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Abstract: Aiming at the problem of resource allocation strategies limiting the system transmission
rate in indoor visible light communication and radio frequency (VLC/RF) systems, a new resource
allocation method is proposed, and orthogonal frequency-division multiple access (OFDMA) tech-
nology is introduced. The capacity of the communication system is effectively increased. In the
VLC/RF system model based on OFDMA, the Lyapunov optimization method is used to transform
the time averaging problem into a series of single-slot online problems to reduce its computational
complexity, the optimization problem is decomposed into three independent subproblems, and the
Lagrange relaxation method and convex optimization theory are used to solve the subproblems to
maximize the average transmission rate of the system, and the Lyapunov drift is used to ensure
the stability of the system. Simulation verifies that the Lyapunov optimization algorithm does not
require iteration, which improves the optimization speed to a high extent. The simulation results
show that the proposed resource allocation strategy effectively balances the system queue length and
transmission rate, improves the average transmission rate of the system to the greatest extent under
the premise of ensuring the stability of the system, and compares with other algorithms from the
aspects of system stability and transmission rate, which proves the effectiveness of the Lyapunov
optimization algorithm.

Keywords: indoor visible light communication; orthogonal frequency-division multiple access;
resource allocation strategy; Lyapunov optimization algorithm; average transfer rate

1. Introduction

Future 6G networks will support data rates of up to 1T bps while also facing the chal-
lenge of coping with a large number of mobile devices [1]. However, limited radio spectrum
resources make it difficult to meet the needs of explosive massive data transmission, and
visible light communication (VLC) combines the advantages of lighting and communication
with hundreds of high-frequency bandwidth spectrum that does not require certification [2],
alleviating the pressure of insufficient radio frequency (RF) spectrum. In addition, VLC
has several advantages, such as high data rate, low power consumption, high security,
and small latency [3]. Therefore, VLC is considered to be a promising complementary
technology in emerging wireless communications. Data transmission in VLC systems is
achieved through intensity modulation on the transmitter side and direct detection on
the receiver side, and as with other high-frequency communication technologies, signal
propagation at this frequency is highly susceptible to obstacles. Therefore, data transmis-
sion between transmitter and receiver in VLC requires a line-of-sight (LOS) path. When
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there is a non-line-of-sight (NLOS) transmission between the VLC access point (AP) and
the user access point, the performance of VLC will degrade sharply. The coverage area of
VLC AP is limited, so transmission reliability has become the main concern of the VLC
system. Conversely, in the case of NLOS transmission, RF systems can provide a wider
coverage area [4]. Therefore, VLC/RF heterogeneous networks have received great atten-
tion in recent years, and they have significantly improved in terms of sum rate [5], spectral
efficiency [6], power consumption [7], and energy efficiency [8]. However, the introduction
of VLC into RF systems faces the problem of access point allocation and resource allocation.

For VLC/RF heterogeneous systems, access point allocation and resource allocation
are two important issues to be identified before the user transmits data and are also
important factors affecting the transmission rate of the system. At present, most of the
research on VLC/RF hybrid systems is mainly focused on power allocation (PA), and
there are few related studies on how to reasonably allocate APs for users. Ma et al. [9]
developed a two-stage access point selection (APS) method based on a fuzzy logic algorithm
to maximize energy efficiency under minimum rate requirements and power constraints.
Obeed et al. [10] proposed an iterative algorithm to assign APs to users and derived a
new efficient algorithm to find the optimal dual variable through the correlation of dual
variables and allocate the power of each AP to connected users to maximize the total
capacity of the system and improve the fairness of the system. Pratamay et al. [11] propose
a bandwidth aggregation protocol to optimize the throughput of the system. However,
under the condition of ensuring system stability, there are still some challenges in how
to effectively and dynamically allocate AP, bandwidth, and transmit power and jointly
optimize system performance. First, different types of APs can make system design difficult.
Generally speaking, binary allocation variables and power allocation make the resource
allocation problem become a mixed-integer nonlinear programming (MINP) problem,
which is a non-convex problem with high computational complexity. Second, resource
allocation should be carried out under random channel conditions; as a joint optimization
problem, it is usually necessary to optimize multiple parameters at the same time, so
the resource allocation optimization problem is affected by many factors and is difficult
to solve.

In this paper, we investigate the performance of VLC/RF systems based on orthogonal
frequency-division multiple access (OFDMA) technology. The system consists of multiple
VLC APs and one RF AP working together to serve multiple users. Using the OFDMA
scheme, resources can be divided into the time domain and frequency domain at the same
time, and the divided time—frequency block is called a resource block (RB); for each resource
block, the smallest resource block that is indivisible is called a resource unit (RU). OFDMA
technology allows multiple users to share all subcarriers of a system, but each subcarrier
is limited to one user in the same time slot. If other users need to use this subcarrier,
they must queue up in the next time slot, which will reduce system efficiency. Allocating
system resources to different users can improve the efficiency and flexibility of the entire
communication system rather than just allocating subcarriers or time slots. In addition,
OFDMA can flexibly select channels of different frequencies for users and adaptively
allocate resources, thereby significantly improving the spectral efficiency and transmission
rate of the system. At present, in the field of VLC, OFDMA research mainly focuses on
spectral efficiency, and its combination with system transmission rate and stability has not
been thoroughly studied. In this paper, in the indoor VLC/RF system based on OFDMA
technology, Lyapunov optimization technology is used to transform the time averaging
problem into a single time slot problem and divide it into three independent subproblems
to solve the optimization problem in a single time slot. The simulation results show that the
Lyapunov optimization algorithm does not require iteration, which can greatly improve
the optimization speed. In addition, compared with the two traditional resource allocation
algorithms, the Lyapunov optimization algorithm can significantly improve the average
transmission rate of the system and ensure the stability of the system.



Photonics 2023, 10, 1016

3 0f20

2. System Model

The visible light communication system model is a system that uses visible light
communication technology to realize transmission. In this model, the downlink uses VLC
and RF technology, and VLC is a complementary technology to RF to transmit information
in the form of visible light to the receiver through LED lights. The uplink uses RF technology
to transmit the user’s feedback signal back to the transmitter using radio waves. This model
takes advantage of the high frequency and large bandwidth of visible light, making data
transmission more efficient and reliable. At the same time, by using RF technology as an
uplink, users can also easily interact and obtain feedback from the system.

2.1. Downlink Communication

A model of the indoor VLC/RF heterogeneous system is shown in Figure 1. It contains
1 RF AP, I VLC AP, and u users. The VLC AP is mounted on the ceiling, assuming that the
RF AP can cover the entire room area. All APs are connected to a central controller that is
responsible for collecting user feedback, scheduling, association, and resource allocation.
Users are evenly distributed on the receiving plane and are equipped with VLC receivers
and RF receivers. The set of APsis L = Ly;c + Lgr ={0,1,2,---,1}, where Ly;c ={1,2,---,I} and
Lgr = {0} representing the sets of VLC APs and RF APs, respectively. The user setis U =
{1,2,---,u}. In this paper, the communication system is divided into T time slots, and the
duration of each time slot is ts. Assume that all user locations remain unchanged for a short
period. For network selection, the variable a®(t) is introduced, where a®)(t) = 1 indicates
that user u uses AP, for access in the time slot ; otherwise, a(”’l)(t) = 0. Since a single user
can only be served by one AP in a time slot, the following constraints are obtained

Y atD(t) = 1,0 (t) € {0,1}, VI 1)
leL

Central

contr_oy

[ VLCAP

Lol i , A RF AP
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Figure 1. Indoor VLC/RF heterogeneous system model.

2.1.1. VLC Channel Model

For indoor VLC systems, directional direct view communication links are generally
used [12]; that is, the transmitter and receiver of the VLC system are within their respective
field of view (FOV) ranges, as shown in Figure 2. For the VLC system studied in this article,
the LOS channel gain between VLC AP; and user u is

27d?

Rl — (mi1)4, cos™(6) cos(9) TGy, (¢ < FOV) @)
0,(¢ > FOV)

where m= —In2/In(cos(FOV)) is the Lambertian order, FOV is the half angle of the light
source transmitting power, Ap is the effective area of the receiver photodiode, d represents
the distance between AP; and user u, and 6 and ¢ represent the irradiation angle and

incidence angle, respectively. T; represents the gain of the optical filter, and G; represents
the gain of the concentrator.
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Figure 2. Indoor VLC downlink LOS link model.

In VLC systems, the signal transmission method of intensity modulation and direct
detection is adopted. Since the LED operates in its linear region, the output optical power
of the modulated signal is proportional to the input voltage, ensuring that the signal
transmitted to the receiving end is only positive and solid. In addition, the average emitted
electrical power P, is satisfied with the average emitted optical power P,:

Pe = ,3(?70)2 ®3)

where f is the DC bias factor of VLC AP. Assuming that there are k subcarriers in the VLC
system, b,g”’l) (t) represents the distribution coefficient of user u with the K subcarriers of
VLC AP, in time slot ¢, and blgu’l) (t) = 1 indicates that AP; assigns subcarrier k to the user

for communication in time slot ¢; otherwise, bIE”’l) (t) =0.
The signal-to-noise ratio on the kth subcarrier between user u and VLC AP is

eri O 0 p o) e (0]

C[gu,l)
2
(TVLC TyLc

4)

where ¢ represents the photoelectric conversion coefficient received by the user, 02, -
represents the noise power in the VLC channel, and p,(f;’l) represents the transmit power of
VLC AP; to user u on the subcarrier k.

From Shannon’s formula, the effective information transfer rate between VLC AP; and

user u on the subcarrier k of the time slot £ is
A 1)
() = BVLc10g2(1+§(u ()) )

where By c is the bandwidth of the subcarrier. Because each subcarrier can only be assigned
to one user in a single time slot, there are the following constraints for each subcarrier k:

Y atD(p) (1) < 1,a0 () € {0,1}, 6V () € {0,1},VI € Ly,c 6)
uel

The transmission rate of VLC AP; and user u in the t timeslot is

Rye(t) = aD (D () = a0 (1) 1 b (™ (1) )
kek

In the timeslot ¢, the transmit power of VLC AP is

PVLC Zaul Zuul Zb“l) (“l ) (8)

uel uel kek
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To save power, the upper limit of time average power consumption of VLC AP, can be

set to
171

0 < lim — 2 E PVLC( H < Puve,VLC (9)

T—oo T

where P, 1 c represents the maximum average power consumption on VLC AP;.

2.1.2. RF Channel Model
RF communication path loss is represented by PL [13] and typically takes the form below

PL[dB] = Alogy, (d“"”) + B+ Clogy, (f ) +X (10)

where d®) is the distance between the RF AP and the user; f; is the carrier frequency in
GHz; A, B, and C are constants that depend on the propagation model; and X represents
the loss of shadow effects in different environments.

RF communicates using OFDM, in which the RF AP uses I resource blocks (RBs). The

t time slot, xf”’o) (t), represents the allocation relationship between user 1 and the ith RB.

If xl(”’o) (t) =1, AP, assigns RBi to user u; otherwise, xl(u,o) (t) = 0. Since there is only one

RF AP in a VLC/RF heterogeneous network, channel interference in the RF system can

be ignored. Assuming that the RF AP transmits power to user u on RBi of pl(”’o) (t), the
signal-to-noise ratio between user u and the RF AP is

(1,0) (1,0)

0 pi (g (1)

G = i)

URF

where gl(u’o) (t) = 10~ PLIBI/10 represents the RF channel power gain, and 0% Tepresents

the noise power of the RF channel. According to Shannon’s formula, the information

transmission rate between the RF AP subchannel i and user u in the time slot £ is
0 0
v (t) = Brrlogy (14" (1)) (12)

where Bgr is the bandwidth of RB. Since each RB can only serve one user in a time slot, it
must be satisfied for each RBi

Y a0 (1" (1) <1 (13)

Therefore, in the time slot ¢, the information transfer rate between the RF AP and user
uis
Rp(t) = a0 ()u0) () = a0 (1)) 5" (1)) (1) (14)

i€l

The transmit power of the RF AP is derived from the following equation:

PRF Zauo Zauo quo MO) ) (15)

uel uel iel

Considering the power condition, the transmitting power should satisfy

TlglgoT Z E pRF < Prve,RF (16)

where P, rr is the maximum average power consumption on the RF AP.
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2.2. Uplink Communication

When the downlink successfully receives the signal, it will reply to the sender through
the RF transmitter, indicating that the response has been successfully received. Since RF
communication is carried out indoors, the Rayleigh fading channel [14] was chosen as the
upstream RF communication link channel model. The channel coefficient / of the Rayleigh
fading channel obeys a complex Gaussian distribution with a mean of 0 and a variance
of 02, i.e., h~CN(0, 0?), where ¢ =d~%, d represents the RF communication distance, «
represents the path fading factor in RF communication, and in the indoor environment, the
value is usually taken to be 2~4.

The signal transmitted by the RF transmitter is /Prpxrr (), where Pg is the power of

the response signal, xgrp(t) is the normalized signal, and xgr(t) € [-1,1], E {|)(Rp(t) |2} =1
The signal at the RF receiver can be expressed as

Yrr(t) = /Prehxre(t) + nge(t) (17)

where ngr(t) is additive white Gaussian noise and obeys a complex Gaussian distribution
with a mean of 0 and a variance of O'I%F.

2.3. OFDMA System Model

In this paper, a VLC system model based on OFDMA technology is adopted, which
aims to combine optimization objectives with system stability. According to different
M-QAM modulation methods, M-ary QAM is adaptively applied to different OFDM
subcarriers [15]. A different spectral efficiency (SE) can be achieved on each subcarrier, and
Sk is used to represent SE on each subcarrier. The value of Sy depends on the order of M-
QAM. The modulation order of M-QAM is adaptively selected by the signal-to-interference
plus noise ratio (SINR) between the user and the VLC AP. The relationship between Sy and
SINR is determined by the modulation and coding scheme (MCS). The specific value is
shown in Table 1. SINR can be expressed as

(eP,H)?

NoB + ¥ (eP,H(4D)?
leL

SINR(f) = (18)

where N represents the noise power spectral density in the VLC channel, B represents the
bandwidth of the VLC baseband modulated signal, H represents the channel gain between
the VLC AP providing the service and the user 1, and H*? represents the channel gain
between the non-service VLC AP and the user u, which is regarded as interference noise.

Table 1. The relationship between SINR and modulation, coding rate, and SE [16].

SINRmin [dB] Modulation Mode Encoding Rate SE [bit/Hz]
1 QPSK 0.44 0.8770
3 QPSK 0.59 1.1758
5 16QAM 0.37 1.4766
8 16QAM 0.48 1.9141
9 16QAM 0.60 2.4063
11 64QAM 0.45 2.7305
12 64QAM 0.55 3.3223
14 64QAM 0.65 3.9023
16 64QAM 0.75 4.5234
18 64QAM 0.85 5.1152
20 64QAM 0.93 5.5547

The model uses t = 0,1,2, ---,T as variables by allocating subchannels by time slots,
studies the changes in the system in the process of time advancement, and reassigns
subchannels. This method fundamentally improves the frequency of system resource
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allocation so that the system can quickly make optimal allocations in the process of time
change. In addition, we use the Lyapunov optimization method for this optimization
process to ensure that the system remains stable during changes within t = 0,1,2,--,T.
Figure 3 shows the OFDMA system resource allocation model. The dark part represents the
scale of resource allocation; for each RB, the smallest block of resources whose indivisibility
is called the resource unit (RU), the RU allocates resources in each time slot, and each RU
allocation process is independent. This allocation process differs from one-dimensional
resource allocation in that in each time slot, the resource allocation problem in OFDMA is
degraded from two-dimensional to one-dimensional by setting the integer restriction to
bi(t) € {0,1}, and the integer allocation is reduced to a 0-1 integer allocation problem.

»

A

Subcarrier

> |0 |O(»|» | W
wlm|lalw|[al»
al»|[»|»|0|®=
glm|m|a|lo|o
>|lw || oo »
W O[> |>|O|d

>
>

t

Figure 3. OFDMA system resource allocation model.

In VLC systems, it is generally believed that its channel is time-flat, and there is no
fading characteristic during communication. Therefore, the channel state information
is constant in each time slot. Suppose that the VLC AP providing the service and the
subscriber device subcarrier k can achieve the rate represented by the following equation:

Vk,u(t) = ZBSk/K (19)

The transmission rate between the user on subchannel k and the VLC AP providing
the service is

Ryu(t) = blbcl(t)vk,u(t) (20)
The transfer rate provided by the VLC AP to user u is
Ru(t) = ) Reu(t) 1)
keK

Since a subcarrier can only serve one user per time slot, its distribution coefficient
must meet the following constraints:

Y bi(t) =1,b¢(t) € {0,1},Vk e K (22)
ucl
2.4. Queue Model

When the system starts transmitting data, let Q,(t) represent the length of the queue
that the system maintains for user u at the beginning of the time slot t, and D,,(t) represent
the amount of data that user u arrives at the time slot ¢, which is independently and



Photonics 2023, 10, 1016

8 of 20

identically distributed across different time slots [17]. Assuming that the average arrival
data rate of user u in the time slot ¢ is y,(t), the following conditions are met for D,(t):

E[Dy(t)] = 7u(t),Yu € U (23)

where 7, is a bounded variable that guarantees the stability of the system. According to
the above analysis, Q(t) can be expressed as

Qult+1) = [Qu(t) — Ru(t),0]" + Dy(t) (24)

where R, (t) represents the amount of data leaving, [x,0]* = max[x,0]. For each user u, the
randomness of D, (t) and the time-varying nature of R,(t) is given to make the queuing
process random. If you only consider maximizing the system transfer rate and ignore the
impact of the queue, data will accumulate in the queue during transmission, resulting
in the system not operating normally. Therefore, a model of queue stability needs to be
established. Generally defined as

1 T-1
Jim = Eo E[Qu(t)] < oo (25)

If all queues in the system are stable, then the VLC communication system will also
be stable. This means that the average leave rate in the queue is greater than or equal to
the average input rate, and once this condition is met, all data in the queue is sent to its
corresponding user.

3. Optimization of the Problem Description

The goal of this article is to achieve the maximum transfer rate while the system
remains stable. Within the time slot ¢, the transmission rate of the entire system can be

expressed as
R(t)= Y Ru(t) = ) Y RU“D(1) (26)

uel uellel

To achieve the optimization goal of maximizing the average rate of the system, the
above function is designed as a time-averaging expression. Therefore, the stochastic
optimization problem is formulated as

T-1

1
max lgr;of Z E[R(t)] (27)
stlgr;oTZEQu )] < oo,Vuel (28)
Y aD(t) =1,aD(t) € {0,1},Vu e U,V € L (29)
leL

¥ a0 x"0 (1) < 1,a") (1) € (0,1}, " (1) € {01}, ueu  (30)

ucl

_ Pave,RF/ lf I=0

0< Tlgl‘}o Z E Pl < Pl,ave/Pl,ave = { PHUE,VLC/ifl =1,---L (31)
y ah( ) <1,a")(t) € {0,1}, b,E”’l)(t) €{0,1},VI € Lyrc (32)

uel
Y bi(t) =1,VkeK (33)

uel

PUO (1) > 0,PMD(4) > 0,¥1 € Ly, Vu € U (34)
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where (28) is the system stability requirement; (29) ensures that in each time slot, the user
can only be served by one AP; (30) ensures that for the RF AP, only one user can be served
on each resource block; (31) represents the average power budget constraint of each AP;
(32) ensures that each subchannel of the VLC AP can only serve one user; (33) ensures
that for one VLC AP, each subcarrier can only be assigned to one user at a time; and (34)
indicates that the transmit power of all APs is not negative and meets the actual conditions.

There are long-term constraints in the above problem, and to effectively handle long-
term time-averaged power constraints, virtual queues in Lyapunov optimization can be
used to convert (31) into queue stability constraints [18]. Virtual queues are defined as Z(t)
L 4Z1(), -, Zi(1), -+, Z1.(D)},Z,(t) and evolved as follows:

Zi(t+1) = max{Z;(t) — Ppape, 0} + Pi(t) (35)

It should be noted that there is no actual queue data in queue Z(t), which is only
proposed to satisfy the constraint (31). If the virtual queue Z;(t) is average-rate stable,
constraint (31) automatically holds [19].

Suppose the order vector of queue length in the system is O(t) = [Q(t), Z(t)]. The
Lyapunov function is defined as a measure of the total queue length for each time slot ¢,
denoted by the following equation:

L©() = 3 00 + ;L Z) (36)
leL

In each time slot, the conditional Lyapunov drift is defined as
A(©(t)) £ E[L(O(t +1)) - L(0(1))|O(1)] (37)

It can be observed that at each time slot, the Lyapunov function can control the final
value of the Lyapunov drift by adjusting the final queue length. The purpose of this paper
is to maximize the average system transfer rate, and the drift-penalty function term is
defined as follows:

A(O(1) - VER(1)[©(1)] (39)

where V is a non-negative constant parameter used to balance drift with reward. When the
V value increases, the system assigns a higher priority to maximize the transmission rate,
that is, sacrifice the queue length; when the V value decreases, the system prioritizes the
queue length to maintain the stability of the system.

For each period, for a given V > 0, the upper bound of the drift-penalty function for
any possible O(t) is

A(©(t)) ~ VE[R(1)[O(1)]
= E[L(@(t +1) - L(@(1)[0(r)] - V &, E[RE(1)]0(]

uel
leL
< C+ 1 E[Qut)(Dult) ) (1 (1)) [0 (1)] )
et
T E[ZiO)(BE) — Praoe)|O()]

leL
where C is a constant satisfying the following conditions:
1 1
Cz 3 T E[DI+ RO ] + 3 DE[R(O+ (BmlOn)] @0
2 uel 21€L

According to the Lyapunov optimization method [20], the network utility is optimized
by minimizing the drift-penalty function term to minimize the queue length. Therefore,
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Problem (35) can be transformed into minimizing the upper bound of the Lyapunov drift-
penalty function on each time slot, which is expressed as

min ¥ Qu(t)(Du(t) = aD (D () + T Zy(#)(Pi(t) — Praoe) = V T D (1w (1)
= i = (4D)

s.t (29) (30) (31) (32)

The reformulated optimization problem (41) is a constrained mixed-integer program-
ming problem where a(*!) (t) takes integer values, and pl(“’o) (t) and plgu'l) (t) take continu-
ous values. Therefore, the optimization problem (41) is decomposed into three relatively
independent subproblems, and the corresponding optimization algorithm is proposed.

3.1. AP Allocation

The AP allocation variables a®)(t) in the system can be obtained by solving the
following subproblems:

min T Qu(t)(Du(t) —atD (B (0) = v ¥ aleD(ule ()

uel ueld
leL lel (42)
st ¥ ath(r) =1,aD(t) € {0,1},Yu e U,V € L
leL

It can be seen from (42) that the network selection between different users is inde-
pendent. Therefore, Problem (42) can be decomposed into U subproblems, and each
subproblem is

max ¥ a(®h) (£)e®D (t)

leL ; ; (43)
st Y a®h(t) =1,a0D(t) € {0,1},Vu e UVl € L
leL

where e®)(t) = (Q,(t) + V)v®D. Since (43) is a linear optimization problem, its solution is
as follows:

I (44)

= (ul") /
a(”'l)(t) _ 1,1 argmax{e (1),0< ' < L},
0, otherwise.

Under the above network selection strategy, e/)(f) can be regarded as the congestion
cost of the AP serving the user within the time slot . Then, Equation (44) ensures that the
user can connect to the AP with the smallest congestion cost.

3.2. VLC AP Joint Subcarrier and Power Allocation

According to the access point allocation variable a(t) obtained from subproblem
(42), the joint subcarrier and power allocation subproblem in the VLC system can be
solved continuously:

max gu a®D (v (£ (Qu(t) + V) = Zy(#) (Pi(t) = Pavevic(t))
IeLyic

st ¥ atD (b (1) < 1,800 (1) € {0,1}, b)) () € {0,1},Vu € U,
uel
pD(t) > 0,vu e U

(45)

Since the selection of subcarriers is independent among different VLC APs, Problem
(45) can be decomposed into | Ly ¢ | subproblems, and each subproblem is expressed as
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pl(cu,l) (t)‘eh]((”’])(t) ‘2
max Z BVLC log2 1+ T (Qu(t) + V) — Zl(t) (Pl(t) — Pave,VLC(t))
uel
st T (o), b (1) < 1,a®D(t) € {0,1},6() () € {0,1},Vu € U, (46)

“")( £) > 0,V € U,

where U; denotes the set of users connected to VLC AP. The VLC joint subcarrier and
power allocation problem is a hybrid combinatorial optimization problem. To solve this
problem, the Lagrange relaxation method can be used to transform the original integer

programming mixed problem into a convex optimization problem. Relaxing blgu'l) (t) €

{0,1} to Elgu'l) (t) € [0,1], the optimization problem is reformulated as

keK uell; '(he vLC

(u,0) PN
- pe () |ehy (1)
max Y Y b,iu’l) (t)(Qu(t) + V)Byrclog, (1 + W)

(47)

st Y b”l)(t) <1,Vu e U,

uEul
0< b (t) <1 vueu,
p(t) > 0,vu € U,.

ul t ‘ ]’l )‘

ul)— is a convex func-
b t)o3

k ( VLC

Since Y ¥ E;Eu'l)( £)(Qu(t) — V)Byiclog, (1 +

keKuel,;

TyLe

~ (u,l ¢ ) ;
tion of b,((”’l) (t) and p]((”’l) (t), think of it as a linear function of log, ( 1+ W) )

Therefore, the given optimization problem is a K x |U;| linear combination of con-

(u,0) (u,1)
vex functions. Let L(P) = Y, ) b(”l (£)(Qu(t) + V)Byrclog, (1 + pk()“ghk()> _

7
keK uell ku )(t)U‘Z/LC

ZHhy ¥ pk”l (t) be the objective function and find the partial derivative of p]((” l)( t)
keKuel

for L(P):

u 1) (u,1) 2
AL(P) (5)(Qu(t) + V)Byrc|en(* (1)
api"" (1) (E,E”’l) ()02, + ) (1) ’eh,ﬁ”/l) (t) ’2> In2

According to the Karush-Kuhn-Tucker (KKT) conditions, the system can achieve
optimal power allocation when the following conditions are satisfied:

—Z(t) (48)

9 (u,1) ~u " 2
L= <k§Ku§uZ Hene M B O L o 0] N
p) 2
o 1 (B 0+ o 0] )] ) n2
=Z(t) —pug =0 (50)
uipy (1) = 0,vk,u (51)

ug > 0,Vk,u (52)
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where p is the multiplier for constructing the Lagrange function. To ensure that (51) holds,

then pf = 0 or p,(c”’l) (t) = 0. The partial derivative of Formula (49) is 0, and the relationship

between p,((”’l)* (t) and Elgu’l) () can be obtained.

+
wh' py _ [ (Qu() +V)Byic  opic Fd) 53
(t) Zl(t) In?2 ’Ehl((u'l)(t)‘z (t) ( )

The result of power allocation will be used to obtain the subcarrier allocation. Substi-
tuting Equation (53) into Equation L(P), we obtain

L(P)= Y ¥ L) (1) (54)

keKuel

where

L{(P) = (Qu(t) +V)Byiclog, (1 + Z(Hin2

+ u 2
(Qu()+V)Bvic  _ Thic ] \sh,ﬁ'”(t))
(55)

—Z;(t)

+
(Qu()+V)Bvic _ _ Tpic
Z;(H)In2 ‘£h£u'1)(t)‘2

Obviously, Problem (54) is a linear assignment problem, which can be decomposed
into k subproblems. Each subproblem is represented by the following equation:

Ly(P) = Y Li(P)B™ (1) (56)

uel

For subcarrier k, the optimal allocation is to obtain the user with the maximum L} (P),
and the solution can be obtained.

e 1, u = argmax (L;;’(P),u’ € ul), LY(P) >0, -
k = u!
0, otherwise.

3.3. RF AP Joint Resource Block and Power Allocation

In RF communication systems, the RF AP joint resource block and power allocation
subproblem can be expressed as

max Eu a0 (£)(Qu(t) + V) = Zo(#) (Po(t) — Pave,re(t))
ucUp
st ¥ x"0() <1,a0(¢) € {0,1}, x"0 (1) € {0,1},Vu € Uy (58)
ucly

pf”’o)(t) >0,Vu € Uy

It can be seen from the above problems that the joint RB and power allocation problems
are independent of each other on different time slots t. Therefore, the objective function of

Problem (58) is a function of discrete variables xl.(u’o) (t) and continuous variables pgu’o) (1),
so the problem is also a mixed-integer nonlinear convex optimization problem, which can
be solved by the Lagrange relaxation method. Firstly, xl.(”’o)

interval [0, 1], and a new variable fi(u,o)

(t) is relaxed to the continuous

(t) is defined. Problem (58) can be rewritten as



Photonics 2023, 10, 1016 13 of 20

(u,0) (u,0)
max ¥ ¥ &7 (6)(Qult )+V)BRF10g2< +plu()gl(t)) ~Zo(hy © )

icluel D)2y icluel
st Y 29 < 1,780 € [0,1),Vu € Uy (59)
uely

pf”’o)(t) >0,Vu € Uy

Let the objective function L(P) = Y ) J?l(u'o)(t)(Qu(t)+V)BR1:10g2<1+
ielueclly
(u,0) (u,0)
W) —ZoH)Y ¥ p(u’o) (t) and calculate the partial derivative of p(u’o) (t):
" (H)ok, icluely ' !
20 (£)(Qu () + V) Breg™ (¢
L) Q0+ VB0 )

ap"(t) (R ()R + p" (05" (1)) In2

According to the KKT conditions, the system achieves the optimal power allocation
when the following conditions are satisfied.

a[L(P) - (z DT >>]

i€ ull _5"0(Qu) + V) Breg " (1) (61)
ap"" (1) (5" e+ p" (08" (1)) In2

—Zo(t) —pi =0 (62)

i pt (1) = 0,Yi,u (63)

> 0,Vi,u (64)

where p} is the multiplier for constructing the Lagrange function. To ensure that Equation
(63) holds, then y}' = 0 or pl(”’l) (t) = 0. When the partial derivative of Equation (61) is 0,
the relationship between pgu'l) (t) and x(u )( t) can be obtained.

+
w0)* 4y _ | (Qu(t) + V)Brr ORF ~(1,0)
pi () = - X (1) (65)
! Zo(f) In2 gl(u/o)(t) !
The result of power allocation will be used for the allocation of RF resource blocks.
Substituting Equation (63) into L(P), we can obtain

LP) =Y ¥ Pz ) (66)
icluelly
where
L(p) =a"v N Beelon [ 14 [ACOF 0Qu0+VBe  Brrche ] g0
{(P) =a; 77 ()(Qu(t) + V)Brrlog, [ 1+ 7S R )
g (1) RFURF 67)

Zo(t)In2 g<u’0)(t)

i

—7Zo(8) a0 (1) ”°<t)< Qu(t)+V)Bge BW%FT
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Obviously, Problem (66) is also a linear assignment problem. Therefore, it can be
decomposed into i subproblems, and each subproblem is expressed as

~u,0
Li(P) = ¥ LI(P)E" (1) (68)
uel
The objective of this problem is to maximize the L;(P) of all subcarriers. Therefore, for
all subcarriers i, the optimal allocation is to select the user with the largest L;(P).
~(u,l)*(t) _ 1, u= arg?ax(Ll?‘ (P),u" € U),

0, otherwise.

(69)

4. Analysis of Algorithm Simulation Results

In this section, we analyze the simulation results of the Lyapunov optimization algo-
rithm and verify the performance of the proposed indoor VLC/RF system resource alloca-
tion scheme with OFDMA technology. Assuming that the room sizeis 8 m x 8 m x 3 m,
as shown in Figure 1, 4 VLC APs are installed on the ceiling, which are located at (3,2,3),
(5,2,3), (3,5,3) and (5,5,3), respectively, and each AP has 25 subcarriers. The RF AP is
located at (0,0,0), and it has four RBs. Other key simulation parameters of the system are
shown in Table 2.

Table 2. Simulation parameters.

Parameter Meaning Value
LxWxH Room size 8m x8m x 3m
D10 Power half angle 70°
FOV Field of view 60°
n Number of LEDs 5
Poye LED transmit power 4W
Ap The effective receiving area of PD 1cm?
T} Optical filter gain 1
Gy Concentrator gain 1
€ Photoelectric conversion factor 052 A/W
Nre The refractive index of PD 15

To simplify the simulation, we consider the normalized spectrum bandwidth of VLC
AP and RF AP, traffic arrival for each user device follows the Poisson distribution, the
average traffic arrival rate is expressed in vy, the traffic arrival rate and RF channel conditions
remain constant within a time slot and change on the time slot boundary, v specific values
will be given in the simulation. Since the spectral bandwidth is normalized and the unit of
transmitted data volume is set to package, assuming that the average communication rate
of the VLC AP subcarrier in the system is five packages and the average communication
rate of an RF AP single RB is three packages, the average traffic arrival rate is limited to
less than five packages.

Figure 4a shows the relationship between the penalty parameter V and the average
queue length Q under different average traffic arrival rates y. It can be observed that the
Q value in the system increases with the increase in V, and as the average traffic arrival
rate y increases, the average queue length Q also increases. Figure 4b shows the change in
penalty parameter V and average transmission rate R under different average traffic arrival
rates y. It can be seen that the average transfer rate R increases with the increase in the V
value because when the V value increases, the optimization degree of the algorithm on the
average transmission rate increases. In addition, as the average traffic arrival rate y value
increases, the growth rate of the average transmission rate slows down because when the
v value is small, the amount of data transmitted by the system can meet the amount of
data arrived. When the y value is large, the system rejects additional packets to ensure
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data queue stability. From Little’s theorem [21], since the average transmission delay is
proportional to the average queue length, the average queue length can be used to describe
the average delay, and in the Lyapunov optimization process, selecting the appropriate
control parameter V can balance the relationship between the average transmission rate
and the average transmission delay.

90 4

80+

704

Average Q/(package)
Average R/(package/timeslot)

) —m—y=1
—e— =2

604 —a—y=3

—v—y=4

——y=5

0 T T T T 50 T T T T -
50 100 150 200 250 300 50 100 150 200 250 300
Control variable V Control parameter V
(a) (b)

Figure 4. (a) Relationship between average queue length Q and control parameter V; (b) relationship
between average transmission rate R and control parameter V.

In addition, the instantaneous change in the system is simulated. Assuming that the
user’s position is changing in each time slot, the instantaneous change in the user on 30 time
slots is given. Figure 5a—c depict the instantaneous transfer rate and queue length change
for four users in the system when the penalty parameter V is valued at 50, 150, and 300.
It can be observed that for each user, as the length of the user’s queue increases, so does
the data transfer rate for that user. This is because the Lyapunov optimization algorithm
makes the system provide a higher transfer rate to reduce the buffer queue, thus ensuring
the stability of the entire system. Another conclusion is that the queue length in the system
is longer when V = 300 is longer than when V = 50 and 150.

T T
5 10 Is 2 2 30
Userl timeslot

package _
o

i

e

package

10 15 20 25 30 5 10 15 2 2 30

s 10 i 2 2 30 s 10 15 2 25 0 Users 10 15 20 2 30
User3 timeslot User3 timeslot e timeslot

Figure 5. Cont.
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Figure 5. The instantaneous transmission rate and queue length of each user change under different
V values. (a) V =50; (b) V =150; (c) V = 300.

timeslot

Figure 6 shows the change in average queue length Q and average transfer rate
R with the number of users in the system using different algorithms. The Lyapunov
optimization algorithm was compared with the minimized distance resource allocation
(MD-RA) algorithm and the best channel state information resource allocation (BCSI-RA)
algorithm [22]. Obviously, from Figure 6a, it can be seen that with the increase in the
number of users, the average queue length of the system gradually increases compared
to the MD-RA algorithm and BCSI-RA algorithm, the queue length under the Lyapunov
optimization algorithm is smaller, and the growth rate is the slower, indicating that the
system has better stability when using the Lyapunov algorithm. It can be seen from
Figure 6b that as the number of users in the system increases, the average transmission
rate also increases, and the average transmission rate under the Lyapunov optimization
algorithm is significantly higher than that of the MD-RA algorithm and BCSI-RA algorithm,
and the average transmission rate increases significantly when the number of users is
greater than six.

1200

90
—=— Lyapunov-RA —=—L -RA "
yapunov _m ~a—
——MD-RA 80| [~—MD-RA e
1000 + A— BCSI-RA BCSI-RA —
704 /_'/.
800

= 60 P

600

400

Average Q/(package)

Average R(package/timeslot)
s 38
L 1

200 4
=
=
I*fl”””lixtiii
T T T T T T T T T T T T
2 4 6 3 10 12 14 2 4 6 8 10 12 14

Number of user Number of user

(@) (b)

Sl
T T

Figure 6. (a) The relationship between the average queue length Q and the number of users under
the three algorithms; (b) the relationship between the average transmission rate R and the number of
users under the three algorithms.

Figure 7 shows the average queue length vs. average transfer rate as a function
of the number of users, taking into account the interrupt probability, and compares the
performance of the system using the three algorithms. Suppose p represents the probability
of LOS availability in VLC systems and generates a random number between 0 and 1; if
this number is greater than p, then the LOS of VLC AP is available. Otherwise, LOS is not
available. This study shows that the Lyapunov optimization algorithm can achieve higher
transmission rates while ensuring that the average queue length of the system is low; that
is, the algorithm can provide better system performance.
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Figure 7. (a) The relationship between the average queue length Q of the outage probability and
the number of users is considered under the three algorithms; (b) the relationship between the
average transmission rate R of the outage probability and the number of users is considered under
the three algorithms.

As shown in Figure 8, as the penalty parameter V value increases, the average queue
length Q and the average transmission rate R in the uplink communication link under
different numbers of users also increase. This is because increasing the penalty parameter
will cause the system to allocate more resources to the user, thereby optimizing the per-
formance of the system. At the same time, as can be seen from Figure 8a, as the number
of users increases, the queue backlog in the system accelerates because the increase in
the number of users leads to a decrease in the uplink communication rate, which affects
the performance of the entire system. To balance the relationship between queue length
and transmission rate, the appropriate penalty parameter V can be selected to make the
system communication more stable. Figure 8b also shows that the average transfer rate
increases gradually as the number of users increases. Changes in both Q and R values
indicate a decrease in the communication rate of the upstream RF link. This is because,
with limited spectrum resources and base station processing power, users must share
resources, resulting in network congestion and transmission delays, which in turn reduce
the communication rate of the entire system.

=3 users
754 3 users 4
—®— 5 users _m—

verage Q/(package)
o o
! 1

<20

Average R/(package/timeslot)

T T T T T T T
50 100 150 200 250 300 50 100 150 200 250 300
Control parameter V Control parameter V
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Figure 8. (a) The relationship between the average queue length Q and the penalty parameter V
under different numbers of users in the uplink RF link; (b) the relationship between the average
transmission rate R and the penalty parameter V of the uplink RF link under different number
of users.

Figure 9 shows the average queue length Q and average transmission rate R in the
OFDMA-VLC/REF system and VLC/RF system as a function of the number of users. As
shown in Figure 9a, the queue extrusion speed in the VLC/RF system using OFDMA tech-
nology is significantly slower than that in the VLC/RF system without OFDMA technology,
and the Q value change in the OFDMA-VLC/RF system is relatively stable, indicating that
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the system has strong stability. It can be observed from Figure 9b that as the number of
users increases, the average transmission rate of the system gradually increases, and when
the number of users increases to 15, the average transmission rate of the OFDMA-VLC/RF
system increases by 17 packages compared with the VLC/RF system, because the use of
OFDMA technology increases the capacity of the entire communication system, thereby
increasing the system transmission rate.

350 110
—o— OFDMA-VLC/RF 0 8?2%?-VLURF P
300 |—®— VLC/RF 1004 —*—

250 4

200

150 4

Average Q/(package)

100

Average R/(package/timeslot)

504

0 T T T T T T T

Number of user

Number of user

(a) (b)

Figure 9. The performance of the OFDMA-VLC/RF system is compared with the VLC/RF sys-
tem: (a) comparison of the average queue length Q of the system; (b) comparison of the average
transmission rate R of the system.

5. Conclusions

In this paper, the resource allocation problem in indoor OFDMA-VLC/RF systems
is studied, and an allocation strategy based on the Lyapunov optimization algorithm
is proposed. The purpose of this study is to solve the resource allocation problem by
maximizing the average transmission rate of the system under the constraints of system
stability and the average power budget:

(1) To find the optimal resource allocation strategy, we formulate a random optimiza-
tion problem, which considers the stability constraints and average power budget of the
system and takes the average transmission rate of the system as the optimization goal.

(2) Using the Lyapunov optimization algorithm, the stochastic optimization problem
is decomposed into three independent subproblems, and their optimal solutions are given
respectively. Through simulation, the effectiveness of the proposed resource allocation
strategy is verified. The results show that this strategy significantly improves the average
transmission rate of the system while maintaining the stability of the system. This means
that our approach can improve system performance by making more efficient use of limited
resources in indoor OFDMA-VLC/RF systems.

This study has important practical significance for improving the performance of
indoor wireless communication systems and provides a valuable reference for further
research. In the future, the results can meet the communication needs between IoT devices
and provide efficient communication services. In the smart home system, this technology
can realize the interconnection between devices. In addition, the technology can also
support real-time interaction and immersive experience of virtual reality (VR) and aug-
mented reality (AR) technologies, providing high-speed and low-latency communication
services. In the field of health care, the resource allocation strategy based on this technology
can provide high-speed and reliable communication services, support data transmission
between medical devices and telemedicine services, and improve the efficiency and quality
of health care. In short, the resource allocation strategy of indoor VLC/RF systems based
on OFDMA technology and the Lyapunov optimization algorithm has the characteristics of
high speed, high efficiency, and reliability in communication applications in various fields,
which will promote the development of future communication technology.
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