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Abstract: Visible light communication (VLC) and visible light positioning (VLP) systems are usu-
ally designed separately to prevent mutual interference, while terminal mobility often introduces
challenges that can degrade their performance. In this paper, we propose an integrated visible light
communication and positioning (VLCP) scheme designed for mobile scenarios, encompassing both
multiple-input-single-output (MISO) and multiple-input-multiple-output (MIMO) configurations.
This scheme integrates both functionalities into a unified system. Utilizing decision feedback channel
estimation (DFCE), we effectively estimate the dynamic channel state information (CSI) for both
VLC and VLP, thereby potentially enhancing both communication and positioning performance.
Simulation results across various routes verify the effectiveness of the proposed scheme. It is ob-
served that when the terminal moves at 1 m/s, the VLCP scheme with DFCE can maintain reliable
transmission quality, ensuring bit error rates (BERs) consistently below 1.3 x 1072. Additionally, the
mean positioning errors remain within the centimeter range in different routes, not exceeding 4.3 cm
and 15.5 cm in the MISO and MIMO scenarios, respectively.

Keywords: visible light communication and positioning (VLCP); decision feedback channel estimation
(DFCE); multiple-input-single-output (MISO); multiple-input-multiple-output (MIMO)

1. Introduction

With the development of mobile Internet and industrial Internet of Things, there
has been a growing demand for high-efficiency indoor data access and high-accuracy
positioning. Indoor visible light communication (VLC) based on light-emitting diodes
(LEDs) has emerged as a promising solution, leveraging the advantages of visible light for
lighting, communication, and positioning purposes [1-3], providing an additional com-
munication channel in indoor environments where radio frequency (RF) communication
may face challenges like data insecurity, interference, and limited spectrum availability.
Specifically, VLC can be applied to indoor positioning, often referred to as visible light
positioning (VLP) [4], offering benefits such as high accuracy, low cost, and immunity to
electromagnetic interference [5,6].

However, conventional VLC and VLP systems are typically designed and deployed
independently. When deployed within the same indoor environment to provide both
communication and positioning services simultaneously and share similar bandwidth re-
sources, these systems may struggle to deliver high-quality performance in their respective
functions due to frequency interference. Thus, integrated visible light communication and
positioning (VLCP) systems using multiplexing techniques like time division multiplexing
(TDM), frequency division multiplexing (FDM), and code division multiplexing (CDM)
can address this issue. TDM, the simplest method, segregates VLC and VLP signals into
different time slots [7,8]. With FDM, VLC and VLP signals occupy distinct frequency
subcarriers for simultaneous transmission and positioning [9-13]. CDM assigns unique
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spreading codes to VLC and VLP signals, which are then differentiated through despread-
ing codes [8,14,15]. However, commercial LEDs typically offer a narrow bandwidth, often
just a few megahertz. Consequently, in scenarios where both communication and position-
ing are equally vital, effectively managing limited bandwidth resources to ensure reliable
communication and accurate positioning poses a significant challenge for integrated VLCP
design. The mentioned schemes may fail to allocate sufficient communication resources for
both VLC and VLP simultaneously. To optimize the utilization of constrained bandwidth
resources, researchers have proposed realizing VLP based on the channel state information
(CSI) during VLC [16-18]. In [16], the estimated frequency domain transfer function (FDTF)
of VLC channels was utilized for ranging, enabling VLP. In [17], the distances between LEDs
and the PD were estimated through the received signal strength (RSS) of VLC channels,
followed by trilateration to achieve VLP. However, the above studies focus on the scenario
where the terminal was stationary and do not consider the case of terminal movement.

From the user’s perspective, terminal mobility poses a significant and challenging
issue in mobile VLCP systems. On one hand, in mobile VLC, terminal mobility causes
fluctuations in the optical channel, impacting the VLC performance [19]. Various strategies
have been proposed to enhance the link performance. In [20], a decision feedback chan-
nel estimation (DFCE) scheme was proposed to estimate the time-varying CSI in mobile
VLC systems. In [21,22], space-time block coding (STBC) was employed to enhance the
robustness of mobile VLC against time-varying CSI. However, these studies mainly focus
on single-input-single-output (SISO) or multiple-input-single-output (MISO) systems,
overlooking the potential of multiple-input-multiple-output (MIMO) systems, which have
been demonstrated to boost the capacity and reliability of VLC systems [23,24]. On the
other hand, in mobile VLP, the optical channel fluctuation also affects the positioning
performance. While studies have targeted mobile VLD, they often involve fixing terminals
at discrete locations to receive VLP signals [25,26]. Few studies have considered the con-
tinuous movement of terminals. For a mobile receiver, when conducting VLP discretely
(e.g., using the RSS scheme), the positioning accuracy along the moving trajectory will
inevitably deteriorate due to channel variations. To enhance accuracy, reducing the time
interval of positioning is necessary. However, this entails transmitting more VLP signals,
leading to reduced spectrum efficiency. Some studies address this by utilizing CSI as a
feature fingerprint and analyzing it through machine learning [27-29]. Nevertheless, this
approach demands significant data processing and computational power from mobile
terminals. It also requires extensive data collection for model training, and any environ-
mental changes necessitate repeating the training steps, which hampers system portability.
Hence, new approaches are needed to enhance mobile VLP. In summary, current research
on mobile VLC and VLP has limitations, with studies on integrated mobile VLCP still being
relatively scarce.

In this paper, we propose an integrated mobile VLCP scheme designed for both MISO
and MIMO scenarios, leveraging DFCE to efficiently estimate dynamic CSI for both VLC
and VLP. The scheme begins with using training symbols to acquire initial CSI at discrete
locations. Subsequently, it transitions to a decision feedback mode to continuously track
and estimate subsequent CSI as the receiver moves. For the MISO scenario, specific groups
of LEDs are selected from multiple LEDs to transmit identical VLC signals simultane-
ously, ensuring sufficient signal-to-noise ratios (SNRs). These groups of LEDs vary in each
time slot within a cycle, allowing for the extraction of CSI related to VLC from multipath
channels. This information is then used, via DFCE, to determine the range between each
LED and the PD for VLP purposes. For the MIMO scenario, we utilize STBC to enhance
the bit error rate (BER) performance. The improved transmission quality contributes to
more accurate VLC-based CSI via DFCE, thereby further enhancing positioning accuracy.
Our extensive simulations evaluate both communication and positioning performance
as the receiver moves through different routes within a 5m x 5 m x 3 m indoor space.
We analyze the effects of LED transmit power and receiver velocities on communication
performance. For positioning accuracy, we investigate the impacts of observation block
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length, receiver velocities, and other relevant factors. The results indicate that in both MISO
and MIMO scenarios, implementing DFCE maintains the BERs between approximately
10~% and 102 for mobile VLC, while successfully achieving centimeter-level mobile VLP.
Note that part of this work was previously presented in our short conference paper [30],
which only focused on the MIMO scenario. However, in this expanded study, we con-
duct a comprehensive investigation covering both MISO and MIMO scenarios, as well as
addressing additional issues.

The rest of the paper is organized as follows: Section 2 introduces the principle of the
proposed integrated mobile VLCP scheme, considering both MISO and MIMO scenarios.
Simulation results and discussions are presented in Section 3. Finally, we conclude the
paper in Section 4.

2. Proposed Integrated Mobile VLCP Scheme

Figure 1 illustrates the schematic diagram of an integrated mobile VLCP system model,
considering both MISO and MIMO configurations. The system comprises N7 LEDs serving
as transmitting antennas installed in the ceiling to transmit VLC signals. The coordinate
of the ith LED (i =1, 2, ..., Nt) is known and denoted as (x;, y;, z;). In this work, we
focus on the scenario where Nt = 4. The mobile receiver is equipped with Ng PDs serving
as receiving antennas, positioned in the receiving plane. For the MISO scenario, Ng =1,
whereas for MIMO, Ny =2 is assumed. Each PD is upward-oriented to receive VLC signals.
The three-dimensional (3D) coordinate of the jth PD (j =1, 2, ..., Nr) is (x;, ¥sj, zj), with
its two-dimensional (2D) horizontal coordinate (x;;, ,j) being unknown, and its vertical
coordinate (z,j) known. At the receiver, channel estimation is conducted to recover the VLC
signal. The acquired CSI is then utilized for receiver localization, enabling simultaneous
VLC and VLP within the same system.
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Figure 1. Schematic diagram of an integrated mobile VLCP system model.

2.1. Proposed Scheme for MISO Configuration

We first consider the MISO scenario. Figure 2 depicts the block diagram of the
proposed integrated mobile VLCP scheme for MISO. At the transmitter, serial source
bits are converted into quadrature amplitude modulation (QAM) symbols X(k), where k
represents the subcarrier channel index (k =1, 2, 3, ...). These QAM symbols are then
modulated into the DC-biased optical OFDM (DCO-OFDM) signal x(t). Next, x(t) enters
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the LED selection stage, where the selector determines the groups of LEDs transmitting the
identical x(t) simultaneously. In our VLCP system, the total number of LEDs is four, which
is commonly used to provide adequate and uniform light distribution in the receiving
plane. From a communication perspective, adopting more LEDs can enhance SNRs for
better link performance. Based on this, a simple way is to adopt all LEDs to send the
same signal. However, from a positioning perspective, to enable trilateration, at least three
LEDs are required, and the distances between each LED and the PD need to be estimated
separately. Using a single-LED setup is inadequate to support trilateration as it does not
provide enough distance measurements. For our four-LED setup, using all four LEDs to
transmit signals simultaneously does not allow for the establishment of sufficient equations
to calculate the distances between LEDs and the PD. To optimize both communication and
positioning, different groups of LEDs can be used to transmit signals and calculate the CSI
from multipath channels for VLP. For each group, a subset of N,,;,; LEDs out of four LEDs
is selected to transmit the same signal. In the case where N,;.; = 1, each of the four LEDs
transmits the signal in one slot, but this configuration may not optimize the SNR, leading to
reduced DFCE accuracy. The same issue arises for N5,z = 2. Since involving more LEDs can
enhance the SNR, we focus on N,¢,7 = 3, dividing the four LEDs into four groups: Group 1
(LED1, LED2, LED3), Group 2 (LED1, LED2, LED4), Group 3 (LED1, LED3, LED4), and
Group 4 (LED2, LED3, LED4). This division is the optimized solution that ensures both
signal recovery and optimized link performance at the receiver. The number of groups
equals the total slots per cycle. After each cycle, the CSI can be estimated for VLCP and fed
back for the next cycle. The four slots form a VLCP data block, and for the nth VLCP data
block, the LED selection is determined by the LED selection matrix:

1)

Here, x;""(t) represents the wth OFDM symbol emitted by the ith LED in the nth VLCP
data block, wherei=1,2,3,4and w =1, 2, 3, 4. With the same w, x?'w(t) in each row of
the matrix represents the same signals transmitted during the same slot, and different i
values represent different expressions of the same signals emitted by different LEDs. After
passing through multipath channels, the VLC signal arrives at the mobile receiver equipped
with a single PD, denoted as PD1. Following light-to-current inversion, DC filtering, and
time-to-frequency transformation, the electrical signal of the nth VLCP data block received

by PD1 in the frequency domain can be expressed as follows:
Y"(k) = X" (k)H" (k) + N" (k). ()

Here, X" (k) is the frequency representation of x"(t), implying that each element Xf’l (k)
(I=1,2,3,4) in X" (k) is the frequency representation of x;"*(t) in x"(t) after Fourier trans-
form. Thus, for the nth VLCP data block, X;"l (k) is the kth transmitted subcarrier sym-
bol of the Ith OFDM symbol at the ith LED, Y" (k) = [Y™(k), Y"2(k), Y"3(k), Y"*(k)]T,
where Y"! (k) is the kth received subcarrier symbol of the Ith OFDM symbol at PD1,
H" (k) = [H}(k), H} (k), H} (k), H} (k)]", where H (k) is the FDTF of the channel between
the ith LED and PD1, and N" (k) is the noise matrix. Next, to recover the transmitted
signal, we equalize the multipath channel. After zero-forcing equalization, the kth OFDM
subcarrier symbol in the nth VLCP data block can be expressed as follows:

T
§" (k) = Y™ (k) Y™ (k) Y3 (k) Y4 (k) )
Hgl"l_total (k) H?Z_total (k) H%?)_total (k) H%L_total (k)
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where H

T total(k) (@ =1,2,3,4) is the estimated FDTF of the channel between all LEDs
activated in the wth time slot and PD1.
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Figure 2. Block diagram of the integrated mobile VLCP scheme for MISO configuration.

According to Equation (3), before channel estimation, the receiver needs to have a
priori knowledge of the CSI. Conventionally, training symbols at the beginning of each
OFDM packet are employed for CSI estimation, assuming that the channel remains con-
stant throughout the entire packet. However, in a mobile VLCP terminal, the channel
characteristics vary over time. Consequently, the CSI estimated from training symbols
may differ from that experienced by subsequent data symbols, leading to errors in CSI
estimation and potentially affecting system performance. To effectively track the dynamic
channel and achieve more accurate CSI, we implement the DFCE scheme in our system [20].
This scheme initially employs training symbols at the beginning of each OFDM packet to
estimate the initial CSI. Subsequently, the estimated CSI is utilized to calculate s" (k) using
Equation (3). Based on 8" (k), the receiver can derive the decision value E" (k) to recover the
original transmitted signal. The feedback of E" (k) is utilized to reconstruct the estimated
transmitted signal matrix X" (k). Finally, X" (k) and Y" (k) are used to update the CSI for
subsequent channel estimation in the next VLCP data block, given by the following;:

A= 1Y YRR 0] @
where L is the observation block length for VLCP data blocks. Equation (4) averages out
noise by incorporating multiple blocks. This process is repeated to recover subsequent
VLCP data blocks until the end of each OFDM packet. By doing so, we effectively track and
mitigate channel variations between neighboring VLCP data blocks, thereby enhancing the
channel estimation accuracy. It is worth mentioning that, based on the LED selection matrix
in Equation (1), X" (k) is always invertible, ensuring the implementation of Equation (4).

Meanwhile, benefiting from the enhanced channel estimation accuracy, the CSI, specif-
ically ﬁ%w total (K), can further be utilized to estimate the location of the mobile receiver.
Based on Equation (3) and the LED selection in Equation (1), the specific expansion of the

FDTFs for the multipath channels can be derived as follows:
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k) = 0)e—J2mkAfty +H" 0)e ]27TkAft2+Hn 0)e—j2mkAfts

Tl total( ) I?’Em( ) ( ) ( ) |

Tz total(k) = ch1(0)e j2rkAft H” (0)6 j2rkAfty o H” (0>e—]2nkAft4 5
T3 total (K) = Hiﬁm(o)e j2rkAft 4 H” (O)e 2k fts 4 H” (o)e—jZNkAfm )
Hzy totar (k) = chz(o)e jamkafts H" (O)e j2rkfts 4 H” (o)e—f2ﬂkAft4

Here, ch :(0) is the estimated channel DC gain between the ith LED and PD1, Af is the
subcarrier frequency interval, and t; is the propagation time of the signal from the ith
LED to PD1. By squaring both sides simultaneously and setting k = 1, we can obtain the
estimated channel DC gain from each LED to PD1:

ngc,l(o) ~ %[ T1 total(l) +|H T2 total(l) +|H T3 totul(l) —2|H T4 total(l) ]
Ape5(0) = 3| Ay o (D)| + |H T2 totar (1) + | H T4 totar(1)| — 2| H T3 totat (1] ®
Ape3(0) = 31 A%y o (1)| + |H T3 totar (V)| + | H T4 totar (1| = 2| H T2 totat (1]
H%CA(O) ~ %[ T2 totul(l) +|H T3 totul(l) + |H T4 totul(l) —2|H Tl totul(l) ]

In our VLCP scheme, without loss of generality, we consider a VLC channel model
where LEDs are assumed to follow a Lambertian radiation pattern [31]. Whether phosphor
LEDs or RGB LEDs, as long as they follow this radiation pattern, they can be used in our
system. Furthermore, for other types of radiation patterns, as long as the radiation pattern
is known and the distances between LEDs and PDs can be determined from the estimated
channel DC gains, these types of LEDs can also be used. Considering the Lambertian
radiation model, the distance between the ith LED and PD1 can be estimated using the

RSS scheme:
B — wiaf (M DATs(@)g(@)h"
: 21t} (0)

, )

where m is the Lambertian emission order, A is the effective area of the PD, Ts(¢) is the
optical filter gain, g(¢) is the concentrator gain, and & is the vertical distance between the
LEDs and the receiving plane.

Based on Equation (7), we can select three from the four estimated distances to estimate
the location of the receiver. For example, using Dn, f)g, and Dg, the horizontal coordinate
of PD1 (%1, §,1) can be estimated with trilateration by solving the following:

([:)'f)i = (8 — 1)+ (91 —y1)* + 12
(Dg)z = (%1 —x2)"+ (I —y2)* + 12 - (8)
(D3)" = (21 — x3)* + (91 — y3)* + 1

In the MISO scenario, (£,1, #,1) can simply be assumed as the receiver’s horizontal coor-
dinate (£g, Jr). To enhance positioning accuracy, we can select different groups of D
to obtain multiple solutions, i.e., (ﬁrl, y;l) (q =1, 2, 3, 4), and then take their average
value ((x + xfl + x3 + xrl)/ 4, (yr1 + yrl + yrl + yrl)/ 4) as the final estimated horizontal
coordmate of the receiver.

It is worth noting that Equation (4) assumes equal weight coefficients for the VLCP
data blocks within the observation block. When the receiver is static, maintaining the same
weight coefficient does not affect CSI accuracy. However, for a mobile receiver, where the
channel varies over time, the estimated channel from different VLCP data blocks varies
as well. Specifically, the closer the VLCP data blocks, the greater their impact on the
channel estimation of the current block. Therefore, optimizing the weight coefficients can
lead to better performance. Generally, closer blocks are assigned higher weights, with
the neighboring block potentially having the highest weight. By considering the unequal
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weight coefficients, the CSI used for subsequent channel estimation in the next VLCP data
block can be optimized as follows:

An+1 n [Xnip(l - 0()
170 = Dy

where « represents a forgotten factor (0 <« < 1).

Tt AGI G ©)

2.2. Proposed Scheme for MIMO Configuration

Next, we consider the MIMO scenario. Figure 3 illustrates the block diagram of the
proposed indoor integrated mobile VLCP scheme for MIMO. At the transmitter, serial
source bits are converted into multiple parallel data streams, mapped into QAM symbols,
and encoded by STBC. Here, STBC is introduced to ensure the feasibility of DFCE in
the MIMO scenario, with the encoding matrix depending on the number of transmitting
antennas Nr. In this work, we focus on a 4 x 2 MIMO system, where the receiver has two
PDs (PD1 and PD2). Thus, similar to the MISO case, in this MIMO configuration, there
are also four slots in a VLCP data block. For the nth VLCP data block, the STBC encoding
matrix is expressed as [32]:

Xln’lz(k) Xz”’f(k) X572 (k) 0
XM R) X (k) 0 X3 (k)
X}’l k — 1 2 4 , 10
() X?’?’*(k) 0 _Xg,l*(k) XZ’Z(k) ( )
0 XPFR) -X3Fk) —X(K)

where * is the conjugate operation and X?'l(k) (i=1,2,3,4and [ =1, 2, 3, 4) is the kth
transmitted subcarrier symbol of the Ith OFDM symbol at the ith LED. Each row of the
matrix corresponds to signals transmitted during the same slot. These STBC symbols are
modulated into DCO-OFDM symbols and transmitted by each LED. Upon traversing the
MIMO channel, the VLC signal arrives at the mobile receiver. Following light-to-current
inversion, DC filtering, and OFDM demodulation, the signal received at the jth (j = 1, 2) PD
in the nth STBC block is represented in the frequency domain as follows:

Y/ (k) = X" (k)HY (K) + N7 (k). (11)

Here, Y/ (t) = [Y}"! (k), Y"*(k), Y]* (k), Y{"* (k)I", where y]?” (k) is the kth received subcar-
rier symbol of the Ith OFDM symbol at the jth PD, H} (k) = [H]’-11 (k), H]’?z (k), Hj”3 (k), Hj’fl (0)1%,
where Hﬁ(k) is the FDTF of the channel between the ith LED and the jth PD, and N]r.‘(k)
is the noise matrix. The parallel OFDM data are then decoded by STBC, demapped, and

finally converted into serial sink bits. Following STBC decoding, the kth OFDM subcarrier
symbol in the nth STBC matrix is decoded by [32]:

Hir (k)Y],”'l (k) + H;ﬂz(k)wfz*(k) — H].g*(k)y]ﬂﬁ*(k) i (k)Y”4(k)
5 (R)Y] (k) — F () Y72 (k) + I (k)Y] () — A (k)Y (k)
o A (k)Y[" (k) + 7 (k) Y] (k) + F (k)Y (k) + H’;(k)Yf A (k)
S" (k) - 5 - (12)
L Ak

Based on Equation (12), prior to STBC decoding, the receiver requires a priori knowledge
of CSIL. To track time-varying channels, we employ DFCE to obtain the CSI, similar to the
MISO scenario. The training sequence is used to acquire the initial CSI, resulting in §" (k).
Then, based on §" (k), the receiver derives the decision value E" (k), which is encoded by

STBC to reconstruct the estimated transmitted signal matrix X" (k). Finally, H nH (k) is
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updated for subsequent calculations of gt (k). With equal weight coefficients, I:I]V-l+1 (k)

can be expressed as follows:
A n+1 1 S -1
B (k) =2, o YK ®)] (13)

With unequal weight coefficients, I:I;l+1 (k) can be expressed as follows:

1 n n=p( — R _
0 = 0 e ) 19

Based on the encoding matrix of STBC, X" (k) is always invertible, ensuring the implemen-
tation of Equations (13) and (14).
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Figure 3. Block diagram of the integrated mobile VLCP scheme for MIMO configuration.

The acquired CSI can be further employed to determine the location of the mobile
receiver. By setting k = 1 in the estimated FDTF I:I]r;(k) and referring to Equation (7), the
distance between the ith LED and the jth PD can be estimated as follows:

b — . (DA (9)g()hm
= m+3 N .
2n‘HJ,’;(1)‘

2 (15)

With trilateration, we select different groups of the estimated distances to obtain multiple
solutions for PD1, denoted as (J?fl, 7,1) (=1,2,3,4), and for PD2, denoted as (32?2, ]QZZ),
similar to the MISO system. Then, the multiple solutions of the horizontal coordinate
of the receiver are calculated as the midpoint between PD1 and PD2, i.e,, ((9?:71 + J?ZZ) /2,
(yA‘Z1 + 922) /2). Taking the average among them can finally lead to the final positioning result.

3. Results and Discussion

In this section, we consider a 5m x 5m x 3 m indoor integrated mobile VLCP system
model, depicted in Figure 1. The transmitter consists of four LEDs, while the mobile
receiver moves at a constant velocity. As illustrated in Figure 4, we investigate several
test routes for the mobile receiver: Route 1 from (1, 2.5, 0.85) to (4, 2.5, 0.85), Route 2 from
(1, 3.5, 0.85) to (4, 3.5, 0.85), Route 3 from (1, 2.5, 0.85) to (2, 2.5, 0.85), and Route 4 from
(1,3.5,0.85) to (2, 3.5, 0.85). Throughout these routes, we calculate the average BERs and
positioning errors of the receiver. We explore both MISO and MIMO scenarios to analyze
the system performance.
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Figure 4. Bird’s eye view of different test routes in the receiving plane.

In the MISO scenario, 4-QAM symbols are modulated into DCO-OFDM signals, which
are then loaded onto four LEDs in the form of the LED selection matrix. All active LEDs
transmit identical DCO-OFDM signals simultaneously, propagating through multipath
channels. The mobile receiver, equipped with a single PD, utilizes DFCE to detect and
recover the VLC signal. The CSI derived from the multipath channels is then employed
for VLP. In the MIMO scenario, we consider a 4 x 2 MIMO system model, with a mobile
receiver equipped with two PDs positioned 30 cm apart, maintaining a fixed pointing
direction. 4-QAM symbols are generated, encoded with STBC, and then modulated into
DCO-OFDM signals. These signals are transmitted through the mobile MIMO channel. At
the receiver, the VLC signal is detected and recovered using DFCE with the dual-PD setup.
Simultaneously, the CSI obtained from the VLC signal is utilized for VLP.

The OFDM symbol duration is standardized to 10 ps, with 512 subcarrier channels
and a 20% cyclic prefix. For the MISO scenario, we assume that each OFDM packet consists
of 2500 VLCP data blocks, with 35 blocks serving as training data. For the MIMO scenario,
each OFDM packet also consists of 2500 VLCP data blocks, but with 20 blocks serving as
training data. Consequently, the total duration of an OFDM packet is 0.1 s, and each OFDM
packet conveys 10,000 OFDM symbols for MISO and 7500 OFDM symbols for MIMO.
We then compare the communication and positioning performance of two schemes. The
first scheme utilizes only OFDM training symbols at the start of each packet to estimate
the CSI during terminal movement, without employing DFCE. In contrast, the second
scheme integrates DFCE along with training symbols for enhanced CSI estimation. Except
for Figure 12, equal weight coefficients are considered for DFCE. Additionally, the time
interval for mobile VLP is set to 10 ms. For proof-of-concept, we only focus on line-of-sight
(LOS) channels. When non-LOS channel conditions occur, the positioning accuracy can
potentially be improved with machine learning [33], but this is beyond the scope of this
paper. Other key parameters are provided in Table 1. The distribution of LEDs can affect
the performance of the VLCP system. For the MISO scenario, if LEDs are positioned closely
together and centrally in the ceiling, the multipath effect of the VLC channel becomes
less obvious, making it difficult for the receiver to distinguish multipath components and
accurately estimate the CSI for VLCP. For the MIMO scenario, closely placed LEDs in the
center of the ceiling lead to a high correlation between channels, which can negatively
affect the demodulation performance for VLCP. To ensure both effective communication
and accurate positioning, while also maintaining uniform light distribution, we keep a
certain distance between LEDs. Thus, we distribute the LEDs at the corners of the ceiling,
with their coordinates listed in Table 1.
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Table 1. Configuration parameters of mobile VLCP system.

Parameters Values
Room size (length x width x height) 5mx5m x3m
Transmit power per lamp (except for Figure 5) 25 Watt
Locations of LED1, LED2, LED3, and LED4 (1,1,3),(1,4,3),(4,1,3),(4,4,3)
Initial locations of PD1 and PD2 (for Routes 1 and 3) (1.11, 2.61, 0.85), (0.89, 2.39, 0.85)
Initial locations of PD1 and PD2 (for Routes 2 and 4) (1.11, 3.61, 0.85), (0.89, 3.39, 0.85)
Modulation index 0.25
Height of receiving plane 0.85m
Physical area of PDs 10~* m?
Refractive index 1.5
PDs’ field of view 85 deg.
Responsivity of PDs 035 A/W
Receiver velocity (except for Figures 6, 11, and 12) 1m/s
Effective data rate for the MISO/MIMO scenario 51.2 Mbps/38.4 Mbps
Observation block length (except for Figure 10) 350r 20
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Figure 5. Comparison of system BER performance with and without DFCE under varying LED
transmit power levels: (a) MISO scenario; (b) MIMO scenario.
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Figure 6. Comparison of system BER performance with and without DFCE at different receiver
moving velocities: (a) MISO scenario; (b) MIMO scenario.
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We first evaluate the communication performance of the mobile VLCP systems.
Figure 5 compares the BERs for the MISO and MIMO systems under different LED transmit
powers. In Figure 5a, we observe a significant improvement in BER with the implementa-
tion of DFCE in the mobile MISO system. For instance, at a transmit power of 25 W, the
BERs without DFCE are 1.5 x 1072 and 2.2 x 10~ for receiver movement along Route 1 and
Route 2, respectively. After using DFCE, the BERs improve to 3.8 x 1072 and 1.0 x 1072
for Route 1 and Route 2, respectively. This enhancement is attributed to the increased chan-
nel estimation accuracy of DFCE, enabling effective tracking of the time-varying channel
and improved signal recovery. Additionally, we observe a slight reduction in BER as the
transmit power increases, although the effect is not significant. However, the influence of
different routes on BER is more evident. Route 1 exhibits notably better performance than
Route 2, primarily due to its closer proximity to the room center, resulting in higher SNRs.
In Figure 5b, the MIMO system exhibits similar trends to the MISO system in Figure 5a.
For example, in Route 1 at a transmit power of 25 W, the BER improves from 2.3 x 1072 to
3.3 x 10~* with the adoption of DFCE. Thus, DFCE demonstrates its capability to enhance
the communication quality of the mobile MIMO system as well.

Figure 6 compares the BER performance of the MISO and MIMO systems at varying
receiver moving velocities. As illustrated in Figure 6a, increased velocity leads to BER
degradation across all schemes for MISO. For instance, with the velocity increasing from
1 m/s to 4 m/s, the BER without DFCE rises from 1.5 x 1072 t0 9.2 x 1072 and from
2.2 x 1072 t0 9.3 x 102 for receiver movement along Route 1 and Route 2, respectively.
This deterioration is a result of higher velocities inducing quicker channel variations, which
negatively impact channel estimation accuracy, particularly in scenarios without feedback.
However, after using DFCE, the BER of the MISO system is improved. For example, at
velocities of 1 m/s and 4 m/s in Route 1, the BER improves to 3.8 x 103 and 3.2 x 1072,
respectively. In Figure 6b, similar trends are observed for the MIMO scenario. For instance,
in Route 1, the BER with DFCE improves from 4.9 x 1072 to 5.4 x 10~* and from 1.1 x 107!
to 1.3 x 1073 at velocities of 2 m/s and 4 m/s, respectively. In Route 2, at 1 m/s, the BER
with DFCE improves from 2.8 x 1072 to 1.3 x 10~2. These results highlight the effectiveness
of DFCE in accurately estimating the time-varying channel and recovering the transmitted
signal, especially at higher velocities.

Next, we assess the positioning performance of the mobile VLCP systems. Figure 7
displays the positioning results for the MISO and MIMO systems when the receiver moves
along different routes. In both scenarios and routes, when DFCE is not utilized, the
positioning results are only obtained at discrete locations near the receiver’s moving
trajectories. This limitation arises from solely using training symbols for channel estimation,
resulting in a constant CSI estimation throughout the entire OFDM packet. Consequently,
the positioning results in each packet overlap at the same locations. After employing DFCE,
continuous positioning results become apparent, being in much closer alignment with the
actual locations. This improvement is attributed to the ability of DFCE to dynamically
estimate the channel, thereby yielding more accurate CSI. This accurate CSI, in turn,
contributes to enhanced positioning accuracy within the VLCP system. Furthermore, in
Figure 7b, due to the receiver’s higher SNRs in Route 1, the positioning accuracy appears
to be superior compared to Route 2 for the MIMO system. Therefore, the VLCP scheme
with DFCE can leverage the advantages of higher SNRs to enhance positioning accuracy.

In Figure 8, we compare the cumulative distribution functions (CDFs) of positioning
errors calculated from the results in Figure 7, for both the MISO and MIMO systems. For
the MISO system in Figure 8a, before using DFCE, 90% of positioning errors are less than
9.5 cm and 9.4 cm when the receiver moves along Route 1 and Route 2, respectively. After
using DFCE, these errors decrease to 5.8 cm and 7.5 cm, respectively. Similar trends are
observed in the MIMO system in Figure 8b. Along Route 1, before employing DFCE, 90%
of positioning errors are less than 8.2 cm. However, this error reduces to 4.0 cm with the
adoption of DFCE. The advantage of DFCE becomes more obvious along Route 2. Without
DFCE, 90% of positioning errors are less than 22.4 cm. However, this error significantly
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reduces to 16.5 cm when DFCE is employed. These findings validate the effectiveness of
the feedback mechanism in enhancing mobile positioning accuracy.

4‘0 i ] 4‘0 i | | | | | I ]

351 B 35 = : B
E E

3.0} B 3.0 4
N N
= =
g - R

Bast e i Bas| et .
: : :
\ S

=20 B =20 -

O Real location O Real location
15+ * Estimated location, w/ DFCE 15F * Estimated location, w/ DFCE
: . + Estimated location, w/o DFCE : : <+ Estimated location, w/o DFCE

1.0 1.5 2.0 2.5 3.0 35 4.0 1.0 1.5 2.0 25 3.0 35 4.0
X-coordinate (m) X-coordinate (m)

(a) (b)

Figure 7. Results for mobile VLP with and without DFCE as the receiver moves along different test
routes: (a) MISO scenario; (b) MIMO scenario.
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Figure 8. Comparison of CDFs for positioning errors with and without DFCE: (a) MISO scenario;
(b) MIMO scenario.

It is worth mentioning that the BERs and positioning errors mentioned above are
average values observed while the receiver moves along different routes. For VLC, the
BERs are linked to the performance of all subcarrier channels. When channel characteristics
degrade, error propagation due to decision feedback, which is a weakness of DFCE, impacts
overall BER performance. This issue is particularly pronounced when light intensity is low.
However, the CSI used for positioning remains accurate as it only depends on the estimated
FDTEF of the first subcarrier channel, as shown in Equations (6) and (15). Atk = 1, subcarrier
symbols experience a higher channel response and greater noise robustness compared
to others. Therefore, even at overall BER levels higher than 1072 as in Figures 5 and 6,
positioning errors are still maintained at the centimeter level. To further explain this,
Figure 9 compares the eye diagrams of the real part for the received 4-QAM symbols
in different subcarrier channels equalized with DFCE in Route 2. In both MISO and
MIMO scenarios, we can clearly see that for k = 1, due to higher noise robustness, the eye
diagram is clear and open. Conversely, for k = 100, due to lower noise robustness and the
high possibility of error propagation from decision feedback, the eye diagram is closed,
indicating poor performance. To address this issue, a possible solution is to use machine
learning to mitigate the error propagation of DFCE and improve the channel equalization
performance [34].
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Figure 9. Eye diagrams of the real part for the received 4-QAM symbols equalized with DFCE in
Route 2: (a) MISO scenario, k = 1; (b) MISO scenario, k = 100; (¢) MIMO scenario, k = 1; (d) MIMO
scenario, k = 100.

Next, we examine the impact of observation block length L on positioning perfor-
mance. Figure 10 compares the mean positioning errors obtained in the VLCP system
using different L values for the MISO and MIMO systems. In both scenarios, we generally
observe improved positioning accuracy with increasing L. For instance, for the MISO sys-
tem in Figure 10a, along Route 1, the mean positioning error with DFCE decreases from
3.4 cm to 3.1 cm when L is increased from 25 to 35. This improvement is attributed to the
longer observation block length effectively equalizing the channel and averaging out noise,
resulting in more accurate CSI for mobile VLP. However, further increasing L does not
lead to significant enhancement in positioning accuracy, particularly when L exceeds 40
for the MISO system. Similarly, for the MIMO system in Figure 10b, there is no significant
enhancement when L exceeds 20. Because longer observation block lengths result in higher
computing and storage requirements at the receiver, to balance system complexity and
positioning accuracy, an optimal L value could be selected around 35 and 20 for MISO
and MIMO systems, respectively, when DFCE is employed. This selection yields mean
positioning errors of 3.1 cm for the MISO system and 2.4 cm for the MIMO system in
Route 1.
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Figure 10. Comparison of mean positioning errors with and without DFCE for different observation
block lengths: (a) MISO scenario; (b) MIMO scenario.

Figure 11 compares the positioning performance for the MISO and MIMO scenarios
at different receiver moving velocities. For the MISO system in Figure 11a, we observe a
significant increase in mean positioning errors with increasing velocity when DFCE is not
employed. For instance, in Route 1, the mean positioning error increases from 5.5 cm to
21.3 cm when the velocity increases from 1 m/s to 4 m/s. Similarly, in Route 2, the mean
positioning error increases from 5.6 cm to 21.5 cm with the same change in velocity. This is
due to the faster channel variations caused by higher velocities, which result in reduced
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channel estimation accuracy. However, when DFCE is employed to track and estimate the
time-varying channel, the positioning errors remain relatively stable, ranging from 3.1 cm
to 3.6 cm in Route 1 and from 4.0 cm to 4.3 cm in Route 2. In the MIMO system, the results
exhibit a similar trend to the MISO system, with errors ranging from 2.4 cm to 2.5 cm in
Route 1 and from 14.6 cm to 14.9 cm in Route 2. This indicates the effectiveness of DFCE in
maintaining stable positioning performance regardless of the terminal moving speed.
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Figure 11. Comparison of mean positioning errors with and without DFCE at different receiver
velocities: (a) MISO scenario; (b) MIMO scenario.

Receiver moving velocity (m/s)

Next, we assess the impact of different weight coefficients on the positioning performance
with DFCE. Considering various values of the forgotten factor « in Equations (9) and (14),
Figure 12 compares the mean positioning errors under different weight coefficients for the
MISO and MIMO systems. Here, the terminal velocity is set at 4 m/s. For the MISO system
in Figure 12a, with equal weight coefficients, an increase in the number of subcarriers leads
to higher mean positioning errors. For example, as the number of subcarriers increases
from 128 to 1024, the mean positioning error increases by 1.2 cm and 1.8 cm when the
receiver moves along Route 3 and Route 4, respectively. This occurs because, under a
constant data rate, more subcarriers result in longer OFDM symbol durations, extending
the decision feedback duration and causing more significant channel variations. However,
more appropriate weight coefficients can improve positioning performance. For instance,
in Route 4, when the number of subcarriers is 1024, the mean positioning error is optimized
with & = 0.7, resulting in 4.8 cm, compared to 6.0 cm with equal weight coefficients.
Increasing the weight for estimated CSI in VLCP data blocks adjacent to the current channel
can enhance the accuracy of channel estimation due to their high correlation. However,
higher weights also amplify the impact of noise, underscoring the importance of selecting
appropriate weights. Similarly, in the MIMO system, optimal weight coefficients occur
when a = 0.7 in both Route 3 and Route 4.

Finally, considering the variation in terminal size in our MIMO-based VLCP system,
we assess the positioning performance by adjusting the distance between the two PDs.
Figure 13 compares the mean positioning errors with and without DFCE at different PD
distances. Along Route 1, where the SNR is sufficient, increasing the distance between
PDs does not notably enhance the positioning performance. However, in Route 2, without
DFCE, the mean positioning error can be reduced from 20.0 cm to 17.5 cm as the distance
between PDs increases from 20 cm to 50 cm. After employing DFCE, the mean positioning
error can be further reduced from 15.5 cm to 12.5 cm. This improvement is attributed to the
decreased correlation between channels as the distance between PDs increases, resulting in
reduced interference between signals and less additional noise being introduced.
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4. Conclusions

We proposed an integrated mobile VLCP scheme capable of simultaneously integrating
VLC and VLP into a single system. By employing DFCE for accurate estimation of time-
varying CSI, we enhanced the performance of both communication and positioning under
mobile receiver scenarios. Our approach considers VLCP for both MISO and MIMO
scenarios, utilizing multipath channels for CSI extraction in MISO and employing STBC
for CSI estimation in MIMO. Comprehensive simulations were conducted to evaluate
performance. The results showed that in the MISO system, when utilizing DFCE, the BER
is 3.8 x 1073 and 1.0 x 1072, with 90% of positioning errors less than 5.8 cm and 7.5 cm
when the receiver moves along Route 1 and Route 2, respectively. In the MIMO system,
with DFCE employed, the BER is 3.3 x 10~% and 1.3 x 1072, with 90% of positioning errors
less than 4.0 cm and 16.5 cm in Route 1 and Route 2, respectively. Furthermore, optimizing
weight coefficients and increasing PD distance for MIMO receivers can effectively enhance
positioning accuracy. In future work, we will consider 3D positioning and receiver tilt.
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