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ABSTRACT The sharply growing demand for increased transmission capacity and bandwidth in last meter

and last mile access networks together with the commercialization of fifth generation (5G) wireless systems

has been opening up new opportunities for non-radio frequency (RF)-based wireless technologies. Visible

light communications (VLC) technology is a potential candidate for access networking in 5G, which offers

a higher spectral efficiency than RF-based Femtocell networks by three orders of magnitude. This paper

proposes an all wireless optical bidirectional VLC multiple access scheme for pure VLC network access

points in terminals. Centralized coordination is adopted to reduce the system complexity. And reservation

of resource is introduced to guarantee collision avoidance during data frame transmission. The proposed

multiple access scheme introduces special system parameters to achieve the balance of system throughput

and access latency. The feasibility of the proposed scheme is verified by both theoretical analysis and

experimental investigation.We show that the proposed scheme is suitable for a bidirectional pure VLC access

network and can be used as a supplement in the IEEE 802.11 bb for 5G+bidirectional VLC application

scenarios.

INDEX TERMS Bidirectional visible light communication networking, centralized coordination, multiple

access, resource-reservation.

I. INTRODUCTION

With the gradual introduction of fifth generation (5G) wire-

less networks, the global mobile data traffic will continue

to grow at a compound annual growth rate of 46 percent

in 2022, reaching 77.5 exabytes per month [1], and thus

poses challenging requirements for 5G networks [2], with

new services, such as the Internet of things (IoT), big data

and artificial intelligence (AI). As Fig. 1 demonstrates, visible

light communications (VLC), which uses the license free

The associate editor coordinating the review of this manuscript and

approving it for publication was Matti Hämäläinen .

visible band to offer higher data rates Rb, lower latency,

low energy consumption and reduced implementation costs,

is seen as a potential and complementary wireless technology

in 5G and beyond networks [3], [4]. Therefore, the VLC-

based network can help 5G networks meet the requirements

of high-speed access and reliable services anywhere with

real-time service and applications [5].

The license free VLC networking concept has attracted

widespread attention. One of the most interesting inves-

tigations is the multiple access scheme that can push a

VLC-based network to commercial use. Many studies have

been carried out on this approach. Non-orthogonal multiple
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FIGURE 1. Application scenario of 5G+bidirectional VLC.

access (NOMA) has been recognized as a potential solu-

tion for VLC multiple users. NOMA mixed with a con-

ventional OMA scheme was proposed in [6] for downlink

visible light communication. In [7], NOMA was employed

in downlink VLC for performance enhancement with a typ-

ical NOMA scenario with two users. A power line com-

munications (PLC)-VLC network with a NOMA invoked

in VLC to increase the downlink bit rate was reported

in [8]. The researchers in [9] proposed a NOMA scheme

for VLC based on single carrier transmission. In another

study [10], the NOMA scheme was introduced to enhance

the achievable throughput in high-rate VLC downlink net-

works. An optimization formulated as a multiobjective non-

convex function using the cuckoo search (CS) algorithm was

proposed for an NOMA-based VLC system for downlink

transmission in [11]. Research on orthogonal frequency divi-

sion multiplexing (OFDM) can enhance the utilization of

the VLC frequency. In [12], orthogonal frequency division

multiple access (OFDMA) was explored for VLC due to

its high spectrum utilization efficiency and potentially high

transmission data rate. A power line communication-VLC

hybrid high data rate transmission approach with discrete

wavelet transform (DWT)-based OFDM was designed and

proposed for 5G communication systems in [13]. OFDM and

multiple light-emitting diodes (LEDs) with spatial summing

was developed to reduce the high peak-to-average power

ratio (PAPR) in [14], OFDM-interleave division multiple

access (IDMA) was applied in [15] to uplink a multiuser

visible light communication system to solve inter-symbol

interference (ISI) and multiple access interference (MAI)

problems. A conventional code-division multiple access

(CDMA) technique was also introduced to solve multiple

user access for VLC. A multicarrier CDMA system based

on an OFDM platform using an intensity modulation/direct

detection scheme suitable for an indoor VLC environment

was designed in [16]. CDMA combined with color-shift-

keying (CSK) modulation was used in [17] for multiple

access transmission for RGB-LED VLC to enhance the sys-

tem capacity and mitigate light interference. An experimental

demonstration of a VLC system employing CDMA resulting

in a significant aggregate capacity improvement was reported

in [18]. In addition, many other studies used multiple access

and multiple access optimization for VLC systems, such

as a hybrid network with VLC for downlink transmission

and radio frequency (RF) for uplink transmission [19], [20].

Moreover, an optimized solution for combined power and slot

allocation in hybrid VLC/RF networks was proposed in [21].

M -ary pulse amplitude modulation was utilized to reduce

channel inter-symbol interference (ISI) [22].

However, NOMA is a conventional power domain tech-

nique inwhich interference information is actively introduced

at the transmitting end (Tx), while serial interference cancel-

lation (SIC) technology with user signal power is correctly

used at the receiving end (Rx). Thus, the receiver is consider-

ably complicated and is not cost-effective for deployment and

commercial applications. OFDM as a popular scheme suffers

from nonlinear distortion due to a high PAPR. Furthermore,

OFDM increases the signal interference (SI) due to subcarrier

allocation to multiple users within the narrow bandwidth of

commercial LEDs. Although CDMA is a representative of a

conventional multiple access, the maximum number of users

is limited due to the length of the spread code, ISI and MAI.

In addition, in several previous studies, only downlink or

uplink VLC communications was performed, and bidirec-

tional VLC was even less considered.

As described in the light communication (LC) proposal in

IEEE 802.11 bb Std. [23], two of the proposed use cases of

VLC are combined with illumination and communications

for an indoor scenario (office lighting and electromagnetic

interference (EMI) sensitive areas with transmission distance

< 10 m) and an outdoor scenario (streetlight-2-customer and

vehicle-2-vehicle with transmission distance < 20 m). Both

of indoor and outdoor use cases are the most commercially

valuable, which can use a commercial LED as a light source

for Tx and a photodiode (PD) for Rx. Thus, some qualifica-

tion agreements must be followed to push VLC to large-scale

applications:

(a) Due to the narrow modulation bandwidth of commer-

cial white LEDs, FMD-based and CDMA-based schemes

introduce interferences. Intensity modulation and direct

detection (IM/DD) is the most feasible modulation for light

communication. (b) Because of the characteristics of the

direction and impenetrable nature of visible light, signal inter-

ference can be suppressed by the separation of Tx and Rx,

and a narrow beam forms from Tx. Thus, a low implemen-

tal complexity of Rx and bidirectional transmission can be

attained for the VLC system. In addition, (c), for large-scale

deployment, cost-effectiveness should be taken into

account.

Therefore, in practical cases, low complex time division

duplex (TDD)-based multiple access is a prioritized choice.

However, few pre-research efforts have been focused on

TDD-based access for bidirectional VLC systems to date.

Researchers in [24] addressed the bidirectional issue by

proposing TDD for a single-user environment. The authors

in [25] proposed a real-time LED-to-LED point-to-point

bidirectional VLC system with a fast switcher between Tx

and Rx to transmit and receive in the LEDs. An index

time division multiple access (I-TDMA) was adopted to
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provide spectral efficiency enhancement in [26]. In [27],

a TDMA-like multiple access was considered with infrared

for uplink transmission. Researchers in [28] proposed a

carrier sensing multiple access with collision detection

(CSMA/CD) mechanism for bidirectional vehicular visi-

ble light networks. A full-duplex request to send/clear-

to-send (RTS/CTS) aided CSMA/collision avoidance (CA)

mechanism was adopted to solve the hidden node problem

in [29].

The previous efforts of TDD-based multiple access are

motivating. However, pre-work on TDD-based multiple

access scheme is only for a single-user environment regret-

tably [24]. In addition, the CSMA-based mechanism cannot

thoroughly solve the problem of a hidden node because of the

directional characteristic of visible light, which is an inherent

obstacle for two nodes to hear each other.

In this paper, we propose a TDD-based central-coordinated

resource-reserved multiple access (CRMA) scheme for a

bidirectional multiple-user VLC system to solve the problems

mentioned above with commercial white LEDs. Additionally,

with the adoption of centralized coordination, as suggested

in [30] and the IEEE 802.11bb Std., and the introduction

of resource-reservation, the proposed scheme on the media

access control (MAC) layer can be feasible for a bidirectional

environment (which can be a supplement to the ongoing IEEE

802.11bb standard). Centralized coordination can solve the

hidden terminal problem to render the bidirectional transmis-

sion feasible.

The contributions of this paper are as follows:

(a) Resources reservation: The service cycle of the pro-

posed multiple access scheme is sliced into two proce-

dures: access procedure and data transmit procedure. In the

access procedure, the terminals complete access and reserve

resources (timeslots) Thus, the promised resource and col-

lision avoidance during the data transmit procedure can be

guaranteed. (b) Low complexity: Three handshakes occur

during the access procedure, while no handshake occurs

during the data transmit procedure, which reduces the com-

plexity of the proposed scheme. (c) Performance bal-

ance:For TDD-based bidirectional transmission, three spe-

cial parameters are suggestively introduced in the designed

system to balance the system throughput and terminal

access latency, which can meet application requirements of

5G/6G: extremely high throughput and ultra-low latency [31].

In addition, (d) cost-effectiveness: the designed system takes

advantage of commercial and illumination-prioritized LEDs

and PDs as Txs and Rxs, which can cost-effectively support

large-scale applications.

The remainder of the paper is organized as follows.

In section II, we describe the system model and operation

principle in detail. In section III, we carry out a perfor-

mance analysis for the proposed scheme in terms of the sys-

tem throughput and access latency. The experimental setup

and results discussion are introduced in section IV, and an

extended discussion follows in section V. Finally, conclusions

are drawn in section VI.

II. SYSTEM DESIGN AND THE PROPOSED

MULTIPLE ACCESS SCHEME

A. SYSTEM DESIGN

In the 5G+VLC application scenario shown in Fig. 1, the APs

connect to a 5G router, providing bidirectional (both down-

link and uplink) VLC links to a number of terminals. For

the proposed typical indoor and outdoor user-cases of VLC

networking [23], this paper designs TDD-based multiple

access for bidirectional VLC networking, as demonstrated

in Fig. 2. In the designed system, star topology is adopted,

as shown in Fig. 2(a). Both the AP and terminal have an LED

with a diver circuit as Tx and a PD with an amplifier and a

filter as Rx. As shown in Fig. 2 (b), in a bidirectional VLC

system, the key challenge is the interference at Rx. Fortu-

nately, because of the inherent confinement of light, signal

transmission has strong directivity. Both Tx and Rx have a

cone to isolate Tx and Rx, and a lens to condense the light

directivity. Therefore, the structure of a node (AP/terminal)

can inhibit the self-interference originating from its own Tx

directivity. Hence, the self-interference originating from a

node’s own Tx is mainly from the diffuse component of

multiple path reflections, the scattering of photons projected

onto solid molecules in the air near the node’s own Tx and

the reflection from the surface of an environmental objects

(e.g., walls, floors, even the worn clothes of a human), which

is very different from RF-based system. In [32] and in most

practical cases, the influence of the diffuse component has

no significant influence on the overall channel bandwidth,

as it is masked by the strong LOS component. In addition,

the researchers in [33] discussed in detail the interference for

indoor VLC. Note that, Tx and Rx are physically different.

Therefore, the designed system for bidirectional VLC net-

working is feasible. In addition, as shown in Fig. 2 (c), both

the AP and terminal have the same MAC layer functional

blocks with a difference block contention avoidance block

for the terminal, which is discussed later. The key technique

is the multiple access control, which is designed to schedule

the terminal’s uplink transmission.

B. BIDIRECTIONAL OPERATION

In the bidirectional system designed above, an AP with sev-

eral terminals were designed. Both directions between the

AP and terminals are optical links operated at the same fre-

quency. As a fully centralized control scheme, the broadcast

is designed for downlink transmission, while the TDD is

designed for uplink transmission. In downlink transmission,

the AP transmits frames continuously, where a control field

contains the terminal’s transmission control information to

control the transmission timeslot of the terminals. Mean-

while, the terminals always receive the downlink frames.

Thus, the transmission control information is obtained by

all terminals. Therefore, the terminals can transmit frames

by a comparison with the transmission control information

(mainly the transmission timeslot). Note that, the transmis-

sion timeslot is authorized by AP during access procedure.
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FIGURE 2. Topology and schematic diagram of CRMA for the bidirectional VLC networking system: (a) Bidirectional topology; (b) System
model; (c) MAC layer functional blocks.

FIGURE 3. Schematic diagram of CRMA with special system parameters: N1, N2 and z .

C. PRINCIPLE OF CRMA

The TDD-based CRMA proposed in this paper refers to

the multiple access mechanism of an Ethernet passive opti-

cal network (EPON), and thus, for each terminal, multi-

ple data transmissions are allowed. CRMA is controlled by

the AP [30], supports pure VLC networking including both

downlink and uplink channels, and introduces special sys-

tem parameters, namely, N1, N2 and z, for an improvement

in bandwidth utilization and an enhancement of the system

throughput without too much access delay. Hence, the capac-

ity of the designed system can change easily according to

system performance with a variation in the parameters N1,

N2 and z.

The TDD-based CRMA scheme slices the operation time

into service cycles, and each service cycle T is composed of

a single terminal access procedure and a data transmission

procedure. As depicted in Fig. 3, the access procedure is

divided into Tac (namely, the terminal access window) =

N1T1(N1 = 1, 2, 3, · · · ) and Tgrant (for AP grants). The data

transmits procedure Tdtp = zTtran, where z = 1, 2, 3, · · · ,

and Ttran = N2Tslot, where N2 = 1, 2, 3, · · · , Ttran maintains

the same grant sequence (Tslot sequence) according to Tgrant.

In the data transmit frames, timeslot arbitration is controlled

by the AP, where transmission is broadcasted in each timeslot

to the terminals, as shown in Fig. 3. At the terminals, the ver-

ifications of timeslot arbitration from the AP are carried out

prior to uplink transmission at the assigned timeslot with

collisions at the AP Rx. Note that Tdtp is contention free.

One of the characteristics of the proposed scheme is that

both downlink and uplink transmission are based on the

slot (T1 in Tac and Tslot in Tdtp). The downlink transmission

uses the broadcast channel, and broadcast data in every Tslot,
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whereas the uplink channel is waiting for the slot of terminals

(for access request: T1 in Tac, and for data transmits: Tslot
granted by AP). This characteristic can improve the band-

width utilization and save the cost of system synchronization.

1) TERMINAL ACCESS, TERMINAL CONTENTION AVOIDANCE

AND RESOURCES RESERVATION MECHANISM

During the terminal access procedure, which has three

phases, terminal access, terminal contention avoidance and

resources reservation mechanism are carried out simultane-

ously. (i) The AP broadcasts, with size information and the

start time of the access window, to all terminals simultane-

ously for permission to allow the unaccessed terminals to

access the AP within Tac. Note that all unaccessed terminals

receive the access frame request prior to the connection to

the AP. (ii) The terminal requesting the access generates a

random back-off delay τbd followed by requests to access

to the AP. Notably, for the proposed multi-access scheme,

generally τbd = xT1, where x is a random natural number

between 0 and N1, and T1 is the access timeslot. For example,

for the lth and (l + 1)th terminals, the delays are xT1 and yT1,

respectively. Notably, for the most cases x 6= y, and oth-

erwise, the AP receives two optical signals simultaneously,

thus resulting in a collision at the AP Rx and an error grant

occurrence. Note that the terminals with a collision will not

identify the error grants and need to re-request access in the

next Tac. The collision can be mitigated if τbd = NT1, where

N = 1, 2, 3, . . . ., with an appropriate probability distribu-

tion, such as a binomial probability distribution, and Pois-

son distribution. Notably, when a terminal requests access,

it simultaneously requests a resources reservation according

to the terminal’s own demand. (iii) Finally, during Tgrant and

with a single grant frame at a time, the AP allocates all

connected terminals with a timeslot (resource) to allow data

transmission at Tdtp. Note, the number of data transmit frames

depends on the number of access and connected terminals.

The schematic flowchart of access procedure is shown in

Fig. 4.

2) SYSTEM SYNCHRONIZATION

In the downlink broadcast channel, all terminals in AP cov-

erage will receive the signal and synchronize with the AP

with a synchronization module (i.e., a bit synchronize circuit)

through a preamble sequence. Then, the terminal starts to

detect the frame header, and begins to receive the downlink

frame. Through the control field, the terminals determine the

statues (access procedure or data transmits procedure) and

make the uplink reaction (request to access, or transmit data,

or no reaction). In the proposed multiple access scheme, Tac
and Tgrant occur in every T cycle. Each access control in

Tac (granted in Tgrant or data in Tslot) is broadcasted to all

the terminals, which ensures that the system synchronization

scheme performs well. Once a terminal synchronizes to the

AP, it synchronizes with all the other terminals. Thus, each

terminal knows when to transmit access request or data.

Notably, the synchronization of terminals is independent of

each other.

3) CENTRALIZED ARBITRATION SLOT MANAGEMENT

The method of centralized arbitration slot manage-

ment (CASM) is proposed for the AP (modify N2) to manage

the terminals’ connectivity dynamically. When a new termi-

nal has access to the AP in Tac, the AP increases the number

NM of the active terminals. If a terminal leaves the AP, then

it will delete the inactive connection and renew NM. If there

is no data in Tdtp and no request in Tac, then the AP will make

the terminal inactive and renew NM before the terminal’s

re-access in the next Tac to save the capacity resources.

D. COMPLEXITY COMPARISON

As discussed above, the proposed CRMA scheme reduces

the complexity of the implementation. A comparison of the

proposed CRMA scheme with the two main TDD-based mul-

tiple access schemes, namely, CSMA-based and RTS/CTS, is

listed in Table 1. From Table 1, with one more handshake dur-

ing the access procedure, during the data transmit procedure,

the handshake, carrier sensing and random back-off before

data transmission and collision are unnecessary in the pro-

posed CRMA, which means that the implemental complexity

can be reduced.

TABLE 1. Comparison of CRMA with a Conventional Multiple Access
Scheme Used in Wireless Networking.

III. SYSTEM METRICS

The MAC layer proposal simulation methodology for IEEE

802.11bb includes the system level with throughput and

access latency [34], [35]. In this part, the system metrics of

the proposed scheme in terms of the throughput and access

latency is discussed and investigated based on a continuous

Ttran with the special system parameters adopted above. The

service cycle T = Tac + Tgrant +
∑K−1

i=1 iTslot, where K =

1, 2, 3., etc. We assume that (i) the maximum user’s capacity

isM = N2, whereN2 = Ttran/Tslot is the number of timeslots;

(ii) Tac = N1T1 + Tgrant, where N1 = 1, 2.3 . . . etc., and

Tac is the access procedure; (iii) there are no error grants in
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FIGURE 4. Schematic flowchart of the access procedure: (a) AP
centralized control multiple access; (b) terminal access control with
contention avoidance (red dashed line).

Tgrant; (iv) the same priority is applied to all transmissions;

and (v) each terminal and the AP in the network always have

packets to transmit.

A. SYSTEM NORMALIZED THROUGHPUT

The normalized link throughput is defined as the ratio of the

time the channel used for the successful transmission of the

payload data to the total elapsed time [36]. For the proposed

scheme, the saturation throughput is given by:

S = (1 − Pcw)
(zN2)E {payload}

(

N1T1 + Tgrant
)

+ (zN2Tslot)
(1)

whereE{payload} is the average transmit time duration of the

payload data within a timeslot in Ttran and Pcw (the probabil-

ity of channel waste) is the probability of unsuccessful access

during Tac. Assuming that the terminals’ request access to the

AP has a probability p and Ttran is a constant, then we have:

Pcw =

M
∑

m=0

p[0|m,N1]b(M ,m, p) (2)

where p[k|m, n] is the probability of k successful (collision

free) access while m terminals request access to the AP

randomly, which will be chosen from n available T1 in Tac.

Next, we have the recursive expression of p[k|m, n] [36], [37]

as follows:

p [k|m, n] = b [m, 0, 1/n] p [k|m, n− 1]

+b [m, 1, 1/n] p [k − 1|m− 1, n− 1]

+

m
∑

i=2

b [m, i, 1/n] p [k|m− i, n− 1] (3)

The initial condition for p[k|m, n] is described in [36]:

p[0|0, n] = 1 p[0|1, n] = 0

p[1|0, n] = 0 p[1|1, n] = 1 For all(n > 0) (4)

b(M ,m, p) means the binomial distribution of the number of

terminals that request access to the AP in Tac, and M is the

total number of terminals requesting access to the AP, which

can be expressed as follows:

b (M ,m, p) =
M !

m! (M − m)!
pm (1 − p)M−m (5)

The analytical throughput can be easily determined by

substitutingPcw. Note that other parameters such as T1, Tgrant,

Tslot, E{Payload}, N1, N2 and z are constants.

B. AVERAGE ACCESS LATENCY

For the latency evaluation of the proposed scheme, the aver-

age access delay (AAD) described in [36] is adopted, which

describes the average time that a terminal must wait prior to a

transmission to measure how fast the channel can be accessed

and is given as follows:

AAD(sec) = (AAD(frame) − 1)(N1T1 + Tgrant + zN2Tslot)

+(N1T1 + Tgrant +
N2

2
Tslot) (6)

where

AAD(frame) =

∞
∑

j=0

jPr {AD = j} = Q

∞
∑

j=0

j (1 − Q)j−1 =
1

Q

(7)

with

Q = Pr{AD = 1} = p(1 − Pc) (8)
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FIGURE 5. System normalized throughput S with a variation in the system special parameters: (a) S with a variation in N1 in the contention
free scenario; (b) S with a variation in N1 in the contention scenario; (c) S with a variation in N2 in the contention free scenario; (d) S with a
variation in N2 in the contention scenario; (e) S with a variation in z in the contention free scenario; (f) S with a variation in z in the contention
scenario.

and

Pc =

M−1
∑

k=0

b (M − 1, k, p)

[

1 −

(

N1 − 1

N1

)k
]

(9)

whereQ and Pc indicate the probability of access delay (AD)

in the current frame and the probability of content,

respectively. Note that N1T1 + Tgrant + zN2Tslot is equal to

the frame time.

From the ADD equation, the terminal will wait for

(AAD–1) frames before sending its data in the next frame

(i.e., the transmission frame). The terminal will also wait by

an additional contention time of N1T1 and a grant time of

Tgrant until a timeslot is assigned. The last term zN2Tslot/2
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shows the average waiting time before the main frame is

transmitted.

IV. RESULTS AND DISCUSSION

A. SELECTION AND OPTIMIZATION OF THE SYSTEM

PARAMETERS

The proposed multiple access scheme introduced three spe-

cial system parameters, namely, N1, N2 and z, to balance the

system throughput and terminal access latency. The selection

and optimization of system parameters were discussed in

detail for the optimal achievement of the proposed system

with a numeral simulation of system metrics mentioned in

section III. The numeral simulation was carried out in MAT-

LAB with E{Payload} = 2048 Bytes and an Rb of 1 Mbps.

The simulation results are demonstrated in Fig. 5.

Fig. 5 (a) and (b) shows the variation in the throughput

S as a function of N1 for a range of N2 and z with and

without contention. Note that in contention free scenarios, S

is decreasing linearly with N1 depending on the values of N2

and z. The rate of decrease in S is higher for smaller values of

N2 and z. However, in contention scenarios, S exponentially

increases with N1 (up to 5) for all values of N2 and z and then

decreases with N1. Therefore, as N1 increases, the contention

becomes less intense, which is desirable.

Fig. 5 (c) and (d) illustrates S as a function ofN2 for a range

of N1 and zwith and without contention. In scenarios without

and with contentions, S increases and decreases with N2

reaching maximum and minimum values before saturation.

In contention free cases, for a fixed z, S is higher for smaller

N1, with reduced levels of channel waste in data transmis-

sion, which is exactly opposite of the contention scenarios.

Notably, in contention scenarios, as shown in Fig. 5 (c) and

(d), there is a special curve. For N1 = 10 and z = 1, S shows

an increasing trend. Here, the calculation ofPcw is affected by

N1, where Pcw increases with proper values of N1 and z. This

characteristic in the contention scenario might be a critical

factor while defining the system parameters.

Fig. 5 (e) and (f) illustrates S against z for a range of N1

andN2 values, which shows almost flat responses with higher

values for the contention free cases.

The numerical simulations (in MATLAB) of the AAD (sec)

are outlined in Fig. 6. Fig. 6 (a) shows that the AAD is a

function of N1 and for a range of N2 and z, where the AAD

displays a large value in the contention scenario for N1 = 2.

Notably, a large Pc means that the system is competitive

with less access resources. For the contention cases, the AAD

increases with N1 > 3; i.e., the AAD determined mainly by

the access procedure (N1T1) in a fixed capacity system. For

contention free scenarios, the AAD (sec) decreases with N1

and remains constant for N1 > 4.

In Fig. 6 (b), the AAD (sec) increases sharply with N2(i.e.,

an increase in the capacity with N2), which indicates that the

data transmission procedure is longer and the terminals must

wait longer times to transmit the data.

FIGURE 6. Average access delay AAD with a variation in the system
special parameters: (a) AAD with a variation in N1; (b) AAD with a
variation in N2; (c) AAD with a variation in z .

Fig. 6 (c) illustrates that the AAD(sec) increases linearly

with z and increases more sharply with higher values of N2.

For fixed N1 and N2, the higher values of z means terminals

maintain a longer timeslot assigned in the access procedure.

Notably, the throughput and AAD have different trends for

different values of N1, N2 and z.

As discussed above, the system metrics of the through-

put and access latency vary with the selection of
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FIGURE 7. Experimental testbed.

system parameters. If different system designs for pure VLC

networking using CRMA are required, then the different

system parameters ofN1N2 and zwith different Rb values and

payload are used. The optimization of the system parameters

should be in accordance with purpose of different systems.

B. EXPERIMENTAL SETUP

As shown in Fig. 7, an experimental test bed was developed

for the evaluation of the proposed multiple access scheme.

The test bed contained one AP and five terminal realizations.

The implementation of the proposed CRMA for pure VLC

networking system for the AP and five terminals (terminal

one to terminal five in Fig. 7) was composed of a development

board (fromXilinx (XC7Z020-2 CLG400I SOC)) for running

the proposed multiple access scheme, a VLC transmitter (Tx)

(i.e., an LED with the driver) and an optical Rx (PD with

transimpedance amplifier). In addition, a PC (with an Ubuntu

OS installed) connected to the AP served as a server, two

PADs (Surface pro with Win10 OS installed) were used as

the clients, which were connected to the terminals. As Fig. 7

shows, the distance between the AP and terminals was 3 m.

In addition, the projected spot diameter of the AP LED was

2 m.

As illustrated in Fig. 7 with red dashed line, the proposed

CRMA scheme was implemented in the programmable logic

of XC7Z020-2 SOC. The main function of the proposed

scheme is shown in Fig. 2 (c), and the contention avoidance

scheme for terminal access to the AP is shown in Fig. 4.

Moreover, a PetaLinux operating system was installed on

an ARM-based processing system to cooperate with the

PC/PADs by using a user datagram protocol (UDP). In PetaL-

inux, two threads were activated for bidirectional cooperation

with theMAC layer send block andMAC layer receive block,

respectively.

In the experiments, we evaluated the system metrics of the

designed pure VLC networking system with the proposed

multiple access scheme with one AP and five terminals in

the connectivity between the AP and the terminal and access

time of terminal. The parameters in the experimental test bed

and numerical systems are listed in the Table 2. In addition,
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TABLE 2. Numerical and experimental parameters in the proposed
multi-access scheme.

an end-to-end traffic was model by using a self-develop

program installed on both the PC and PADs to send packets

constantly in both the downlink and uplink, respectively.

The self-developed program can also receive packets and

count the numbers of packets of sent and received packages,

respectively, at the same time.

C. EXPERIMENTAL RESULTS AND DISCUSSION

In the experiment, each PC and PAD had a self-developed

program to send/receive and count packages which were

transmitted between the AP (or PAD) and Zynq-7000 SoC

board through a UDP. In addition, each PC and PAD had

a Wireshark installed in order to capture the packages,

record the number of packages (M ) that were transmit-

ted/received and the start/end time of the transmission. For

system throughput, the self-developed program sends a file

with a large size (e.g., an MP3 with 99.999744 MB in the

experiment); as simulated, the network always has packets

to transmit. Then, the channel time can be obtained for the

successful transmission of the payload data by T{payload}=

ME{payload}, where M is the number of packages sent.

E{payload} is the time transmitted for one payload in Rb =

1 Mbps. Then, the system normalized the throughput S =

T{payload}/Ttotal, where Ttotal is the total elapsed time of the

transmission of each file. However, for the terminal’s AAD,

we set the size of the file to be equal to that transmitted to

the payload, recorded the sent time and received time (note,

the system time of the PAD need to be synchronizedwith PC).

Then, through the difference between the received time and

sent time, we obtained the duration time for the test terminal

to transmit the first package, which was the AAD. The exper-

iment was carried out several times, and we took the average

values as the last experimental results shown in Fig. 8. The

connectivity of the AP and the five terminals were the signals

demonstrated with digital storage oscilloscope (DSO) 1 and

DSO 2 in Fig. 7.

Fig. 8 (a) illustrates the analytical, simulated and experi-

mental throughput and the AAD as a function of E{payload}.

FIGURE 8. Experiment results with a variation in E{payload} compared
with theoretical and OMNet++ simulated results: (a) of the system
normalized throughput (S); (b) average access delay (AAD).

Note that a relatively low Rb value was adopted to demon-

strate the concept with stable connectivity between the AP

and the terminals. As shown in Fig. 8 (a), the system’s nor-

malized throughput S increases from 0.55, 0.73, and 0.66 to

0.91, 0.95, and 0.94, with E{payload} from 256 Bytes to

2048 Bytes, reaching the saturation levels of 0.91, 0.95 and

0.94 for the experimental, analytical and simulated cases,

respectively, at E{payload} > 2048 B.

Fig. 8 (b) illustrates the experimental result for the AAD

as a function of E{payload} for the contention free scenario

for a range of Rb. For Rb of 1 Mbps, the measured, simulated

and analytical values for AAD are 263.4, 225.8, and 214.5 ms

with payload 256 Bytes, and 1338.6, 1284.8 and 1282.1 ms

with payload 2048Bytes, respectively. Note, we obtain higher

values for AAD for E{payload} > 4096 Bytes at lower

data rates. The results show that a well-designed pure VLC

network with a bidirectional VLC link can perform well in

a fully networked system. Moreover, in our experiment, five

terminals were picked to access one AP one by one dynam-

ically. The results indicate that far more than five terminals

could be added by increasing the parameter of N2 for large-

scale deployment.
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FIGURE 9. Theoretical and experimental results of full-duplex (FD) and
half-duplex (HD) with a data rate (Rb) of 1 Mbps: (a) System normalized
throughput S; (b) Average access delay (AAD) of terminal.

D. EXPERIMENTAL COMPARISON OF BIDIRECTIONAL

AND HALF-DUPLEX OPERATION

A comparison of the bidirectional operation and half-duplex

operation of the proposed CRMA scheme is shown in Fig. 9.

In practical cases, as Fig. 9 shows, for the experimental results

of the proposed CRMA scheme, the dominance of the system

normalized throughput (S) is less than two orders compared

with the half-duplex, and the dominance of the AAD is more

than a half order compared with the half-duplex. This finding

is because of the interference of bidirectional operation.

V. EXTENDED DISCUSSION

The theoretical and experimental results above have proven

that the proposed multiple access scheme is feasible for bidi-

rectional VLC networking. In addition, the proposed multiple

access scheme is demonstrated to be suitable for higher Rb
scenarios. The OMNet++ simulated results of higher Rb
values of 5Mbps, 50Mbps and 100Mbps were demonstrated

in Fig. 10 with the proposed multiple access scheme with

the system parameters listed in Table 2. For Rb > 50 Mbps,

the AAD is acceptable, which decreases by several ms at

an Rb of 100 Mbps. The results show that a well-designed

FIGURE 10. OMNet++ simulated results of the average access delay with
higher Rb values with a variation in E{payload}.

pure VLC network with a bidirectional VLC link can perform

well in a fully networked system. Notably, with gigabit VLC

systems (common rate at present), the proposed multiple

access scheme performs well, and the pure VLC network

performs better than the state-of-the-art Femtocell networks

and the hybrid RF-VLC system in indoor environments as

part of 5G networks.

VI. CONCLUSION

A TDD-based centralized-coordinated resources-reserved

multiple access scheme to support a bidirectional VLC access

network, which does not use infrared (IR) or WiFi for the

uplink, was proposed and demonstrated experimentally. The

proposed scheme, through the centralized authorization by

the AP, is adaptively simplified by the cost of one more

handshake between the AP and terminals during the access

procedure to reduce the complexity of the data transmit pro-

cedure, i.e., no handshake, no carrier sensing and no random

back-off before data transmission and no collision during

data transmission. Moreover, by introducing the parameters

N1,N2 and z, the proposed scheme is an effective and feasible

multiple access for a pure VLC network with an enhanced

balance of the system throughput and the access latency

metrics. The results showed that the normalized throughput

is independent of the data rate and the average access delay is

improved greatly with an increase in the data rate. Therefore,

the proposed scheme is attractive for VLC systems with

much higher data rates of 1 Gbps and 2.5 Gbps. Furthermore,

the proposed CRMA scheme, which works in a bidirectional

scenario, can be used as a supplement in the ongoing IEEE

802.11 bb Std.
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