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Abstract: We propose a new approach for high-fidelity free-space optical data transmission
through dynamic smoke using a series of 2D arrays of random numbers as information carriers.
Data to be transmitted in dynamic smoke environment is first encoded into a series of 2D arrays
of random numbers. Then, the generated 2D arrays of random numbers and the fixed reference
pattern are alternately embedded into amplitude-only spatial light modulator, and are illuminated
to propagate through dynamic smoke in free space. Real-time optical thickness (OT) is calculated
to describe temporal change of the properties of optical wave in dynamic smoke environment, and
transmission noise and errors caused by dynamic smoke are temporally suppressed or corrected.
Optical experiments are conducted to analyze the proposed method using different experimental
parameters in various scenarios. Experimental results fully verify feasibility and effectiveness of
the proposed method. It is experimentally demonstrated that irregular analog signals can always
be retrieved with high fidelity at the receiving end by using the proposed method, when average
optical thickness (AOT) is lower than 2.5. The proposed method also shows high robustness
against dynamic smoke with different concentrations. The proposed method could open up an
avenue for high-fidelity free-space optical data transmission through dynamic smoke.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

With ever-growing popularity of wireless communication, radio-frequency (RF) technologies and
systems are widely deployed and utilized in our community [1,2]. The RF band of electromagnetic
spectrum is expensive and fundamentally limited in capacity, since most sub-bands are exclusively
licensed [3]. It is desirable and crucial to consider other options for wireless communication that
rely on other electromagnetic spectra. Compared with traditional RF technologies, free-space
optical communication has attracted much increasing attention in recent years due to its free and
abundant spectrum resources, low power consumption and low cost [3,4]. Free-space optical
data transmission often encounters absorption and scattering phenomena due to atmospheric
conditions. In fact, optical transmission or imaging [5–7] through scattering media, e.g., smoke,
rain, fog and dust, is always regarded as a significant challenge due to the severely degrading of
optical field information. To verify the free-space optical data transmission, much research work
has been conducted using different light sources in various optical transmission environments,
e.g., atmospheric conditions [8–11] and underwater [12,13].

In atmospheric environments, smoke or fog severely attenuates the propagating light and
degrades signal-to-noise ratio (SNR) of transmitted signals. When the light beam propagates
through smoke or fog, light intensities [14–21], optical polarization states [22–27] and optical
field information [28,29] could be changed. In particular, atmospheric environments, e.g., smoke,
always have a dynamic property as a result of the changeable meteorological conditions. Due
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to the settlement and liquefaction of smoke, the properties of optical field information could
be dynamically changed during optical data transmission. Therefore, temporal changes of
dynamic smoke affect the transmission and detection of optical information, and optical data
information collected at the receiving end always contains large transmission errors. Performance
of free-space optical communication can be severely impaired by the absorption, scattering, and
dynamic change of smoke properties. However, optical experiments [30–32] are mainly aimed to
study the effect of different channel properties [32] of smoke environment on the transmission
rate. Many methods [33–36] have also been developed to mitigate the transmission error caused
by atmospheric turbulence. For instance, decision feedback equalizer [34] optimized by minimum
mean square error was investigated to improve performance of optical communication in various
atmospheric conditions. However, few studies have been conducted on optical data transmission
through dynamic smoke. In fact, free-space optical analog-signal transmission in a dynamic
smoke environment is challenging, and it is highly desirable to investigate the influence of
dynamic smoke environment on free-space optical analog-data transmission.

In this paper, high-fidelity free-space optical data transmission through dynamic smoke is
studied by using a pixel-to-plane encoding algorithm to generate a series of 2D arrays of random
numbers as information carriers. A novel pixel-to-plane encoding algorithm is first developed to
generate 2D arrays of random numbers constrained by each pixel of the signal to be transmitted.
To eliminate transmission errors caused by dynamic smoke, a fixed reference pattern is further
introduced and used to conduct dynamic compensation, and transmission errors and noise induced
by dynamic smoke are temporally corrected. Experimental results are obtained to verify the
proposed method, when the developed free-space optical data transmission scheme is applied
in dynamic smoke environment with different concentrations. It is demonstrated that irregular
analog signals can always be retrieved with high fidelity at the receiving end after transmitting
through dynamic smoke. Moreover, the proposed method also shows high robustness against
dynamic smoke with different concentrations. The proposed method could open up a new
research perspective for free-space optical data transmission through dynamic smoke.

2. Principle

A series of 2D arrays of random numbers are first generated as information carriers in the
proposed method to realize high-fidelity free-space optical data transmission through dynamic
smoke. In the proposed method, a sequence of pixels of the signal (Si, i= 1,2,3,. . . ,N) to be
transmitted are encoded into a series of 2D arrays of random numbers, and the data encoding
procedure is as follows:

(1) An enlarged value MSi is obtained by a multiplication between each pixel value Si and a
given magnification factor M.

(2) A value Ti is calculated by using a subtraction operation between the enlarged value MSi
and the sum of a random matrix Pi with real and non-negative values, where the size of
random matrix Pi is 512× 512 pixels.

(3) The absolute value of Ti obtained in Step (2) contains two parts, i.e., an integer value mi
and a fractional part ni respectively described by

mi = int{|Ti |}, (1)

ni = dec{|Ti |}, (2)

where | | denotes an absolute operation, mi denotes integer part of |Ti |, and ni denotes
fractional part of |Ti |. Then, the integer value is divided into mi pixels with each pixel
value of 1, and the decimal value ni (i.e., fractional part) remains to be only one pixel.
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These pixels, i.e., mi+1, are used to arbitrarily replace mi+1 positions of a pre-generated
all-zero matrix in order to generate matrix Fi with 512× 512 pixels.

(4) A 2D array of random numbers corresponding to each pixel Si of the signal is finally
generated by

P̂i =

⎧⎪⎪⎨⎪⎪⎩
Pi + Fi, Ti ≥ 0

Pi − Fi, Ti<0
, (3)

where P̂i denotes a generated 2D array of random numbers. To clearly illustrate the
generation process, a flow chart is shown in Fig. 1.

 

Ti = MSi-sum(Pi)

Transmitted data Si

An enlarged value MSi

Ti <0 ˆi i iP P F

The generated 2D arrays of random numbers 

ˆi i iP P F

Generation of matrix Fi
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Fig. 1. A flow chart to illustrate the generation of 2D arrays of random numbers to encode
the signal.

The magnification factor M used in Step (1) plays an important role in the proposed pixel-to-
plane encoding algorithm, and it needs to satisfy that the enlarged value is comparable to the total
number of pixels in the generated 2D array of random numbers. The size of 2D arrays of random
numbers is 512× 512 pixels in this study, and a typical magnification factor M of 1.0× 105 can
be used.

The 2D arrays of random numbers P̂i could be embedded into amplitude-only spatial light
modulator in Fig. 2. According to wave propagation theory [37,38], light intensities collected by
single-pixel bucket detector at the receiving end can be described by

bi = k
∫∫

P̂i(x, y)e−2πj(xξ+yη)dxdy|ξ=0,η=0

= k
∫∫

P̂i(x, y)dxdy
, (4)
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where (x,y) and (ξ,η) denote the coordinates, k denotes a scaling factor, and bi denotes the
recorded ith intensity value.

Objective 
lensLaser

SLM

M

Smoke 
chamber

BD

SG

Fig. 2. A schematic experimental setup for the proposed free-space optical data transmission
in a dynamic smoke environment: M, Mirror; SLM, Amplitude-only spatial light modulator;
BD, Single-pixel bucket detector; SG, Smoke generator.

In Fig. 2, smoke is generated and pumped into a chamber to be considered as a dynamic
smoke channel in free space, and liquefaction and sedimentation of smoke particles dynamically
change scattering properties in the chamber. In the process of light intensity measurement,
environmental and shot noise affects quality of the retrieved signals at the receiving end. To
suppress noise, a differential operation is proposed and applied in this study. When all the pixel
values of original signal to be transmitted are individually encoded into 2D arrays of random
numbers, each generated 2D array of random numbers (P̂i, i = 1, 2, 3, . . . , N) is further converted
into two separate 2D arrays, i.e., B + P̂i and B − P̂i where B denotes a real and non-negative
value.

Since dynamic smoke environment in Fig. 2 results in a loss or distortion of optical field
information, a fixed reference pattern R, i.e., a pre-generated random amplitude-only pattern, is
used before each generated 2D array of random numbers (i.e., B + P̂i and B − P̂i). Therefore,
four 2D arrays of random numbers corresponding to each pixel of the transmitted signal need to
be sequentially embedded into amplitude-only spatial light modulator in Fig. 2. The reference
pattern [39,40] plays an important role in the proposed high-fidelity free-space optical data
transmission scheme. Scaling factors physically existing in the free-space optical transmission
channel dynamically change due to dynamic smoke, and the fixed reference pattern is introduced
here and used to overcome this challenge. For instance, the reference pattern R is embedded into
spatial light modulator at time slot ti, and an intensity value bir is collected by using single-pixel
bucket detector at the receiving end. Then, 2D array of random numbers (B + P̂i) is embedded
into spatial light modulator at time slot ti+1, and an intensity value bi1 is recorded. Subsequently,
the fixed reference pattern R is embedded into spatial light modulator again at time slot ti+2, and
an intensity value b̃ir is recorded. Finally, the 2D array of random numbers (B − P̂i) is embedded
into spatial light modulator at time slot ti+3, and an intensity value bi2 is collected. For each pixel
of the signal to be transmitted, the four recordings by using the single-pixel bucket detector can
be respectively described by

bir ≈ k(ti)
∫∫

R(x, y)dxdy, (5)

bi1 ≈ k(ti+1)

∫∫
[B + P̂i(x, y)]dxdy, (6)

b̃ir ≈ k(ti+2)

∫∫
R(x, y)dxdy, (7)
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bi2 ≈ k(ti+3)

∫∫
[B − P̂i(x, y)]dxdy, (8)

where k(t) denotes scaling factor at time slot t.
Since the time interval is short to display the patterns in amplitude-only spatial light modulator

in each group of four measurements for optically transmitting each pixel of the signal, we have

k(ti) ≈ k(ti+1), (9)

k(ti+2) ≈ k(ti+3). (10)

Encoding
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Fig. 3. A flow chart of the proposed high-fidelity free-space optical data transmission
through dynamic smoke.
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Therefore, a signal S̃i can be retrieved at the receiving end described by

S̃i =
k(ti+1)

∫∫
[B+P̂i(x,y)]dxdy

k(ti)
∫∫

R(x,y)dxdy −
k(ti+3)

∫∫
[B−P̂i(x,y)]dxdy

k(ti+2)
∫∫

R(x,y)dxdy

= 1∫∫
R(x,y)dxdy

{︁∫∫
[B + P̂i(x, y)]dxdy −

∫∫
[B − P̂i(x, y)]dxdy

}︁
= K

∫∫
P̂i(x, y)dxdy

, (11)

where K denotes scaling factor between the retrieved signal and original signal, which is described
by

K =
2∫∫

R(x, y)dxdy
. (12)

Therefore, based on Eq. (11), the proposed method is able to realize high-fidelity free-space
optical data transmission through dynamic smoke. To clearly illustrate the proposed method, a
flow chart is further shown in Fig. 3.

3. Experimental results and discussion

3.1. Experimental setup

To verify feasibility and effectiveness of the proposed method, a series of optical experiments are
conducted, and a schematic experimental setup is shown in Fig. 2. An objective lens is used
to expand a diode-pumped green laser (CrystaLaser, CL532-025-S) with a power of 25.0 mW
and wavelength of 532.0 nm. The series of generated 2D arrays of random numbers and the
fixed reference pattern are alternately embedded into an amplitude-only spatial light modulator
(Holoeye, LC-R720) with pixel size of 20.0 µm to be illuminated by the collimated light. In
optical experiments, refreshing rate of the spatial light modulator is set as 1.25 Hz as a typical
example to illustrate the proposed method. Then, dynamic smoke is generated and pumped into
an acrylic chamber placed in the beam path. The artificially-generated smoke is produced by
using a commercial smoke generator (HALFSun, power of 3000W and pumping rate of 973.0
cm3/s) and smoke oil. The smoke oil is a mixture of glycerol and water. Therefore, dynamic
smoke environments are established. Light intensities after propagating through dynamic smoke
are recorded by using a single-pixel bucket detector (Newport, 918D-UV-OD3R) without a
front lens. Different from other free-space optical data transmission systems, a single-pixel
bucket detector is used in the proposed method to collect light intensities at the receiving end.
Finally, the recorded experimental data is demodulated to retrieve the transmitted signal using
the proposed method.

To illustrate optical data transmission in optical experiments, axial distances are shown in
Fig. 4. The axial distance between amplitude-only spatial light modulator and front side of smoke
chamber is denoted as d1, and the length of smoke chamber is denoted as d2. The axial distance
between back side of smoke chamber and single-pixel bucket detector is denoted as d3. In optical
experiments, the total axial transmission distance, i.e., d1+ d2+ d3, is fixed at 105.0 cm. Other
experimental parameters are given in Table 1. Acrylic chambers with different volumes (i.e.,
20(L)×30(W)×40(H), 30× 30× 40, 40× 30× 40, 60× 30× 40, 80× 30× 40, and 100× 30× 40
cm3) are designed to conduct optical experiments for a comparison. Six lengths of d2 in Fig. 4
are respectively used, i.e., 20.0, 30.0, 40.0, 60.0, 80.0 and 100.0 cm. In the smoke chambers,
width and height of smoke chambers are fixed at 30.0 cm and 40.0 cm, respectively. The axial
distance d3 between back side of smoke chamber and single-pixel bucket detector is fixed at 2.5
cm. To generate smoke with the same concentration in the chamber with different volumes for a
comparison, a fixed ratio of 0.3041 between the total smoke volume pumped into acrylic chamber
and the total volume of acrylic chamber is employed. Dynamic smoke is produced into the acrylic
chamber during free-space optical data transmission from top side of the chamber, as shown in
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Fig. 2. Due to the existence of liquefaction and sedimentation of the smoke, smoke environment
dynamically changes during optical experiments, and is used as a dynamic scattering medium to
verify the proposed method.

d1 d2 d3

Smoke chamber BDSLM

Fig. 4. A schematic of axial transmission distances in the designed free-space optical data
transmission system: d1, axial distance between spatial light modulator and front side of
smoke chamber; d2, length of smoke chamber; d3, axial distance between back side of
smoke chamber and single-pixel bucket detector.

Table 1. The parameters used in optical experiments.

Chambers with different volumes (cm3) Pumping time (s) d1 (cm) d3 (cm) Total distance (cm)

20× 30× 40 7.5 82.5 2.5 105.0

30× 30× 40 11.25 72.5 2.5 105.0

40× 30× 40 15.0 62.5 2.5 105.0

60× 30× 40 22.5 42.5 2.5 105.0

80× 30× 40 30.0 22.5 2.5 105.0

100× 30× 40 37.5 2.5 2.5 105.0

3.2. Attenuation due to dynamic smoke

To study the impact of different smoke concentrations, a relationship between the collected light
intensities and the concentrations of glycerol smoke can be obtained in real time by using optical
thickness (OT). In this study, real-time OT in free-space optical transmission channel is calculated
to describe concentration variations in the transmission channel based on Beer-Lambert law [41]
defined by

I = I0e−OT , (13)
where I0 denotes the recorded light power at the receiving end without smoke chamber in the
free-space optical transmission system, and I denotes the recorded light power at the receiving
end with smoke chamber placed in free-space optical transmission. Therefore, the OT can be
calculated by

OT = − ln
I
I0

. (14)

To eliminate measurement errors caused by the fluctuation of propagating wave, light intensities
recorded at different time slots without the smoke chamber in the free-space optical transmission
are used to calculate an average light power I0 described by

I0 =
1
V

V∑︂
i=1

I0i, (15)

where V denotes the total measurement number, and I0i denotes the light intensities recorded at
the receiving end.
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The light intensities recorded at different time slots are obtained and shown in Fig. 5(a), when
smoke chambers with different volumes (20× 30× 40, 30× 30× 40, 40× 30× 40, 60× 30× 40,
80× 30× 40, and 100× 30× 40 cm3) are respectively used. The collected light intensities are
small at the beginning, and increase with the sampling time and finally remain stable. Dynamic
smoke pumped into the chamber has a high density at the beginning, and the propagating wave is
strongly scattered through smoke chamber which results in only few light to be collected by the
single-pixel bucket detector. It is also demonstrated in Fig. 5(a) that the light intensities recorded
at the beginning are always at a low level, when the different smoke chambers are used. Due
to precipitation and liquefaction process of the smoke, smoke concentration in the chambers
decreases. In addition, the length of smoke chamber could affect the collected light intensities.
The longer length of smoke chamber makes the collected light intensities smaller. Real-time
OT values are further calculated based on Eq. (14) to describe the impact of dynamic smoke,
and experimental results are shown in Fig. 5(b). As can be seen in Fig. 5(b), the trends are
similar, when smoke chambers with different volumes are respectively used. The OT values are
at a high level at the beginning, since smoke concentration in the chamber is at the largest level.
As the sampling time increases, OT values decrease due to the existence of liquefaction and
sedimentation of the smoke in the chamber.

3.3. Optical analog-data transmission

Due to dynamic smoke in the chamber, real-time OT values during optical transmission of
different pixels of a signal are different. To better describe the OT in free-space optical data
transmission through dynamic smoke, average optical thickness (AOT) is further calculated to
measure the fluctuation. Each signal contains N pixels, and then in the proposed method the
AOT can be calculated by

AOT =
1

2N

2N∑︂
i=1

OT i. (16)

Four irregular analog signals are first encoded by using the proposed pixel-to-plane algorithm
to generate a series of 2D arrays of random numbers, and then these 2D arrays of random
numbers and the fixed reference pattern are alternately embedded into the amplitude-only spatial
light modulator to be optically illuminated to propagate through dynamic smoke in Fig. 2 to
verify the proposed method. Some typically experimental results are shown in Fig. 6, where
the dot denotes original signal and the triangle denotes a signal retrieved at the receiving end.
It is experimentally demonstrated in Figs. 6(a)–6(d) that the signals can be retrieved with high
fidelity in the developed free-space optical data transmission through dynamic smoke by using
the proposed method. To evaluate the signals retrieved at the receiving end, mean squared error
(MSE) and peak signal-to-noise ratio (PSNR) are calculated by [42–46]

MSE =
1
N

N∑︂
i=1

(Si − S̃i)
2, (17)

PSNR = 10log10
MAX2

S
MSE

, (18)

where Si denotes original signal, S̃i denotes the retrieved signal, and MAXS denotes the maximum
pixel value of original signal. The AOT, MSE and PSNR values are calculated and given in Fig. 6,
and low MSE values and high PSNR values of the retrieved signals are always obtained by using
the proposed method. It is illustrated in Fig. 6 that the proposed method is feasible and effective.

Optical experiments are further conducted for a comparison, when the proposed method with
and without the fixed reference pattern is applied in the free-space optical data transmission
system through dynamic smoke. The experimental results are shown in Fig. 7. The measurement
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Fig. 5. (a) The light intensities recorded at the receiving end with the sampling time
when the smoke chambers with different volumes (20× 30× 40, 30× 30× 40, 40× 30× 40,
60× 30× 40, 80× 30× 40, and 100× 30× 40 cm3) are respectively used, and (b) a relation-
ship between the sampling time and real-time OT values when the smoke chambers with
different volumes (20× 30× 40, 30× 30× 40, 40× 30× 40, 60× 30× 40, 80× 30× 40, and
100× 30× 40 cm3) are respectively used.
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Fig. 6. (a)-(d) The signals experimentally retrieved at the receiving end with a smoke
chamber of 80× 30× 40 cm3 and other experimental parameters in Table 1: the AOT in
(a)-(d) is 1.58, 1.57, 1.63, and 1.59. PSNR values of the retrieved signals in (a)-(d) are 38.55
dB, 38.28 dB, 37.02 dB, and 39.94 dB, respectively. MSE values of the retrieved signals in
(a)-(d) are 1.40× 10−4, 1.49× 10−4, 1.99× 10−4, and 1.01× 10−4, respectively.

sequence in Fig. 7 represents free-space optical information transmission of one fixed analog
signal at different time slots. As can be seen in Fig. 7, when the AOT is at a high level (i.e., larger
than 2.5), PSNR values of the retrieved signals with and without the reference pattern are small
(i.e., lower than 30.0 dB). The large AOT values mean that smoke in the chamber has high density,
and optical field information could be severely scattered. When the AOT decreases, PSNR values
of the retrieved signals increase. In addition, PSNR values of the signals retrieved by using the
proposed method with the fixed reference pattern are higher than those of the signals retrieved
without the reference pattern. The fixed reference pattern is utilized in optical experiments to
record real-time scaling factors, and then measurement errors caused by dynamic smoke can be
corrected. The usage of a fixed reference pattern in the proposed method improves quality of the
retrieved signals at the receiving end, when dynamic smoke environment is studied. It is also
demonstrated that feasibility and effectiveness of the proposed high-fidelity free-space optical
data transmission through dynamic smoke are verified.

The AOT is calculated to describe real-time destruction degree of optical field information
in free-space optical data transmission through dynamic smoke. A relationship between the
AOT and PSNR values of the retrieved signals is further obtained and shown in Fig. 8, when the
smoke chambers with different volumes (20× 30× 40, 30× 30× 40, 40× 30× 40, 60× 30× 40,
80× 30× 40, and 100× 30× 40 cm3) are respectively used. As can be seen in Fig. 8, PSNR
values of the retrieved signals decrease with the higher AOT. It is a downward trend, when
the AOT is higher than 2.5. It is demonstrated in Fig. 8 that the retrieved signals are of high
quality by using the proposed method when the AOT is lower than 2.5. The typically retrieved
signals are shown in Figs. 9(a)–9(f), and the AOT and PSNR values of the retrieved signals
are given in Figs. 9(a)–9(f). The label of x-axis in Figs. 9(a)–9(f) means the signal to be
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Fig. 7. A comparison of quality of the signals retrieved at the receiving end with and
without the fixed reference pattern and the corresponding AOT values.

transmitted in dynamic smoke environment. Each transmitted signal has 64 pixels. As can
be seen in Figs. 9(a)–9(f), the retrieved signals are of high fidelity by using the proposed
method, when smoke chambers with different volumes are designed and used in the developed
free-space optical data transmission through dynamic smoke. Based on the experimental results
of irregular analog-signal transmission through dynamic smoke, binary signals can be retrieved
with ultra-high fidelity when binary signals are tested based on the developed optical system.
Binary signals are simpler to be transmitted compared with irregular analog signals, and the
difference between transmitted binary signals and original binary signals is always 0 in the
proposed method. Advantages of the proposed method are briefly described as follows: 1)
Pixel-to-plane encoding algorithm is developed to transform each pixel of the signal into a 2D
array of random numbers to be used as an information carrier. 2) Transmission errors induced by
dynamic smoke are temporally corrected by using a fixed reference pattern. 3) A novel retrieval
process is developed to realize high-fidelity signal transmission through dynamic smoke.
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Fig. 8. A relationship between the AOT and the PSNR of the retrieved signals obtained
when the smoke chambers with different volumes are respectively used. One fixed analog
signal is repeatedly tested here.
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Fig. 9. (a)-(f) The signals retrieved at the receiving end using the proposed method when
smoke chambers with different volumes (length d2 of 20.0, 30.0, 40.0, 60.0, 80.0, and
100.0 cm) are respectively used.

4. Conclusion

A new approach is proposed to realize high-fidelity free-space optical data transmission through
dynamic smoke using a series of 2D arrays of random numbers via pixel-to-plane encoding.
A series of 2D arrays with random numbers are generated to be used as information carriers
in the free-space optical data transmission channel. Transmission errors induced by dynamic
smoke are temporally corrected using a fixed reference pattern. It is experimentally demonstrated
that irregular analog signals can be retrieved with high fidelity at the receiving end, when the
AOT in the free-space optical data transmission channel is lower than 2.5. It is expected that the
proposed method could open up a novel research perspective for high-fidelity free-space optical
data transmission through dynamic smoke.
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