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Abstract: High-fidelity optical transmission through dynamic scattering media is challenging,
since transmission errors are induced due to dynamic scattering media. In this paper, a new
scheme is proposed to realize high-fidelity free-space optical analog-signal transmission in
dynamic and complex scattering environments using binary encoding with a modified differential
method. Each pixel of an analog signal to be transmitted is first divided into two values, and each
of them is encoded into a random matrix. Then, a modified error diffusion algorithm is utilized
to transform the random matrix into a 2D binary array. Each pixel of the analog signal to be
transmitted is eventually encoded into only two 2D binary arrays, and transmission errors and
dynamic scaling factors induced by dynamic and complex scattering media can be temporally
corrected. Dynamic smoke and non-line-of-sight (NLOS) are created as a dynamic and complex
scattering environment to verify the proposed method. It is experimentally demonstrated that
analog signals retrieved at the receiving end are always of high fidelity using the proposed method,
when average path loss (APL) is less than 29.0 dB. Only the half number of measurements is used
compared to that in conventional methods. The proposed method could open up a novel research
perspective for high-fidelity free-space optical analog-signal transmission through dynamic and
complex scattering media.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

It is well recognized that information transmission plays an important role in modern society
[1,2]. Radio frequency technology has been widely applied in communication systems. However,
it has several drawbacks (e.g., small spectral range and license request), and could not fully meet
the demands of data communication [2]. Many data transmission approaches have been further
developed to address the challenges [3–6]. Among them, free-space optical data transmission
has a potential to provide flexible deployments and an extended spectral range, and has attracted
much interest [7,8]. However, free-space optical data communication also encounters some
significant challenges [9,10]. The atmospheric disturbance, e.g., wind, rain and fog, could
severely affect free-space optical data transmission. Optical properties [11–29], e.g., intensity
[11–18] and polarization [19–24], could be dynamically changed, when optical transmission
is conducted in a turbulent environment. Signal-to-noise ratio of the signals retrieved at the
receiving end is severely degraded due to absorption and scattering, and transmission errors
are introduced. Some methods [30–34] have been developed to suppress transmission errors
induced by atmospheric disturbance. For instance, free-space optical communication could be
enhanced using a decision feedback equalizer [32,33] optimized by minimum mean squared error.
Until now, few studies have been conducted on optical analog-signal transmission in dynamic
and complex scattering environments, and it is desirable to correct the influence induced by
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dynamic and complex scattering environments. Non-line-of-sight (NLOS) transmission has
also been studied [35–41], and optical wave could be blocked or dramatically attenuated. We
have studied to encode a signal into 2D patterns as information carriers [34,42–44] to realize
high-fidelity optical transmission, but reference patterns [34] need to be repeatedly used to
correct scaling factors in dynamic and complex scattering environments. In addition, four 2D
patterns need to be applied to optically transmit each pixel of an analog signal. Therefore, optical
analog-signal transmission in dynamic and complex scattering environment is still challenging,
and it is desirable to investigate new schemes for high-fidelity free-space optical analog-data
transmission through dynamic and complex scattering media.

In this paper, a new scheme is reported to realize high-fidelity free-space optical analog-signal
transmission through dynamic and complex scattering media. Each pixel value of original signal
is divided into two values. These two values are then encoded into 2D binary arrays using an
encoding method and a modified error diffusion algorithm. Each pixel value of original signal is
finally transformed into two 2D binary arrays to realize the transmission. Transmission errors
and dynamic scaling factors aroused by dynamic and complex scattering media can be temporally
corrected. A complex environment composed of dynamic smoke and NLOS is created to verify
feasibility of the proposed method. It is experimentally demonstrated that analog signals retrieved
at the receiving end are always of high fidelity using the proposed method when average path loss
(APL) is less than 29.0 dB. The proposed method could offer a research perspective in the realm
of free-space optical analog-signal transmission through dynamic and complex scattering media.

2. Principle

2.1. Pixel-to-binary array encoding

In the developed optical analog-signal transmission system, a series of 2D binary arrays are
generated to serve as information carriers. A flow chart for the generation of 2D binary arrays is
shown in Fig. 1(a). The proposed binary array generation approach is described as follows:

(1) A pixel is enlarged with a given magnification factor M (e.g., 60000) to be a new value b.
The integer part of b is denoted as c, and the decimal part of b is denoted as d.

(2) A sequence T with random values is obtained. The length of sequence T is 2×c. The first
half of sequence T is generated with random values ranging from 0 to 1, and another half
of sequence T is calculated by using the difference between 1 and each corresponding
value of the first half part. The sum of T is equal to c.

(3) A 2D array Q of random numbers is generated by arbitrarily placing all the values of
sequence T and the decimal value d into a pre-generated all-zero matrix.

(4) A modified error diffusion algorithm is developed to transform the generated 2D array Q
obtained in Step (3) into a binary array.

In Step (4), each generated 2D array Q of random numbers is converted into a 2D binary array
with a modified error diffusion algorithm, which is described as follows:

(i) For each pixel in the generated 2D array Q, a threshold of 0.5 is used to transform it into a
binary representation (i.e., 0 or 1), which is described by

⌒q i =

⎧⎪⎪⎨⎪⎪⎩
0 if qi < 0.5

1 if qi ≥ 0.5
, (1)

where qi denotes the ith pixel in the generated 2D array Q and ⌒q i denotes the generated
binary value.
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Fig. 1. (a) A flow chart of the proposed binary array generation approach, (b) an error
diffusion algorithm, and (c) coefficient distributions in a modified error diffusion algorithm.
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(ii) In the error diffusion algorithm [45–47], the difference between the processed pixel value
and its binary representation (i.e., 0 or 1) is distributed and added to its neighboring pixels
with a certain weighting ratio in each direction, as schematically illustrated in Fig. 1(b).
Here, W(r1), W(r2), W(r3) and W(r4) denote dithering coefficients. The sum of dithering
coefficients is equal to 1.

W(r1) + W(r2) + W(r3) + W(r4) = 1. (2)

Here, a modified error diffusion algorithm with designed dithering coefficients is used, and
four types of dithering coefficients, i.e., (5/12, 3/12, 4/12), (7/16, 3/16, 5/16, 1/16), (1/2, 1/2)
and (1) in Fig. 1(c), are correspondingly applied until all pixels in the generated 2D arrays Q
are converted into binary. Therefore, the sum of each generated binary pattern can be equal to
its corresponding magnified value b in practical applications, e.g., via a flexible adjustment of
the magnification factor M with a removal of the decimal part d. According to the proposed
pattern generation approach, the generated 2D binary arrays have a proportional relationship with
original pixel values, and can be utilized as information carriers to realize optical transmission.
Conventional binary matrix (e.g., Walsh-Hadamard matrix and Cake-Cutting Hadamard matrix)
is generated by reshaping Hadamard basis into a two-dimensional matrix. Therefore, Hadamard
matrices have no direct relationship with original pixel values to be optically transmitted, and
may not be suitable.

2.2. Optical data encoding and decoding

In our previous work [34], a reference pattern should be alternately utilized to correct dynamic
scaling factors in complex scattering environments, and the transmission of each pixel of an
analog signal needs at least four 2D patterns. Here, a new optical encoding scheme with a
modified differential method is proposed, and only two 2D binary arrays are required for the
transmission of each analog value. A flow chart for the proposed optical data encoding and
decoding method is shown in Fig. 2. Assumed that an analog signal to be transmitted contains N
pixel values (Si, i= 1,2,. . . ,N), a constant α and a variable βi (i= 1,2,. . . ,N) are used to realize a
differential process and a relationship among Si, α and βi is given by

Si = α − βi. (3)

All values, i.e., α and βi, are multiplied by the magnification factor M, and then are sequentially
encoded into 2D binary arrays (respectively denoted as A and Pi) using the proposed algorithm
in Section 2.1. The generated 2D binary arrays are sequentially embedded into a spatial light
modulator (SLM) in the developed optical data transmission system. Then, the SLM is illuminated
by a collimated light source, and the modulated wave propagates through dynamic and complex
scattering media. A series of light intensities corresponding to the 2D binary arrays are recorded
by a single-pixel bucket detector [48] at the receiving end. According to wave propagation theory
[49,50], the recorded light intensity Iout could be described by

Iout ≈ k|Ein |
2, (4)

where k denotes a scaling factor and Ein denotes the wavefront. The recorded light intensity
corresponding to each 2D binary array (i.e., A and Pi) can be respectively described by

Bi1 ≈ k(ti)
∫∫

A(x, y)dxdy

= k(ti)Mα,
(5)

Bi2 ≈ k(ti+1)
∫∫

Pi(x, y)dxdy

= k(ti+1)Mβi,
(6)
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Fig. 2. A flow chart for the proposed method to realize high-fidelity free-space optical
analog-signal transmission in dynamic and complex scattering environment. A and Pi
(i= 1,2,. . . ,N) denote a series of 2D binary arrays obtained by using the proposed algorithm
in Section 2.1.
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where (x, y) denotes a coordinate, and B denotes light intensity collected by single-pixel detector.
At time ti, the 2D binary array A is embedded into the SLM. At time ti + 1, a 2D binary array Pi is
embedded into the SLM.

In Eqs. (5) and (6), since ti is close to ti+1, it can be assumed that two adjacent scaling factors
are the same, i.e.,

k(ti) ≈ k(ti+1). (7)

Therefore, a signal
⌒

S i retrieved at the receiving end can be described by
⌒

S i =
Bi1

k(ti)M −
Bi2

k(ti+1)M

≈ 1
k(ti)M (Bi1 − Bi2)

. (8)

Based on Eq. (8), the proposed method can realize high-fidelity free-space optical data
transmission in dynamic and complex scattering environments. Each pixel of an analog signal
is transformed into two 2D binary arrays for the transmission. After the generated 2D binary
pattern is embedded into the SLM, optical field is modulated and its intensity is recorded by
using a single-pixel detector at the receiving end. The recorded light intensity has a proportional
relationship with the transmitted pixel value.

3. Experimental results and discussion

3.1. Experimental setup

A series of optical experiments are conducted to verify the proposed method. A schematic
experimental setup is shown in Fig. 3. A diode-pumped green laser (CrystaLaser, CL532-025-S)
is utilized as light source. The laser power is 25.0 mW, and wavelength of the laser is 532.0 nm.
The wave is expanded with an objective lens and collimated with a lens. The expanded and
collimated wave is reflected by a mirror, and illuminates an amplitude-only spatial light modulator
(Holoeye, LC-R720) with pixel size of 20.0 µm. The series of generated 2D binary arrays is
sequentially embedded into the SLM to modulate optical wave. The modulated wave propagates
through dynamic and complex scattering media. Complex scattering consists of two parts, i.e.,
dynamic smoke and NLOS. The dynamic smoke is generated in a transparent acrylic chamber.
The artificially-generated smoke is produced with a smoke generator (HALFSun, power of 3000
W and pumping rate of 973.0 cm3/s) and smoke oil. The smoke oil is a mixture of glycerol
and water. Around a corner is composed of a wall (i.e., a protective screen) and an A4 paper
(a reflective surface). A single-pixel bucket detector (Newport, 918D-UV-OD3R) is used to
collect light intensities at the receiving end. No lens is placed before the single-pixel bucket
detector. Axial distance d1 between the SLM and front side of smoke chamber is 30.0 cm, and
axial distance d3 between back side of smoke chamber and A4 paper is 12.0 cm. The distance d4
between A4 paper and single-pixel bucket detector is 5.0 cm. The dimension of smoke chamber
is 30 (L)× 30 (W)× 40 (H) cm3, and axial distance d2 is 30.0 cm.

3.2. Attenuations

Dynamic and complex scattering environment in Fig. 3 consists of dynamic smoke and NLOS,
and a direct metric to describe the attenuation in free space is optical path loss (PL). When each
2D binary array is embedded and displayed, the PL can be correspondingly calculated by using
incident light intensity and collected light intensity. In optical experiments, the PL is calculated
to describe dynamic changes in transmission environment, which is described by

PL = − 10 × log10
Pr
Pt

, (9)

where Pt denotes the collected single-pixel light intensity just before smoke chamber and Pr
denotes light intensity recorded by single-pixel bucket detector. To eliminate the errors, several
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Fig. 3. A schematic experimental setup for the proposed high-fidelity free-space optical
data transmission in dynamic and complex scattering environment (i.e., dynamic smoke and
NLOS): OL, Objective lens; M, Mirror; SLM, Amplitude-only spatial light modulator; SC,
Smoke chamber; SG, Smoke generator; BD, Single-pixel bucket detector.

recordings just before smoke chamber are used to calculate an average incident light intensity
described by

Pt =
1
ℜ

ℜ∑︂
i=1

Pt i, (10)

where ℜ denotes the total number of measurements and Pti denotes collected single-pixel
light intensity recorded just before smoke chamber. Here, average incident light intensity Pt is
0.34 mW.

3.3. Experimental results

The pumping rate of smoke generator is 973.0 cm3/s, and pumping durations can be flexibly
adjusted in optical experiments to generate different smoke concentrations in the chamber. Real-
time properties in the optical transmission path are shown in Fig. 4(a), when different amount of
smoke is respectively pumped into the chamber. The relationships between sampling time and
light intensities collected by single-pixel detector are given. The collected light intensities are
small at the beginning, and increase with sampling time. Smoke pumped into the chamber has
a high concentration at the beginning, and the propagating wave is strongly scattered. When
the pumping duration is longer, more smoke is pumped into the chamber. After the liquefaction
and sedimentation, the longer pumping duration leads to the larger amount of liquefied smoke
adhered to surface of the chamber. The lowest light intensity, i.e., 6.0× 10−7 W, is obtained at its
stable state, when the pumping duration is 50 s. The PL changed with sampling time is shown in
Fig. 4(b). As sampling time increases, the PL decreases due to liquefaction and sedimentation of
the smoke in the chamber.

Apart from dynamic smoke, optical data transmission is also affected by the designed NLOS in
Fig. 3. Two parameters, i.e., separation distance d and detection angle θ respectively in Figs. 5(a)
and 5(b), are analyzed. In optical experiments, default value of the separation distance d is
4.0 cm, and default value of detection angle θ is 45°.

The separation distance d is changed in a range of 0.5 to 6.0 cm, and smoke pumping duration
is 30 s. The experimental results are shown in Figs. 6(a) and 6(b). As can be seen in Fig. 6(a),
the change trends of recorded light intensities are similar, when different separation distances d
are respectively used. As sampling time increases, the recorded light intensities increase due
to liquefaction and sedimentation of the smoke in the chamber. When the separation distance
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     (a)                       

                                          (b)

Fig. 4. (a) The relationships between sampling time and optical intensities collected at the
receiving end when pumping duration (i.e., 10 s, 20 s, 30 s, 40 s and 50 s) is different, and
(b) the relationships between sampling time and the PL when pumping duration (i.e., 10 s,
20 s, 30 s, 40 s and 50 s) is different.
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Fig. 5. (a) A schematic of separation distance d, ad (b) a schematic of detection angle θ.
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around the corner is small (e.g., 0.5 or 0.8 cm), the wall largely blocks the propagating wave, and
collected light intensities are significantly reduced. When the separation distance is large (e.g.,
4.0 or 6.0 cm), the wall partially blocks the propagating wave. The collected light intensities are
close, when the separation distances of 4.0 cm and 6.0 cm are used. The PL is also calculated
and shown in Fig. 6(b). It is illustrated that the PLs are high at the beginning, and decrease with
sampling time to remain stable in the end.

     (a)                       

                                          (b)

Fig. 6. (a) The relationships between sampling time and light intensities collected at the
receiving end when different separation distances (i.e., 0.5 cm, 0.8 cm, 1.0 cm, 2.0 cm, 4.0 cm
and 6.0 cm) are respectively used, and (b) the relationships between sampling time and the
PL when different separation distances (i.e., 0.5 cm, 0.8 cm, 1.0 cm, 2.0 cm, 4.0 cm and
6.0 cm) are respectively used.

The signals retrieved at the receiving end are evaluated by using mean squared error (MSE)
and peak signal-to-noise ratio (PSNR), which are respectively calculated by [51]

MSE =
1
N

N∑︂
i=1

(︂
Si −

⌒

S i

)︂2
, (11)

PSNR = 10log10
MAX2

S
MSE

, (12)

where MAXS denotes the maximum value of analog signal.
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To accurately evaluate dynamic and complex scattering environments, average path loss (APL)
is further calculated by

APL =
1

2N

2N∑︂
i=1

PLi, (13)

where PLi denotes the loss obtained when each generated 2D binary array is embedded into
the SLM. The typically retrieved analog signals are shown in Figs. 7(a)–7(d), when different
separation distances are respectively used. As can be seen in Figs. 7(a)–7(d), high PSNR values
and low MSE values can be obtained, which means that the analog signals are retrieved with
high fidelity. It is experimentally found that when the separation distance d is larger than 0.5 cm,
the proposed method can realize high-fidelity optical analog-signal transmission in dynamic and
complex scattering environments.
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Fig. 7. (a)-(d) The typical signals experimentally retrieved at the receiving end when
different separation distances (i.e., 0.5 cm, 0.8 cm, 2.0 cm, and 4.0 cm) are respectively used.
The APL is 30.76 dB, 30.65 dB, 30.27 dB, and 29.07 dB in (a)-(d), respectively. PSNR
values of the retrieved signals in (a)-(d) are 30.14 dB, 32.96 dB, 33.52 dB and 34.68 dB,
respectively. MSE values of the retrieved signals in (a)-(d) are 9.68× 10−4, 5.06× 10−4,
4.44× 10−4 and 3.40× 10−4, respectively.

The detection angle θ around a corner is also studied, and is changed in a range of 0° to 90°.
The experimental results are shown in Figs. 8(a) and 8(b), when different detection angles θ, i.e.,
0°, 25°, 45°, 65°, and 90°, are respectively used. Here, smoke pumping duration is 30 s. As can
be seen in Fig. 8(a), the change trends of recorded light intensities are similar. When the sampling
time increases, the recorded light intensities increase due to liquefaction and sedimentation of the
smoke in the chamber. When the detection angle θ is 45°, the largest light intensity is collected
at the stable state. The PLs are also calculated and given in Fig. 8(b). It is illustrated in Fig. 8(b)
that the PL is high at the beginning, and decreases with sampling time to remain stable in the end.

The typically retrieved signals are shown in Figs. 9(a)–9(d), when detection angle is 0°, 45°,
65° and 90°, respectively. PSNR values of the retrieved signals in Figs. 9(a)–9(d) are 33.95 dB,
37.55 dB, 33.66 dB and 32.42 dB, respectively. MSE values in Figs. 9(a)–9(d) are 4.03× 10−4,
1.76× 10−4, 4.30× 10−4 and 5.73× 10−4, respectively. It is illustrated in Figs. 9(a)–9(d) that the
detection coverage is large at the receiving end, and high mobility and low pointing errors are
realized in the developed optical data transmission system.
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      (a)                                                                                (b)

Fig. 8. (a) The relationships between sampling time and light intensities experimentally
collected at the receiving end when different detection angles θ (i.e., 0°, 25°, 45°, 65°, and
90°) are respectively used, and (b) the relationships between sampling time and the PLs
when different detection angles θ (i.e., 0°, 25°, 45°, 65°, and 90°) are respectively used.
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Fig. 9. The typically retrieved analog signals experimentally obtained when the detection
angle is (a) 0°, (b) 45°, (c) 65° and (d) 90°. The APL is 28.44 dB, 27.19 dB, 29.14 dB, and
29.50 dB in (a)-(d), respectively.
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It has been experimentally demonstrated in Figs. 4 and 6–9 that the loss is mainly induced by
smoke pumping duration, separation distance and detection angle. A relationship between the
APL and PSNR values of the retrieved signals is further given in Fig. 10(a). Four irregular analog
signals are tested. It is demonstrated in Fig. 10(a) that analog signals retrieved at the receiving
end are of high quality, when the APL is lower than 29.0 dB. The typical signals retrieved at
the receiving end are shown in Figs. 10(b)–10(e). Here, smoke pumping duration is 30 s, and
separation distance d is 4.0 cm. The detection angle θ is 45°. PSNR values of the retrieved
signals in Figs. 10(b)–10(e) are 35.23 dB, 37.13 dB, 36.01 dB and 35.83 dB, respectively. MSE
values of the retrieved signals in Figs. 10(b)–10(e) are 3.00× 10−4, 1.94× 10−4, 2.51× 10−4 and
2.61× 10−4, respectively. As can be seen in Figs. 10(b)–10(e), the retrieved analog signals are of
high fidelity in dynamic and complex scattering environments.

   (a)

 

 

0

0.2

0.4

0.6

0.8

1

1 8 15 22 29 36 43 50 57 64

N
or

m
al

iz
ed

 v
al

ue
s

The signal

Original signal Retrieved signal
0

0.2

0.4

0.6

0.8

1

1 8 15 22 29 36 43 50 57 64N
o

rm
al

iz
ed

 v
al

u
es

The signal

Original signal Retrieved signal

0

0.2

0.4

0.6

0.8

1

1 8 15 22 29 36 43 50 57 64

N
or

m
al

iz
ed

 v
al

ue
s

The signal

Original signal Retrieved signal
0

0.2

0.4

0.6

0.8

1

1 8 15 22 29 36 43 50 57 64N
o

rm
al

iz
ed

 v
al

u
es

The signal

Original signal Retrieved signal

(b) (c)

(d) (e)

Fig. 10. (a) The relationships between the APL and PSNR values of the retrieved signals,
and (b)-(e) typical signals retrieved respectively with different APLs (i.e., 27.57 dB, 27.61 dB,
27.55 dB, 27.65 dB).

High-fidelity retrieval of the signal can also be realized by applying the generated 2D binary
arrays in various scattering environments, e.g., dynamic and turbid water [52]. A SLM is applied
in the experiments to modulate optical field. The maximum switching rate of the SLM (e.g.,
Holoeye, LC-R720) is limited. Digital micro-mirror device (DMD) with a high switching rate
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can be used in practice, and the switching rate of a DMD can be up to 22.0 kHz. Therefore, the
transmission rate can be enhanced, when the generated 2D binary arrays are used with DMD.

4. Conclusion

A scheme using binary encoding with a modified differential method has been proposed in this
paper for realizing high-fidelity analog-signal transmission in dynamic and complex scattering
environments. An algorithm is developed to generate a series of 2D binary arrays as information
carriers to be used in optical transmission channel. The proposed method employs only two 2D
binary patterns for the transmission of each pixel of an analog signal in dynamic and complex
scattering environments, and only the half number of measurements is used compared to that in
conventional methods. Dynamic scaling factors can be effectively corrected as verified in optical
experiments to realize high-fidelity analog-signal retrieval at the receiving end. The proposed
method is experimentally demonstrated to provide high-fidelity optical analog-signal transmission,
when the APL is less than 29.0 dB. The proposed method used in other environments can also
be analyzed in our future study. Moreover, the developed temporal correction method could
be applied in other areas. The proposed approach could open up a novel research perspective
for high-fidelity free-space optical analog-signal transmission through dynamic and complex
scattering media.
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