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Abstract—In this paper, integration of 5G New Radio (5G NR)
with a Visible Light Communication (VLC) downlink architecture
is proposed. This scheme combines two complementary wireless
technologies: upcoming SG NR and VLC to offer indoor enhanced
wireless hybrid access able to provide each User Equipment (UE)
with very high data rate and positioning support. The data
transmission of the 5G NR frame over VLC has been
implemented. This represents a novel approach to transmitting 5G
NR over VLC by hardware experimentation based on Universal
Software Radio Peripheral (USRP). The experiment results show
that the proposed scheme with Quadrature Phase Shift Keying
(QPSK) mapping achieves a data rate of 14.4 M bits/s and an Error
Vector Magnitude (EVM) of 4.78% for a 55 cm free space
transmission span.

Keywords—5G New Radio; Visible Light Communication;
Software Defined Networks; USRP

L INTRODUCTION

In recent years, mobile data traffic has been growing at an
accelerating rate. The latest data from Cisco predicts that the
mobile data traffic will reach approximately 24 Exabyte per
month by 2019 [1]. 80% of this growth is generated in indoor
environments where wireless traffic increases 20% faster than
outdoors each year [2]. Meanwhile, in consumer electronics the
top technology trends focus on the number of network
interfaces, screen sizes and resolution, which are increasing to
meet the demand for higher quality of video experience for
different User Equipment (UE). Since video streaming is the
media that uses the most network capacity, there is a consequent
increase in demand for network resources to deliver these video
services and distribute them within homes. With this growing
capability and demand, the indoor interference and congestion
issues become more and more prominent.

Actually, more than 75% of the wireless data traffic is using
Wi-Fi indoor access points, while classical cellular networks
cover the remaining. But these two wireless technologies are
facing spectrum congestion, especially Wi-Fi, when a huge
number of UE are present within a confined indoor space and
requesting high traffic services, such as in conference, congress
centers or shopping malls.

Therefore, as the new air interface for the next generation of
communication networks, 5G NR is expected to meet the
aforementioned requirements to achieve a high-capacity, high-
data-rate and low-interference data service in indoor
environments [3-5].

Visible Light Communication (VLC) is gaining more and
more interest due to its very high throughput performance in
indoor and its security advantages for both privacy and health
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[6][7]. In fact, a largely so-far neglected part of the spectrum is
the optical window spanning from infrared into the visible part
of the spectrum on to ultraviolet frequencies. We believe that
these frequencies are of great importance for future mobile
communication solutions beyond 5G, not only due to the huge
amount of unregulated spectrum offered, but also because of an
existing base of mature technology components stemming from
fiber and free-space optical communications and synergies,
which can be exploited by building on existing illumination
infrastructures. Moreover, LEDs are becoming the predominant
light source and could transform in the coming years any light
bulb into a VLC access point, which not only reduces a lot the
extra-wired infrastructure needed to implement the backhaul
network, but also diminishes drastically the wuser.
Electromagnetic Field (EMF) exposure that today explodes with
Wi-Fi becomes a health concern, as proven by the Loi Abeille
promulgated in 2015 in France [8]. To summarize, VLC is
deemed to be a desirable technology for indoor wireless access
technology in future 5G networks.

Based on aforementioned reasons this paper is the first work
to consider 5G NR and VLC, which can provide each UE with
high data rate, seamless S5G/Li-Fi connectivity and fine
localization with low latency. The main contributions of this
work are the following:

e A 5G NR integration with VLC downlink scheme to be
implemented on USRP. As far as we know, this is the
first experimental implementation proof of 5G NR over
VLC transmission based on USRP.

It provides each UE with data rate of 14.4 M bits/s and
the EVM of 4.78% for a 55 cm free-space transmission
span. The positioning support will be considered in our
future work.

The rest of this paper is organized as follows: section II
details a VLC downlink architecture with 5G NR integration. An
experimental testbed and measurement results are described in
detail in section III. Section IV concludes this paper.

II.  5G NR INTEGRATION WITH VLC DOWNLINK

ARCHITECTURE

In this section the proposed 5G NR over VLC downlink
scheme is presented first. Second, the adaptation of 5G NR
modulation and frame structure is described to meet the
requirements of VLC transmission.

A diagram of the proposed downlink scheme is illustrated in
Fig. 1. In this diagram, the Radio Access Network (RAN) is
responsible for data and signal transmission between the



Ethernet and UEs. RAN uses a 10G Common Public-Radio
Interface (eCPRI) Ethernet ring to access the 5G core network.

The Ethernet ring interconnects an Upper-Layer 1
processing unit to up to six Remote Radio Light Heads (RRLHs)
controllers. Each RRLH hosts a Lower-Layer 1 processor used
for precoding, Inverse Fast Fourier Transform (IFFT), Cyclic
Prefix (CP) insertion, windowing and symbol overlapping in the
downlink. The Upper-Layer 1 is the physical layer central unit.
This unit major tasks include channel encoding, decoding and
scrambling.

The main function of the RRLH controller is the
transmission of information in the visible light spectrum. Each
RRLH generates the low intermediate frequency (IF) signals for
8 VLC Multi-Input Single-Output (MISO) modules by using a 1
to 8 RF splitter [9].
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Fig. 1. Downlink scheme of 5G NR integration with VLC diagram

There are two issues integrating SG NR with VLC that can
be summarized as follows. First, VLC as an intensity-
modulated/direct-detection (IM/DD) optical wireless system
only accepts real-valued signals. However, the 5G NR baseband
signal is complex-valued, therefore, a complex to real
conversion is necessary.

Second, the modulation bandwidth of the VLC system by
using commercial LEDs is limited to a few megahertz [10],
therefore, the output 5G NR signal has to be adjusted for
respecting this limitation. In order to address these two issues,
we made the following adjustments: A) 5G NR modulation
adaptation for VLC; B) 5G NR frame structure adaptation for
VLC.

A. 5G NR modulation adaptation for VLC

This adaptation is aimed at generating real-valued 5G NR
baseband signals. QPSK OFDM modulation is used as an
example of this experiment.

In frequency domain only the positive frequency band
carries the data symbols, which can be denoted by:
0 XN/2+1 XN/2+2 Q)

After N-point IFFT, we get the complex-valued 5G NR
baseband signal x(t) in time domain. Using the following
relation, a real-valued signal y(t) can be obtained.
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y(@) = x(@) +x7(t) 2

where x*(t) denotes the complex conjugate of x(t).

Then a DC Bias-T is used to convert the bipolar real-valued
signal y(t) to strictly positive signal to meet IM/DD
requirements [10]. The data symbols can be restored in the
positive frequency band after a N-point FFT during the
demodulation process.

Using the above adaptation only the Resource Blocks (RBs)
on positive frequency can be scheduled for VLC signal
transmission. Hence, the design of 5G NR Radio Resource
Control (RRC) needs to be modified. However, compared with
the conventional DC biased Optical OFDM (DCO-OFDM) and
Asymmetrically Clipped Optical OFDM (ACO-OFDM) [11]
transmission scheme, this modulation solution does not require
large modifications to the physical layer component IFFT
modulator. It only introduces one extra adder as described by
equation (2).

B. 5G NR frame structure adaptation for VLC

One 5G NR frame contains three main physical channels:
Synchronization Signal/Physical Broadcast Channel
(SS/PBCH), Physical Downlink Control Channel (PDCCH) and
Physical Downlink Shared Channel (PDSCH) [12]. One 5G NR
radio frame example is shown in Fig. 2.

The bandwidth of each channel has to be adjusted for
adapting current VLC bandwidth of 10MHz. Proposed
modifications to each of the three channels are detailed below:

SS/PBCH contains the basic synchronization signal and
broadcasting information about essential VLC system
configuration. According to TS 38.211 [12], one SS/PBCH
block consists of 20 RBs (1 RB contains 12 contiguous
subcarriers) in frequency domain and 4 contiguous OFDM
symbols in time domain. In order to adapt to the VLC
bandwidth, the subcarrier spacing is configured as 30 KHz.
Thus, the SS/PBCH block occupies 20 RBs * 12 * 30 KHz=7.2
MHz bandwidth for the proposed 5G NR frame structure.

PDCCH is to carry Downlink Control Information (DCI)
that contains the demodulation configuration information such
as number of RB, demodulation scheme and scheduling
assignments. This information is essential for proper decoding
of transmitted data. PDCCH could be configured with at least 1
Control Channel Element (CCE) and maximum 45 CCEs in
frequency domain. In time domain, it occupies at most 3
consecutive OFDM symbols. For less than 10 MHz bandwidth,
4 CCEs are allocated in PDCCH block.

PDSCH is allocated to the carrier payload of user service
data. In PDSCH the resource allocation is flexibly scheduled by
the base station with at least 1 RB frequency resource and at least
1 OFDM symbol. Here, 25 RBs for PDSCH are allocated, which
occupy less than 10 MHz bandwidth.
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Fig. 2. 5G NR frame structure

As a result of the above facts and by adjusting the number of
active RBs the 5G NR frame structure is suitable for VLC
communication. In the next section we describe the
implementation of the proposed downlink scheme on our 5G
baseband testbed.

III.  EXPERIMENTAL TESTBED AND IMPLEMENTATION
RESULTS

A. Experimental testbed description

The experimental testbed is shown in Fig. 3, which was built
to demonstrate the operation and feasibility of the proposed
architecture. A personal computer (PC) and USRP act as local
server and RRLH controller, respectively. A TP-Link Gigabit
Ethernet Media Converter connects PC and USRP 2950R [13].
The USRP 2950R assembly with low frequency daughter boards
(LFTX/LFRX) [14] is used to interface with the VLC front-end.

In the VLC front-end, the Bias-T inserts a 12V DC voltage
into the 5G NR signal to bias the LEDs in the linear range. At
the receiver we used a Si avalanche photodetector (Hamamatsu
APD C5331-11) to convert the received light intensity into an
electrical signal. More details on VLC font-end parameters are
seen in Table L.

Fig. 3. Experimental testbed based on USRP 2950R

TABLE 1. THE KEY PARAMETERS IN IMPLEMENTATION

Parameter Value
Input voltage 12V
Operating current 03 A
Half-intensity beam angle 30°
Photosensitivity 0.42 A/W

The signal flow graph in the testbed is illustrated in Fig. 4.
The PC handles the signal processing for both transmitter and
receiver. 5G NR signal is encoded and modulated by PC. It is
sent from a local server to USRP via high-speed Ethernet cable.
Output signal from USRP is merged with a 12V DC source
before sending to LED. An APD sends the received light signal
to USRP Rx-side. Then, the PC decodes the received digital
signal from USRP after the ADC conversion.

Power
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llZV DC

PC SGNR DAC

¢ LFTX 5G NR Bias Tee 5G NR signal LED
signal

signal + 12V DC drive

USRP Tx

Transm ittedllight signal

VLC
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PC [———— ADC LFRX APD
signal

USRP Rx

Fig. 4. 5G NR signal flow graph

B. Implementation results

In this paper, the communication performance is evaluated
by measuring the EVM at different visible light transmission
distance (from 5cm to 55cm) as shown in Fig. 5. The proposed
scheme with QPSK mapping offers a data rate of 14.4 M bits/s
and bandwidth of 7.2 MHz with an EVM of less than 5% for a
55 cm free space transmission span.

The EVMs were measured by moving the APD away from
the LED with 10 cm step distance. The values are 2.37 %, 2.6
%, 3.22 %, 3.54 %, 4.17%, and 4.78 % for distances of 5, 15, 25,
35, 45 and 55 cm. At the same condition, in comparing with the
LTE QPSK standard (limited at 17.5%) in [15] and EVM of
15dB (~17%) in [16], our best EVM performance is 2.37 %.

From the constellation diagrams shown in Fig.6, we can see
that higher constellation mapping might be accommodated. Our
next step for the demonstration is to try higher-order
constellation mapping to fully utilize the system’s potential,
such as using 64QAM and 128QAM, providing a higher bitrate
of 43.2M bits/s and of 50.4M bits/s respectively.
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Fig. 5. EVM performance at different visible light transmission distance

Fig. 6. The received constellation diagrams at different visible light
transmission distance

Iv.

In this paper we successfully performed the first test of 5G
NR integration with VLC downlink. We focused on the study
of the integration of 5G NR with VLC and feasibility of this
scheme. The VLC performance improvement is not the priority
of this paper. It is the first time a solution of integrating VLC
with a 5G access network is presented, which is low cost, easy
to install and compatible with the existing 5G standard.

DISCUSSION AND FUTURE WORK

The experimental results with a commercial LED lamp show
the proposed scheme with QPSK mapping to offer a data rate of
14.4 M bits/s and an EVM of less than 5% for a 55 cm free space
transmission span. These results are implemented in the
experimental environment and the feasibility is proven by
measurements on the implemented testbed.

In the next step VLC performance improvement will be
studied, which potentially could be optimized in two aspects: 1)
optimizing the VLC front-end driver circuit. By using a post-
equalization front-end circuit and phosphorescent white VLC
LEDs, a bandwidth of 151 MHz and data transmission up to 340
Mb/s have been achieved [10]; 2) addressing the baseband
OFDM modulation problem. A high signal peak value for
OFDM leads to a nonlinear distortion that causes serious
degradation of system performance [17].
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In the near future, the complete SG-VLC demonstration is to
be built in the museum of carte a jouer in Paris with indoor high
accurate location services [18].
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