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Abstract—In the coming Industry 4.0, there is a long-standing
challenge to transfer real-time broadband data (e.g., video mon-
itoring data) among machines. Optical wireless communication
(OWC), which can easily carry tens of gigabit/s data, is a promising
technology but suffering from non-line-of-sight (NLOS) limitation.
In the NLOS scenario, the power of diffused light is heavily atten-
uated while the diffuse-induced multi-path effect suppresses the
band-width of received signals. In this article, the diffuse light
reflected off a rough surface (e.g., ceilings or walls) can be focused
at a target receiver with an average 18-dB-power-enhancement.
A record 40-Gbit/s >80°-coverage beam-steered NLOS OWC sys-
tem enabled by the proposed diffuse reflection focusing (DRF) is
experimentally demonstrated over a diffused 25-cm free-space link.
The fast-focusing transmission matrix (TM) algorithm, which takes
only 513 iterations to do the focusing, is introduced to make the
DRF technique more practical for daily applications. The low-
cost intensity-modulation/direct-detection (IM-DD) transmission
scheme and the simple on-off keying (OOK) signal are selected to
support low-cost applications. All these features exhibit its great po-
tential for high-speed indoor wireless communications, especially
in the scenarios of Industry 4.0.

Index Terms—Beam steering, high-speed transmission, Industry
4.0, non-line-of-sight, optical wireless communication, wavefront
shaping.

I. INTRODUCTION

I INDUSTRIES are under constant pressure to improve prod-
uct quality, to increase factory efficiency, and to keep com-

petence [1]. As a significant transformation moving toward
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industrial automation, Industry 4.0 has the potential of enabling
a smart factory, which extremely changes the way of production
and delivery. The transition to Industry 4.0 depends on the
successful adoption of many key technologies. To accelerate
smart manufacturing, digital twins of machines and operations,
factory automation, and real-time control of equipment are de-
manded [1]–[3]. Artificial awareness is a cornerstone of all three
items. As a significantly indispensable elementary technique,
machine vision (MV) gives machines greater awareness of their
surroundings. Such awareness allows machine learning to facili-
tate higher-order image recognition and further decision-making
to support the automation of a smart factory [2], [4]. One
long-standing challenge of MV is how to create an ultra-fast,
highly-reliable, and secure wireless connectivity for real-time
video data transfer.

To satisfy the demand for fast and reliable connectivity, optical
wireless communication (OWC) is proposed for Industry 4.0
[5]– [6], since OWC is ultra-broadband, high security, license-
free, and electromagnetic-interference-free. However, the most
significant limitation of OWC systems is the blockage of di-
rect transmission by obstacles, namely the non-line-of-sight
(NLOS) link. For example, in a smart factory, moving robots
are very likely to obstruct OWC links. The current NLOS OWC
solutions utilize multiple-input multiple-out (MIMO) schemes.
Many transmitters are used based on visible light/infrared LED-
sources/LD-sources together with many receivers. The state-of-
art MIMO OWC system for a smart factory is demonstrated in
[6]. 1 Mbit/s is delivered. The highest data rate at the distance
of 25-cm in the laboratory is ∼1.1 Gbit/s as reported in [5].
It is mainly limited by the multi-path (multi-reflection) effect
[7]–[8]. The data-rate breakthrough in an NLOS OWC link
requires a game-changing solution.

Beam reconfigurable NLOS OWC system enabled by diffuse
reflection focusing (DRF) brings a new approach [9]. Its key
is to allocate diffuse reflection in a small area with wavefront
shaping. Since the diffused area is limited, the multi-path effect
is eliminated. Moreover, with wavefront shaping, the diffused
light beam can be focused and steered to the desired termi-
nal users. Actually, the wavefront shaping technique based
on a spatial light modulator (SLM) has been applied to the
OWC domain. F. Feng et al. proposed to use an SLM as a
Gaussian-beam steerer to implement narrow beam optical beam
steered data transmission [10]. J. C. Chau et al. demonstrated

0733-8724 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

https://orcid.org/0000-0001-7065-370X
https://orcid.org/0000-0002-4774-7545
https://orcid.org/0000-0002-4913-6844
https://orcid.org/0000-0001-7600-8533
https://orcid.org/0000-0001-7049-2379
https://orcid.org/0000-0003-2466-7961
mailto:xuebing.zhang@tue.nl
mailto:z.cao@tue.nl
mailto:a.m.j.koonen@tue.nl
mailto:juhao_li@pku.edu.cn
mailto:chenzhy@pku.edu.cn
mailto:gedawei126@126.com
mailto:i.m.vellekoop@utwente.nl
https://ieeexplore.ieee.org


6802 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 38, NO. 24, DECEMBER 15, 2020

Fig. 1. The envisaged application scenario of indoor NLOS OWC for Industry 4.0.

a multiple-input-multiple-output (MIMO) visible light com-
munication (VLC) system enabled by a digital-micromirror-
device-based (DMD-based) SLM using the mechanical beam
steering concept [11]. More similar wavefront shaping applied
to OWC has been achieved to provide multi-delivery [12] and
focus a radiating light from a vertical-cavity surface-emitting
laser (VCSEL) [13]. However, all the mentioned techniques
only address the relatively simpler LOS issues. They did not
consider the complicated diffuse NLOS link. M. Najaf proposed
the concept of intelligent reconfigurable reflecting surfaces to
address the NLOS link [14]. This technique requires multiple
deployments of the smart surface at the remote side. Differently,
the proposed DRF technique has a centralized reconfigurable
unit and using the general ceilings/walls, which is robust to the
complex application environment. Compared with the results
present in [9], three key parameters are much optimized. First,
the angle coverage in this work is scaled up from 20° to 80°.
Second, the focusing process is speeded up by 8 times. Third,
the simple intense modulation direct detection (IM-DD) link
with 40Gbit/s is employed rather than the complicated coherent
link of 30 Gbit/s in [9].

Here we show a more practical NLOS OWC system enabled
by DRF. The concept of proposed NLOS OWC for Industrial
4.0 is depicted in Fig. 1. From an OWC access point, the
narrow light beams are pointed to mobile devices to establish
optical wireless connectivity. Such connectivity is usually via
a line-of-sight (LOS) path. While, in the blocked cases, the
light can instead be directed to a ceiling or a wall to establish
an indirect NLOS pathway to the device by using the wave-
front shaping technique [15], [16]. The original diffuse light
can be refocused on the desired mobile devices. In this work,
a polystyrene screen (Thorlabs EDU-VS1/M) is employed as
the diffuse reflector. It is a common material that can well

represent indoor diffuse materials (e.g., wall, painting, plastics).
An average 18-dB-power-enhancement and a double-side-range
of >80° are employed over a 25-cm optical free-space link.
The experiment results show significantly-high/-stable energy-
efficiency-improvements. Note that the covering distance of the
total free-space link can be significantly extended by increasing
the low-loss LOS path before the diffuse path. The highest
40-Gbit/s diffuse NLOS data rate, to the best of our knowledge,
is achieved by using optical IM-DD and on-off keying (OOK)
modulation format. As a key technique, the Transmission-Matrix
(TM) algorithm enables a faster power-enhancement operation
with only 513 iterations, which shortens the focusing time to
one eighth.

The rest of this paper is arranged as follows: Section II
describes the operational principle of the transmission ma-
trix algorithm; Section III describes the experimental setup;
Section IV gives the experimental results and discussions in-
cluding the algorithm comparison, the enhancement evaluation,
and the transmission investigation; Section V gives the paper
conclusions.

II. TRANSMISSION MATRIX ALGORITHM

As described in [9], the diffuse light is enhanced by using
the wavefront shaping, where the input beam is divided into
N segments (connects to a vector t) that can be individually
phase-modulated by using an SLM. Here, N is 256 (thus t is a
256 × 1 vector). The TM algorithm is utilized to find the opti-
mized phase matrix (each pixel is in 0-2π) for the transmitter-to-
receiver power enhancement. This phase-optimization is oper-
ated segment-by-segment. In the TM method, for each segment,
the algorithm iteratively sets the phase retardation to 0, 2π/3, and
4π/3. Next, it measures the corresponding intensities at the mth
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receiver’s position as I0
m, I2π/3

m , and I4π/3
m . The intensities can

be estimated as Equation 1-3 [15]–[17].
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where Ein
n and Eout

m are the complex amplitude of the optical
field in the nth incoming free mode and the mth receiving position.
tmn is the nth element (complex amplitude) of the transmission
matrix at the mth receiver’s position. Sm and S̄m are the
complex amplitude of the optical field used as a reference in
the mth output mode. Then the transmission matrix elements
can be estimated as (4) by eliminating the same factors for all
matrix elements [17], [18].
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(4)
By measuring the transmission matrix for a certain receiv-

ing position of m, we can obtain the matching phase mask
t
′
mn (applied to the SLM screen) by calculating the conjugate

transpose matrix of the transmission matrix tmn [15], [16]. But
to reduce the iteration number, I0m can be measured for all
segments with a single measurement. Thus, the total number
of iterations is 2N+1 [18]. To make sure the same condition
for I0m-measurement, the calculated phase of each segment can-
not be updated segment-by-segment. TM method is operated as
follows:

1) For a given receiving position m, do steps 2–4 for all input
channels;

2) Set the phase retardation of the segment n concerning
others to I0

m, I2π/3
m , and I4π/3

m ;
3) Set the phase retardation of the segment n concerning

others to I0
m, I2π/3

m , and I4π/3
m ;

4) Measure the I0
m, I2π/3

m , and I4π/3
m intensities, respec-

tively;
5) Set tmn = (2I0

m− I2π/3
m − I4π/3

m )/6 +
√
3i (I2π/3

m −
I4π/3
m )/6;

6) Set the SLM phase map according to the phases of t′mn.

III. EXPERIMENTAL SETUP

Figure 2 describes the 40-Gbit/s indoor NLOS OWC system.
In this experiment, a laser at 1550 nm is used as the optical
source with 6-dBm output power. The 40-GBaud/s OOK signal
is modulated onto the optical carrier by an SHF transceiver (SHF
46210C). The output signal is amplified via an erbium-doped
fiber amplifier (EDFA, EDFA-1) to 10 dBm (the radiated power
from the transmitting collimator). Afterward, a fiber-based po-
larization controller (PC, PC-1) and a free-space polarizer are
used to align the polarization state between the free-space light
and SLM. The collimated Gaussian beam is then incident on the
SLM (HOLOEYE, PLUTO Phase Only SLM). 1024 × 1024
pixels are activated, which are further adjacently-grouped into
256 (16 × 16) rectangular segments including 128 × 128 pixels
in each one as shown in Fig. 2. All pixels divided into a segment
are simultaneously modulated by the same phase between 0
and 2π. After the phase modulation, a lens (Edmund Optics:
ACH-NIR 50 × 150 NIR) is utilized to adjust the beam size
onto a rough surface (e.g., ceilings or walls), which emulates
the rough surface in an indoor scenario. Here, a standard ma-
terial sample – Thorlabs polystyrene screen (EDU-VS1/M) is
applied. Its detailed information can be found on the website.
The angle between the SLM-modulated beam and the normal
of the rough surface is ∼17.5°, and we define the normal of the
rough surface as 0° as shown in Fig. 2(b). Thus the incident
angle is defined as −17.5°. To match the fiber/waveguide-based
high-speed photodetector, the diffusely reflected light is coupled
into a single-mode fiber using a collimator (ZC618FC-C) which
is 25-cm far from the surface. The receiving fiber is mounted on
a movable stage, allowing adjustment of the angle. An optical
power meter is used to provide feedback for the wavefront-
shaping algorithm to enhance the light intensity at the receiver.
The received optical signal is pre-amplified via a second EDFA
(EDFA-2) before detection. An optical filter is used to eliminate
the out-band noise. Finally, the signal is detected and processed
in the SHF transceiver.

IV. RESULTS AND DISCUSSIONS

A. Algorithm Comparison

In this part, we discuss the working speed and performance
of the newly introduced TM algorithm by comparing the TM
algorithm to the continuous sequential (CS) algorithm, which is
widely used in optical wavefront shaping and the first NLOS
optical wireless transmission experiment [9]. First, the algo-
rithm execution is compared in Fig. 3. For CS, after each
segment-optimization, the calculated phase is applied to this
segment, and the optimized power is recorded and shown (refer
to Fig. 4 (b)). However, TM selects a different way. After each
segment-optimization, the calculated phase is not applied to this
segment until finishing all segment-optimizations. Then a cal-
culated phase matrix is applied to all segments simultaneously.

A larger number of segments of the SLM will bring a higher
power gain. According to [15], there is a linear scaling behav-
ior between power enhancement and the number of segments
when the number of segments is far from the total number
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Fig. 2. (a) Experimental setup; (b) the photo of the NLOS link. EDFA: Erbium-doped Fibre Amplifier; PC: polarization controller; SLM: spatial light modulator;
Tx: transmitter; Rx: receiver.

Fig. 3. The scheme comparison of segment phase optimization between CS
and TM algorithms.

of mesoscopic channels. But more segments will take a much
longer time to do DRF. Considering the tradeoff between time
consumption and power gain, the activated area of the SLM
screen is divided into 16 × 16 segments and each segment will
do the phase-optimization. For the CS scheme, each segment
is phase-modulated from 0 to 2π in increments of π, π/2, π/4,
and π/8 to search the power-optimized phase. Then repeat this
procedure segment-by-segment until obtaining the completed
16 × 16 phase map, which is the final mask for a certain
receiving position. The required number of iterations for single

enhancement is 512, 1024, 2048, and 4096, respectively. Hence,
the smaller the increment is used the slower the optimization will
be. While, for the TM method, the required number of iterations
is fixed at 513 (2N+1, this number will change as the size of the
matrix size.). The target phase is not obtained directly but ob-
tained through calculation. In the experiment, five cases are com-
pared under the same experimental conditions. Before enhance-
ment, the originally received power is−49.6 dBm. After that, the
power is optimized to −32.8 dBm (TM), −32.9 dBm (CS-π/8),
−33.27 dBm (CS-π/4), −34.0 dBm (CS-π/2), and −37.5 dBm
(CS-π) respectively as presented in Fig. 4 (a). TM and CS-π/8
have the almost same performance, and thus the performance
of the time-consumption is evaluated using the number of iter-
ations. As shown in Fig. 4 (b), TM only takes one-eighth of the
time of the CS-π/8 scheme.

It should be pointed out that the algorithm (TM or CS) should
work based on a closed-loop system where feedback data will
be delivered from a receiver to an SLM. In our system, the
feedback information is a single number – user power, which
will bring very limited information overhead. To simply this
proof-of-concept experiment, a wired feedback connection is
utilized to emulate a wireless connection in practical application.
The wireless link can be potentially built by using relatively
lower-speed communication links such as WiFi or LiFi.
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Fig. 4. The performance of the (a) enhancement; (b) time-consumption

B. Enhancement evaluation

Enabled by the TM method, the optimization is explored in
a very large angular range (>90° single-side span) as presented
in Fig. 2(b). Using the parameters in the part of Experimen-
tal Setup, the light intensity before and after enhancement is
measured with sweeping a >90° range. Fig. 5 depicts the
measured power before and after optimization with different
incident angles. When the incident angle is fixed at −17.5°
(defined in Fig. 2) as described in Fig. 5(a), the measured power
before enhancement varies randomly between −42.9 dBm and
−62.2 dBm, which is mainly due to the rough-surface-caused
random intensity pattern. After enhancement, the power curve
becomes very smooth with a measured 3-dB (from −32 dBm
to −35 dBm) angular range of >40°. The average intensity
improvement is above 18 dB, which significantly improves the
signal-to-noise ratio of the diffuse NLOS link. Then the incident
angle of −40° and −60° are tested respectively. Similar power
enhancement can be obtained: average power gains are 13.40
dB and 12.10 dB as presented in Fig. 5 (b) and (c). But the
loss increases ∼4-dB and ∼10-dB, respectively. The angular
range shifts towards the larger angle direction as well. Hence,
properly increasing the incident angle would help extend the
angular range. If we change the incident angle to their positive
counterpart such as 17.5°, then the range from −43° to 0° can
be also covered. This means that the double-side coverage can
be extended to ±40° with respect to the line coming from the
SLM in Fig 2.

Fig. 5. The measured algorithm performance. The measured power enhance-
ment performance (a) with −17.5° (b) with −40° (c) with −60° incident angles.

C. Transmission Investigation

Finally, the data transmission is conducted at four direc-
tions/angles (10°, 20°, 30°, and 40°) with−17.5° incident angle.
The BER versus received power (after attenuator) curves are
depicted in Fig. 6 (a). The BER performance at the limit of 1 ×
10−3 does not experience an apparent drop along with the angle
increase (2-dB power fluctuation). >40° single-side coverage
range can be experimentally achieved at the 40-Gbit/s data rate.
Fig. 6 (b) presents the optical spectra before and after enhance-
ment at the receiver side. Note that the data rate breakthrough
benefits from a system optimization especially the improvement
of the received power level. As a larger-coverage diffuse reflector
will cause higher power loss [9], which is a drawback for data
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Fig. 6. (a) the measured BER-to-power curves at different receiving angles; (b) optical spectra before and after power enhancement.

transmission. A larger-NA collimator (Rx in Fig. 2(b)) and better
system alignment are selected and implemented respectively to
increase the power level. Besides, out-of-band noise filtering is
done to deal with low-sensitivity IM-DD detection.

V. CONCLUSION

In conclusion, a record 40-Gbit/s non-line-of-sight beam-
steered optical wireless link is experimentally demonstrated
enabled by the proposed diffuse reflection focusing. A double-
side coverage of ±40° and an average enhancement of 18 dB
indicates the wide support of most cases in an indoor scenario,
especially for complex smart factory indoor environments of In-
dustry 4.0. As to the focusing speed, the proposed transfer matrix
control algorithm exhibits fast focusing/steering with only 513
iterations, which is 8 times faster than the algorithm present in
[9]. For the link transceivers, the simple Intensity Modulation
Direct Detection (IM-DD) link with 40 Gbit/s is employed rather
than the complicated coherent link of 30 Gbit/s in [9]. All three
key practical parameters are intensively improved which paves
the way for applications in Industry 4.0. It should be pointed
out that the proposed NLOS OWC solution together with LOS
optical beam steering is to provide high-speed wireless commu-
nication, which does not aim to fully replace the lower-speed
radio-frequency or visible light wireless communication (e.g.,
WiFi or LiFi) but works as a significant supplement of the whole
wireless local-area network [20]. A potential solution is that the
optical LOS/NLOS communication is for the high-speed data
transmission, and WiFi (or maybe LiFi) works as a lower-speed
but more reliable solution for low-speed applications, system
localization, and information feedback.
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