory effect (see Figs. 9(a)–9(h)), when the dis-

tance between two focal points increases, the number of peaks
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increases. The magnitude of the phase gradient reflects the in-
clination of the output wavefront. Moreover, the peak values
of the figures are different due to the measurement noise in
the process of experiment. Therefore, we can conclude from
the experiment that, in the range of optical memory effect, the
phase difference between the two adjacent focal points shows
an optical phase gradient pattern, and the longer the adjacent
focal points are, the smaller the magnitude of the phase gradi-
ent will be, corresponding to the tilting of a plane wave phase
added onto the acquired optical phase distribution at the first
focal point. When the focal point on the screen moves by
24 µm, the inclination of the phase gradient is 0.72 mrad. As
shown in Fig. 8(h), the total number of peaks is 10. Hence the
FOV of this system is estimated to be larger than 5 mrad, due

to the limitation of the resolution of the CCD. As mentioned
above, the essence of the phase gradient is the tilting of the
plane wave phase added onto the acquired optical phase dis-
tribution at the first focal point. Once an incident wavefront is
optimized such that the optical focus is generated at a target
position behind a scattering layer, the generated focus can be
translated by adding a small phase gradient to the optimized
wavefront using a mirror or through tilting the incident wave-
front using an SLM. This conclusion is in accordance with
the theoretical result. When the distances of the focal points
are outside the range of memory effect (see Figs. 9(i)–9(l)),
the phase difference profiles exhibit random phase curves, in-
dicating that there exist no correlations between the original
wavefront and translated wavefront.
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Fig. 8. Phase differences of focal points measured experimentally. Each time the focal point on the screen moves by 24 µm. The independently
controlled number of segments of the spatial light modulator is 64×64 = 4096. (a)–(h) The phase mask of the focal point moves by 0×24 µm,
1×24 µm, . . ., 7×24 µm, respectively, and the images show the phase patterns of the moved focal points minus the original focal point. The
red curves denote the phase gradient patterns to guide eyes for observation, while the fuzzy fringe patterns show the experimental values. (i)–(j)
The phase masks of the focal points move by 16× 24 µm, 17× 24 µm, 18× 24 µm, and 19× 24 µm, respectively, and the images show the
phase patterns of the moved focal points minus the original focal point.
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Fig. 9. The phase difference profiles along one direction of Fig. 7. The independently controlled number of segments of the spatial light
modulator is 64×64 = 4096. In (a)–(h), the number of peaks is 0, 2, 2, 4, 4, 5, 7, 9, and 9, respectively. Note that there are many saw-tooth
structures in the plots. The asterisks denote the smoothed experimental phase differences, while the blue curves denote the observed phase
gradient patterns. In (i)–(j), the phase masks of the focal points move by 16×24 µm, 17×24 µm, 18×24 µm, and 19×24 µm, respectively,
and the curves show the phase pattern profiles of the moved focal points minus the original focal point.

5. Discussion
In the simulation part, the phase fringe patterns are or-

dered, while in the experiment part, the definition and res-
olution of the fringe patterns decrease due to the fact that
there exist measurement noises in the process of optimization.
The noise during the optimization process for focusing light
through random scattering media includes (i) the shot noise,
which is due to the random fluctuation of the photon flux ar-
rived at the CCD, (ii) the quantization noise, which is pro-
duced during the conversion of analog signal to digital signal
by CCD and computer, (iii) the thermal noise in the environ-
ment, and (iv) the random noise due to the fluctuation of the
output power of laser. The noise affects the optimized phase
distribution, which leads to a reduction of the enhancement.
In this part, we emphasize background noise in our laboratory.
Although the experiment was carried out in a dark environ-
ment, the interference of background light and light source
instability could not be completely removed.

Since the recording frequency of CCD in this experiment
is 40 Hz, when the number of segments is 64× 64 = 4096,
the focusing procedure would take several minutes to reach
the optimization. If the digital micro-mirror device (DMD) is
employed as the phase modulator, in which reading frequency
could reach up to 20 kHz, the optimized phase distribution can

be achieved within a millisecond when the segment number is
64×64 = 4096. DMD can be used to generate binary ampli-
tude holography for phase modulation. We generate an ampli-
tude hologram using the Lee method. It means that focusing
light through living tissue could be achieved, a door in vivo
deep tissue imaging may be opened for broad applications.

6. Conclusion
We have demonstrated that there exists a strong correla-

tion among the optimized phase distributions of adjacent fo-
cal points in focusing through scattering media. The numeric
simulation and experiment indicate that in the range of mem-
ory effect, the phase difference between the two adjacent focal
points shows a fringe pattern, and the closer the adjacent focal
points are, the wider the fringe pattern will be. This work may
provide a precise and nondestructive method for the analysis
of a wide variety of turbid media, which has a crucial role in
imaging through scattering media, transmission matrix corre-
lation research, and even pharmacy.
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