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Abstract—In recent years, with the rapid deployment of 5G
and the planning for future 6G multi-network convergence,
interest in optical wireless communication (OWC) technology
as a promising complementary technology to Radio Frequency
(RF) technology has gained new impetus. In this paper, aiming
at the OWC communication system, an indoor OWC channel
measurement testbed is built to measure the infrared (IR) channel
under the testbed and evaluate its communication performance.
Through experiments, the channel response of the IR device is
measured. The OWC channel measurement testbed can achieve
a data rate above 16Mbps, with the minimum value of Error
Vector Magnitude (EVM) 18.8338%, and the minimum value of
Bit Error Ratio (BER) 0.0301. According to the Digital Cinema
System Specification (DCSS) issued by Digital Cinema Initiatives
(DCI), the system meets the transmission standard of 4K radio.

Index Terms—OWC, channel measurement, m-CAP, IR, access
point (AP)

I. INTRODUCTION

With the rapid commercialization of 5G around the world,
the society will not only be better connected, through the
enhancement of communication capabilities such as higher
speed and lower latency, but also, more devices such as
automobiles, buildings, and even home appliances [1]. With
the deployment of 5G, the transition from a connected society
to connected everything, and the next generation of mobile
communication network 6G is expected to provide a platform
called ”Intelligent Connection of Everything” [2]. Under the
6G network architecture, there are more potential applications
such as smart home, intelligent medical care, smart city, and
the Internet of Vehicles [3], sensing (i.e. detecting and re-
sponding to some type of input from the physical environment)
is not only an independent function, but also more tightly
integrated with communication. The emergence of integrated
sensing and communication (ISAC) provides a gain in the
performance of communication and sensing [4]. But 6G is
expected to deliver 100 times faster access speeds and 1000
times capacity than 5G to support the explosive growth of
bandwidth demand [5]. To this end, all spectra including
optical frequency bands will be fully explored to further have
the advantages of wide bandwidth for both communication and
sensing [5]. Based on the above factors, ISAC in the optical

frequency bands or higher-frequency bands has become a key
technology in the future 6G architecture.

Compared with traditional radio frequency-based ISAC sys-
tems, the signal bandwidth is strictly limited and the frequency
band is almost exhausted, ISAC systems based on optical
wireless communication (OWC) have more advantages, such
as high bandwidth, high security, low power consumption, low
infrastructure and equipment costs, and non-interference with
RF devices and networks [6]. network switch In addition, the
ISAC system based on OWC is a supplement to the existing
radio frequency wireless network, meets the needs of future
heterogeneous networks and hybrid networks, and realizes the
goal of 6G multi-network integration [6].

OWC has emerged as a promising green, secure, and
interference-free alternative complement to existing Radio Fre-
quency (RF) communication technologies for next-generation
communication systems [7]. Despite the growing literature
about OWC and infrared (IR) communication, there is still
a lack of work on indoor channel measurements and com-
munication testing. This is a serious issue because this work
not only sheds light on the link design and specifies the
fundamental constraints of the physical layer design of OWC
systems, i.e. transmit power and receiver complexity, but also
verifies its communication performance.

For the indoor testing of OWC, not only the channel needs
to be measured, but also its communication performance
should be the key object of investigation. The severe band-
width limitation of the OWC transmission equipment is the
main bottleneck of high-capacity OWC [8]. The most com-
monly proposed technique to increase the OWC data rate is
to use a modulation format with high spectral efficiency, such
as Orthogonal Frequency Division Multiplexing (OFDM) [9].
Recently, research activity on OFDM for OWC has decreased,
as multi-band carrierless amplitude and phase modulation (m-
CAP) has been shown to outperform OFDM over the same
experimental links [10]. In m-CAP, the carrier frequency is
generated using a finite impulse response filter, which is
cost-effective and easily reconfigurable, and greatly reduces
computational complexity compared to OFDM systems that
require (inverse) fast Fourier transforms [11]. Meanwhile, m-
CAP has also been shown to be an effective method for
improving OWC bandwidth utilization [12].979-8-3503-2152-4/23/$31.00 ©2023 IEEE
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In this paper, we built an indoor OWC testbed, and used it to
measure the OWC channel parameters in an IR band centered
on 940 nm. Then, we used this testbed to evaluate the com-
munication performance when using an m-CAP modulation
scheme.

The remainder of this paper is organized as following: the
section II proposes a scheme to build an indoor channel testbed
based on OWC. The section III presents the construction and
operation. The section IV presents the result analysis of the
experimental environment. The discussion and conclusion are
presented in the section V.

II. OWC SYSTEM MODEL AND M-CAP MODULATION

This section introduces the OWC system model and appli-
cation scenarios, as well as the m-CAP modulation method
scheme chosen to test the communication functions.

A. System Model

To realize the OWC function indoors, after receiving the
information to be transmitted from an external cloud or server,
visible or IR Light-Emitting Diodes (LEDs) are used as the
access points to transmit the signal. Among them, while the
LEDs complete the communication function, the original light-
ing function is not affected. At the receiving end, photodiodes
(PDs) are used as receiving devices, to receive the optical
wireless signal, which may be received by different types of
users.

Fig. 1. Indoor OWC System usage scenario diagram

In the indoor OWC test bench to be built, IR emiters and
LEDs will be used as transmission access points, and OWC
channels (IR channels or visible light communication (VLC)
channels) are used to communicate, so that devices at the
receiving end, such as sensors, mobile phones, laptops, and
other terminal devices, can obtain the signal to realize the
indoor communication function. The usage scenario diagram
of indoor OWC System is shown in Fig.1.

B. m-CAP Modulation

In order to realize the detection of the communication
performance of the OWC system indoors, m-CAP modulation
is selected as the signal modulation. CAP is essentially a
different implementation of the traditional Quadrature Am-
plitude Modulation (QAM), with similar performance [13].
m-CAP transforms the traditional CAP into a multi-carrier
format. The spectrum is divided into multiple subcarriers,
each using a CAP modulation process with a pair of Hilbert
pulse-shaping filters of the center frequency corresponding to
that subband [14] (the m-CAP modulation and demodulation
process is shown in Fig.2). It reduces the susceptibility to
non-flat channel response in conventional CAP and increases
scheme flexibility by allowing the use of bit and power loading
techniques [15].

Fig. 2. m-CAP modulation and demodulation flowchart

In order to provide a low-complexity way to obtain high
data rate and high multi-user capacity, m-CAP is selected as
the modulation method. Compared with OFDM, its advantage
is that it does not use FFT or inverse FFT, but uses simple
square-root raised cosine (SRRC) filter [11]. Moreover, the
power efficiency is higher while the spectral efficiency remains
similar [10].

gSRRC(t) =
2α[cos( (1+α)πt

TS
) + ( 4αtTS

)−1sin( (1−α)πt
TS

)]

π
√
TS [1− ( 4αtTS

)2]
(1)

where, α is the filter roll-off factor, Ts = 1/Rs is the symbol
period, RS is the system baud rate, and t is the instantaneous
time sample.

III. CHANNEL MEASUREMENT CAMPAIGN

In order to better realize the indoor OWC system, compre-
hensive channel characterization helps better understand the
corresponding OWC channel, which is a necessary condition
for designing a high-performance OWC system.

In our specific experimental scenario, to achieve integrated
sensing and communication, our main idea is to replace the
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existing wired communication link with a new optical wireless
link. We exploit short links with a free line of sight (LOS) to
multiple optical wireless access points mounted on the ceiling.
The measurements are performed on the downlink. Assuming
that the optical front end is reciprocal (i.e., has the same beam
characteristics in uplink and downlink), the measurement data
can also be used to characterize the uplink channel.

In this section, we provide details on our experimental
setup in the lab, the measurement methodology, the Tx and
Rx configurations considered for channel characterization, and
the setup of an indoor OWC communication performance test
using m-CAP modulation.

A. Experimental Setup

A network analyzer (ENA Network Analyzer, Agilent
E5061B), connected between the optical Tx and Rx is used to
measure the frequency responses for all Tx-Rx configurations
of the communication system. Our Tx optical frontend consists
of an IR LED powered by the driver circuit to deliver high
optical power to the coverage area. At the Rx, three PDs are
used to increase the total sensitive area and collect more optical
power. This ensures a wide coverage area and enables mobile
optical communication. In this experimental setup, by using
the amplifier and attenuator, a gain of 13dB is provided for Tx,
so that the transmitting signal reaches the maximum voltage
that the device allows to receive (Vpp ≈ 3.4V , Vpp of antenna’s
should be less than 6V.) This gain improves the detectability
of the optical wireless signals in realistic scenarios [16].

B. Channel Response Calibration

Measurements are performed using the classical continuous
wave (CW) frequency-sweep technique [17]. The Network
Analyzer applied a CW signal of 0 dBm electrical power to the
optical Tx, where the modulation frequency of the LED varies
from 100 kHz to 200 MHz. Due to the bandwidth limitations
in our frontend, we keep the maximum sweep frequency at
200 MHz. The Network Analyzer compares the amplitude and
phase of the transmitted signal with the received signal and
thereby delivers the frequency response of the device-under-
test. In our case, the device-under-test comprises the wireless
link and the optical frontends.

The measured overall frequency response of the system
HSys(f) is represented as:

HSys(f) = HRx(f) ·HCh(f) ·HTx(f) (2)

where HRx(f) is the frequency response of the Rx, HTx(f)
is the frequency response of the Tx and HCh(f) represents
the frequency response of the IR communication channel.

For characterizing the IR communication propagation chan-
nel, the impact of the frontends has to be removed [16].
Therefore, a calibration is performed by keeping the Tx and
Rx at the reference LOS distance dref of 1 m. The reference
distance dref is selected such that the link has negligible
distortion, i.e. no signal clipping or saturation is observed at
the receiver. The response of reference channel is given as:

HRef (f) = HRx(f) ·Hdref
(f) ·HTx(f) (3)

where Hdref
(f) is the frequency response of the LOS refer-

ence channel.
Correspondingly, a normalized frequency response of the IR

communication channel is obtained as:

HChnorm(f) =
HSys(f)

HRef (f)
=

HCh(f)

Hdref
(f)

(4)

Based on HChnorm
(f), all other channel parameters such

as channel impulse response (CIR), root-mean-square (RMS)
delay spread, as well as path loss can be determined. In the
remainder of this paper, we consider the channel response as
the obtained data from equation (4), i.e., the impact of the
optical frontends is always removed. Accordingly, the LOS
reference channel response Hdref

(f) is represented by 0 dB
in the amplitude response of the normalized IR communication
channels.

Fig. 3. Laboratory Setup. (a) The laboratory scenario, Tx and Rx positions
are marked in red. (b) A diagram of the location of APs and the receiver
plane

C. Tx-Rx Configurations

The considered LOS measurement and communication per-
formance test scenario is shown in Fig.3. In this case, we
investigated the performance of an IR communication system
deployed in a laboratory test bench (dimensions 1.2m x 1.2m x
1.96m). Tx was placed successively at five different locations,
AP1, AP2, AP3, AP4 and AP5, on the ceiling of the laboratory.
Rx is placed in the receiving area (120cmx120cm) directly
below the transmitting end, as shown in Fig.3. For each AP
position, Rx performs receiving sampling in the receiving area
with a step of 10cm, a total of 13x13=169 data sets. The exact
positions of all optical frontends in the room are given in Table
I. Typically, in the considered scenario, the LED is pointed at
the floor and the receiver at the ceiling.
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Fig. 4. Communication Performance Test System Diagram

TABLE I
POSITIONS OF TX AND RX FRONTENDS IN OUR EXPERIMENT

Optical frontends(OFE) Positions in m(x,y,z)

AP1 (0.6,0.6,1.96)
AP2 (0.3,0.3,1.96)
AP3 (0.3,0.9,1.96)
AP4 (0.9,0.3,1.96)
AP5 (0.9,0.9,1.96)

RxRef (0.6,0.6,0.96)
Rx (x,y,0)(0 ≥ x ≤ 1.2,0 ≥ y ≤ 1.2)

D. Communication Performance Test Steps

Based on the settings in the previous section, procedure in
the communication performance test, shown in Fig.4, we use
the GNU Radio software platform on the Local PC to generate
signal data and send it to USRP x300 through Ethernet to
generate a Tx signal with an output power of -10dBm. Before
going to the LED, a 25dB amplifier and two -6dB Attenuators
pass through, so that Vpp increases to 3.4V close to the Vpp

requirement. The signal is sent out by the IR LED and received
by the PD, and finally the data is sent back to the Local PC
via the USRP x300 for offline processing. The same test is
performed for each AP location (listed in Table I), as follows:

1. Use the GNU Radio software platform to generate the
m-CAP communication signal (m-CAP parameter setting see
Table II) required for the test, and use the USRP X300 to send
the signal to Tx.

2. For each AP, Rx receives signals with 10cm step distance
in the receiving area, and a total of 13*13=169 groups of
results are obtained for each group.

3. Calculate the BER and EVM of each group of received
data separately

IV. MEASUREMENT RESULT AND ANALYSIS

This section reports and discusses the channel measurement
results and communication test results for the various Tx-
Rx configurations. The purpose is to provide basic insight
into the characteristics of point-to-point channel characteristics
and communication performance for the indoor OWC system
research.

TABLE II
M-CAP PARAMETER SETTING

signalBandwidth 10e6
Fsamp 20e6
rolloff 0.4
span 10
Fsc [1, 3, 5, 7]. ∗ 10e6

scBandwidth 1e6
QAM 16

n 10e5

Fig. 5. HSys(f): The measured overall frequency response of the system

A. Channel Response

The measured S21 (represents the power received at PD
relative to the power input to LED here) responses of the LOS
channel corresponding to Tx at the AP1 position, and Rx at all
positions (given in Table I) are shown in Fig.5. It shows that
the Tx device has stable performance at a frequency below
10M, and the attenuation is small (about 10dB). Therefore,
since the S21 in this interval is stable and has the least
attenuation, it is suitable for communication

The measured amplitude responses of the LOS channels
corresponding to Tx at the AP1 position and Rx at all positions
are shown in Fig.6. It can be seen from HChnorm

(f) that the
IR communication system performs well in the low frequency
range under the LOS channel, and can obtain the signal sent

Authorized licensed use limited to: ZIQI LIU. Downloaded on October 05,2023 at 09:36:15 UTC from IEEE Xplore.  Restrictions apply. 



Fig. 6. HChnorm (f): Amplitude responses of IR channels in LOS config-
urations

by the Tx end well in the frequency range from 1M to 30MHz.
Among them, the two abrupt points appearing in the figure are
caused by the fact that the amplitude of HRef (f) ( shown in
Fig.7 ) as the denominator is close to 0 at these two places.

Fig. 7. HRef (f): The response of reference channel

B. Communication Test Result

In this experimental environment, when Tx is located at
a height of 1.96m, the Rx on the ground can receive sig-
nals that can be used for communication in the range of
0.92 ∗ π ≈ 2.54m2. Comparing the spectrum diagrams of the
Tx signal and the Rx signal in Fig.8, it can be seen that the
average amplitude of the Rx signal is about -107.2431dB and
the average loss is about 13.5267dB. The average amplitudes
of the four sub-CAPs are similar and stable. Because Tx
has a large signal attenuation at low frequency (0-1MHz),

Fig. 8. Spectrum comparison of Tx and Rx signals

the performance of the first sub-CAP is slightly weaker than
the other three sub-CAPs. Therefore, different sub-CAPs can
be used to transmit different signal data for communication.
According to the different Tx positions (given in Table I),

Fig. 9. Distribution of average BER for all Access Points

there are five sets of experimental results of the communication
tests. Fig.9 and Fig.10 show the average BER distribution and
the average EVM distribution of the five sets of experiments
results respectively. For the average BER distribution, the
minimum value of BER is 0.0301, the maximum value is
0.0418, and the average value is 0.0330. Since the amplitude of
the signal received in the central area is higher than that of the
surrounding area, the performance of nearly 85% of the area
near the center is relatively better. Similarly, for the average
EVM distribution, the minimum value of EVM is 18.8338%,
the maximum value is 24.8491%, and the average value is
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20.6649%. The distribution also shows that the central area
is better than the surrounding area. In addition, because the
area where the coordinates are located on the side of y=0 is
the connection of the shading cloth, affected by the external
environment, when the position of Rx is close to the side of
y=0, the performance of BER and EVM is slightly worse. It
can be seen that the system can perform the communication
work well in the laboratory environment. The result proves
that the system can complete the communication task very
well According to the DCSS issued by DCI [18] [19], the
system meets the transmission standard of 4K radio.

Fig. 10. Distribution of average EVM for all Access Points

V. CONCLUSIONS

In this paper, the indoor OWC channel measurement plat-
form was successfully established, and the IR and photodiode
device was used as the transceiver device, its channel charac-
teristics have been successfully measured, and its communi-
cation performance was verified using the m-CAP modulation
scheme. Through experiments, the channel response of the
IR device is measured. In addition, according to the test
results of communication performance, its four sub-CAPs are
flat in the frequency domain, and the amplitude attenuation
is small, so different sub-CAPs can be used to transmit
different signal data for communication. The OWC channel
measurement testbed can achieve a data rate above 16Mbps,
with the minimum value of EVM 18.8338%, and the minimum
value of BER 0.0301. According to the Digital Cinema System
Specification issued by DCI, the system meets the transmission
standard of 4K radio.
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