
Received 17 June 2024, accepted 25 July 2024, date of publication 6 August 2024, date of current version 16 August 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3439407

Spatial and Wavelength Division Joint Multiplexing
System Design for MIMO-OFDM Visible
Light Communications
CHENG CHEN1, SHENJIE HUANG 2, IMAN TAVAKKOLNIA 1, (Senior Member, IEEE),
MAJID SAFARI 2, (Senior Member, IEEE), AND HARALD HAAS 1, (Fellow, IEEE)
1Department of Engineering, Electrical Engineering Division, Cambridge University, CB3 0FA Cambridge, U.K.
2School of Engineering, Institute for Imaging, Data, and Communications (IDCOM), University of Edinburgh, EH9 3FD Edinburgh, U.K.

Corresponding author: Cheng Chen (cc2267@cam.ac.uk)

This work was supported by the Engineering and Physical Sciences Research Council (EPSRC) under grants EP/X027511/2,
Green Optical Wireless Communications Facilitated by Photonic Power Harvesting (GreenCom), and EP/X04047X/1 - EP/Y037243/1,
Platform for Driving Ultimate Connectivity (TITAN).

ABSTRACT The low-pass characteristics of front-end elements including light-emitting diodes (LEDs)
and photodiodes (PDs) limit the transmission data rate of visible light communication (VLC) and
Light Fidelity (LiFi) systems. Using multiplexing transmission techniques, such as spatial multiplexing
(SMX) and wavelength division multiplexing (WDM), is a solution to overcome bandwidth limitation.
However, spatial correlation in optical wireless channels and optical filter bandpass shifts typically limit
the achievable multiplexing gain in SMX and WDM systems, respectively. In this paper, we consider a
multiple-input multiple output (MIMO) joint multiplexing VLC system that exploits available degrees-of-
freedom (DoFs) across space, wavelength and frequency dimensions simultaneously. Instead of providing a
new precoder/post-detector design, we investigate the considered joint multiplexing system from a system
configuration perspective by tuning system parameters in both spatial and wavelength domains, such as
LED positions and optical filter passband. We propose a novel spatial clustering with wavelength division
(SCWD) strategy which enhances the MIMO channel condition. We propose to use a state-of-the-art black-
box optimization tool: Bayesian adaptive direct search (BADS) to determine the desired system parameters,
which can significantly improve the achievable rate. The extensive numerical results demonstrate the
superiority of the proposed method over conventional SMX and WDM VLC systems.

INDEX TERMS Visible light communication, optical wireless communication, multiple-input multiple-
output, orthogonal frequency division multiplexing, spatial multiplexing, wavelength division multiplexing.

I. INTRODUCTION
With the development of information technology, an increas-
ing number of machine-type devices, wireless sensors and
cloud services are deployed, which further increases the
demand on wireless network capability [1]. To meet the need
of future wireless services, various new technologies for high
speedwireless transmission have been proposed. Visible light
communication (VLC) and light fidelity (LiFi) are among
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potential candidates [2]. Apart from the use of the license-free
optical spectrum and physical layer security feature, VLC
and LiFi can deliver multi-Gbps transmission data rate [3].
A major challenge of developing high performance VLC
and LiFi systems is the limited modulation bandwidth of
light-emitting diodes (LEDs) and photodiodes (PDs). One
of the solutions is to develop optical front-ends with a
much wider bandwidth, such as GaN-based micro-LEDs [4].
In recent years, non-orthogonal multiple access (NOMA)
technique has gain popularity in VLC research [5], [6].
By utilising the power domain coding and successive
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interference cancellation (SIC), the spectral efficiency can
been improved significantly in a multi-user scenario. In
the single user scenario, spatial multiplexing (SMX) or
wavelength division multiplexing (WDM) techniques to
transmit data with multiple parallel channels are considered,
which can significantly boost the aggregate data rate without
expanding the modulation bandwidth. Several early studies
on SMX with/without precoding/post-detection have been
reported in [7], [8], and [9]. To include the frequency-domain
characteristics, VLC systems with multiple-input multiple-
output (MIMO)-orthogonal frequency division multiplexing
(OFDM) have been investigated in [10] and [11]. In addition,
a coherent LiFi system with SMX has been considered in
a recent study [12]. Regarding research on WDM-based
VLC systems, many successful experimental demonstrations
were reported in the literature [13], [14]. An analytical work
shows that the achievable data rate is limited by inter-channel
crosstalk when a large number of wavelength divisions are
used [15]. In order to mitigate the crosstalk, the usage of
signal processing in MIMO systems have been proposed
in a few studies [16], [17], where the WDM channels are
treated as a colourMIMO channelmatrix and precoding/post-
detection processes are used to diagonalise the multiplexing
channel matrix. A recent study shows that it is possible to
implement a WDM system without using optical filters [18].

A. RELATED RESEARCH
Regarding the combination of SMX and WDM VLC
systems, MIMO-VLC systems with multi-colour LEDs have
been considered to use degree-of-freedoms (DoFs) in both
dimensions [19], [20]. These studies have proposed signal
processing techniques such as optimal precoder designs
under lighting constraints [19] or a chromaticity-adaptive
generalised spatial modulation scheme [20]. In these studies,
advanced signal processing techniques are generally designed
to improve communication performance with a given set
of system parameters. Alternatively, the performance of
VLC systems can also be improved by changing system
configurations, where key system parameters, such as LED
position or optical filter passband, are carefully selected so
that the probability of improved channel quality is increased.
Several studies in multi-cell LiFi systems investigated the
optimal system configurations in terms of access points
(APs) spatial deployment and LED parameters so that the
system reliability, spectral efficiency or energy efficiency is
maximised [21], [22], [23], [24]. Regarding the research on
system configurations in VLCMIMO systems, angular diver-
sity receivers (ADRs), mirror diversity receiver and irregular
PD configurations are investigated to improve MIMO
channel condition [25], [26], [27]. System configurations
of wavelength domain parameters in WDM VLC systems
have been investigated in [15] and [28]. Nevertheless, the
above studies consider system configurations with only a few
parameters in either the spatial or wavelength domain.

Due to significant spatial correlation, the number of
parallel channels in SMXVLC systems is limited [27]. On the

other hand, it has been shown that the passband of a thin
film optical filter will shift to shorter wavelengths when
the light incident angle is greater than 0◦, which causes a
severe wavelength mismatch in a WDM VLC system [28].
By considering a spatial and wavelength division joint
multiplexing VLC system, the MIMO channel with severe
spatial correlation can be decorrelated by the wavelength
domain features. In addition, the excessive inter-colour
interference in wavelength domain due to aforementioned
passband shift issue can be mitigated by MIMO precoding
and post-processing blocks. Consequently, the resultant
number of parallel channels in joint multiplexing system
can be increased and the corresponding achievable rates
can be improved. Despite the performance improvement
from the novel signal processing techniques, the combining
features in spatial and wavelength domains have not been
comprehensively investigated in [19], [20], and [29]. The
research findings in [21], [22], [23], [24], [25], [26],
[27], [28], and [30] also demonstrate the importance of
system configuration in VLC/LiFi systems, which has not
been explored in a spatial and wavelength domain joint
multiplexing VLC system yet. Furthermore, it is complicated
to design a VLC multiplexing system using both spatial and
wavelength domain features efficiently.

B. MOTIVATION AND CONTRIBUTIONS
Regarding the concept of exploring spatial and wavelength
domain features jointly, a preliminary study considering a
few specific configurations and a simplified system model
has been reported in [31]. In this preliminary study, we have
shown that considering a joint spatial andwavelength division
multiplexing VLC system may lead to a boost to the
achievable rate, but further comprehensive investigation on
the system configuration of such a VLC system has not been
considered yet. In this paper, we extend the work in [31] and
a MIMO-OFDM spatial and wavelength division joint mul-
tiplexing VLC system is thoroughly studied from a system
configuration perspective. To evaluate the impact of various
parameters, a comprehensive mathematical framework of a
MIMO-OFDM joint multiplexing VLC system is established
considering the characteristics in the spatial, wavelength and
frequency domains, which is more detailed than that in [31].
Based on the developed framework, the achievable rates with
various system configurations are evaluated and compared.
In particular, a unique spatial clustering with wavelength
division (SCWD) configuration strategy is proposed which
can achieve higher achievable rates compare to the other
benchmark strategies. Furthermore, a Bayesian adaptive
direct search (BADS) black-box optimisation tool has been
used to search for system parameters that offer additional
performance improvement. In addition, more scenarios with
practical concerns such as random user position/orientation
and various angular diversity receiver designs are consid-
ered, as well. Compared to the preliminary study [31],
the further contributions of this paper are summarised as
follows:
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• A detailed framework is established for characterising
VLC MIMO-OFDM joint multiplexing systems over
space, wavelength and frequency domains. This frame-
work allows researchers to evaluate the performance
of a joint multiplexing system with a specific system
configuration.

• The system configurations of the considered VLC
MIMO-OFDM joint multiplexing system are thoroughly
investigated with random user position and device
orientation. Both empirical parameter selections and
parameter searching based on BADS algorithm are
considered.

• Based on the idea of ‘division in either the spatial or
wavelength domain’, a SCWD strategy is proposed to
efficiently use the DoF in both spatial and wavelength
domains. The performance of the joint multiplexing
systems using the SCWD strategy is compared with
benchmark systems, which shows the superiority of the
joint multiplexing system over SMX and WDM tech-
niques in terms of achievable rate. Insights into system
configuration strategies and solutions are presented.

This research aims at realising ultra-high data rate LiFi
systems, which enable a number of potential use cases in
future 6G, such as holographic communication, immersive
augmented reality (AR)/virtual reality (VR) and ultra high-
definition (UHD)/3D video streaming.

The remainder of this paper is arranged as follows.
Section II presents the considered MIMO-OFDM system
model. TheMIMO channel model considering characteristics
in space, wavelength and frequency domains are introduced
in Section III. The system configuration of the joint
multiplexing system is thoroughly investigated in Section IV.
The conclusions are drawn in Section V.

II. MIMO-OFDM SYSTEM MODEL
In this section, a conventional MIMO-OFDM VLC sys-
tem model based on DC-biased optical (DCO)-OFDM is
considered [10]. A block diagram of the system is shown
in Fig. 1. Assuming there are Nt LEDs and Nr PDs, the
maximum supported number of data streams will be I ≤

min(Nt ,Nr ). Considering a K -point fast Fourier transform
(FFT) operation, the number of subcarriers carrying informa-
tion bits is K̃ = K/2 − 1. Firstly, a modulation block maps
information bits to M -ary quadrature amplitude modulation
(QAM) symbols. Then, after a power control module and a
precoding module, the signal vector on the kth subcarrier can
be represented by:

Xk = FkQ
1/2
k Sk , for k = 1, 2, · · · , K̃ , (1)

where Sk ∈ CI×1 is the modulated symbol vector with unit
variance; Q1/2

k ∈ RI×I is power control diagonal matrix and

Fk ∈ CNt×I is a precoding matrix, which must be a unity
matrix. Note that the QAM symbol on the kth subcarrier of
the ith data stream is defined as Si[k], which is also the ith
element of Sk . Thus, the signal value on the kth subcarrier

for the nt th LED can be written as:

Xnt [k] =

I∑
i=1

Fnt ,i[k]
√
qi[k]Si[k], (2)

where
√
qi[k] is the (i, i)-th entry of Q1/2

k and Fnt ,i[k] is
the (nt , i)-th entry of Fk . To guarantee a real-value time-
domain signal, the Hermitian symmetry condition must be
fulfilled, which requires: Xnt [0] = Xnt [K/2] = 0 and
Xnt [k] = X∗

nt [K − k] for k = K/2 + 1,K/2 +

2, · · · ,K−1. Next, the frequency-domain signal is converted
to time-domain for transmission by using an inverse fast
Fourier transform (IFFT) operation xnt [n] = F−1

(
Xnt [k]

)
.

Due to the limited dynamic range of each LED, we normalise
and constrain the signal variance not to be greater than
unity: E

{
x2nt [n]

}
≤ 1, where E {·} refers to the expectation

operator. Note that the optical power constraint is considered
in Section III-A. To avoid inter-frame interference and inter-
symbol interference (ISI), a cyclic prefix (CP) is added to
the beginning of each time-domain OFDM frame. After
the precoding and IFFT operations, a clipping operation
is enforced to limit the signal peak-to-average power ratio
(PAPR):

x̂nt [n] =


κt : xnt [n] ≥ κt
xnt [n] : κb < xnt [n] < κt
κb : xnt [n] ≤ κb

, (3)

where κt and κb are the top and bottom clipping levels.
According to the Bussgang theorem, the non-linear clipping
operation can be approximated by:

x̂nt [n] = ηxnt [n] + n
clip
nt [n], (4)

where η is the clipping attenuation factor and n
clip
nt [n] is the

clipping noise at the nt th LED [32] which follows a normal
distribution with a zero mean and a variance of σ 2

clip. The

value of n
clip
nt [n] and σ 2

clip can be calculated analytically [33].
Then, the clipped electric signal is converted to an optical
signal and launched to the optical wireless channel. At the
receiver side, a fraction of the optical signals are detected by
the PDs. The detected signal by the nr th PD can be calculated
as:

ynr [n] = nrxnr [n] +

Nt∑
nt=1

x̂nt [n] ⊗ hnr ,nt [n], (5)

where nrxnr [n] is the receiver noise, hnr ,nt [n] is the discrete
channel impulse response between the nr th PD and nt th LED
and ⊗ refers to the convolution operator. The receiver noise
follows a normal distribution with a zero mean and a variance
of σ 2

rx,nr . The considered receiver noise is composed of the
shot noise and thermal noise. After the reception of the signal,
the CP is removed. The time-domain signal is converted
back to the frequency-domain using the FFT operation
Ynr [k] = F

(
ynr [n]

)
. The addition of CPs leads to the circular

convolution relationship between the time-domain signal and
the channel impulse response. This circular convolution can
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FIGURE 1. Block diagram of a MIMO-OFDM VLC system based on DCO-OFDM.

be converted to a multiplication relationship in the frequency-
domain. Therefore, the conversion between Ynr [k] and Xnt [k]
can also be evaluated in the frequency-domain directly. The
received signal vector on the kth subcarrier Yk ∈ CNr×1 can
be calculated by:

Yk = Hk (ηXk + Ek)+ Nk , (6)

whereHk ∈ CNr×Nt is the frequency-domain channel matrix,
Ek ∈ CNt×1 is the frequency-domain clipping noise vector
and Nk ∈ CNr×1 is the frequency-domain receiver noise
vector. The (nr , nt )-th entry ofHk is denoted asHnr ,nt [k], the
nt th entry of Ek is denoted as N clip

nt [k] and the nr th entry of
Nk is denoted as N rx

nr [k]. In addition, Hnr ,nt [k], N
clip
nt [k] and

N rx
nr [k] are FFT of hnr ,nt [n], n

clip
nt [n] and nrxnr [n], respectively.

Finally, a MIMO post-detection matrix Wk ∈ CI×Nr is used
to retrieve the transmitted data symbol vectors:

Zk = WkYk = ηWkHkFkQ
1/2
k Sk

+ WkHkEk + WkNk . (7)

Thus, the data symbol of the ith data stream on the kth
subcarrier can be written as:

Zi[k] = η

Nr∑
nr=1

Nt∑
nt=1

Wi,nr [k]Hnr ,nt [k]Fnt ,i[k]
√
qi[k]Si[k]

+

Nr∑
nr=1

Nt∑
nt=1

Wi,nr [k]Hnr ,nt [k]N
clip
nt [k]]

+ η

Nr∑
nr=1

Nt∑
nt=1

I∑
î=1,î̸=i

Wi,nr [k]Hnr ,nt [k]

× Fnt ,î[k]
√
qî[k]Sî[k]

+

Nr∑
nr=1

Wi,nr [k]N
rx
nr [k, (8)

where Wi,nr [k] is the (i, nr )-th entry of Wk , the first term on
the right-hand side of the equality is the desired signal, the

second term is the equivalent clipping noise, the third term is
the interference from other multiplexing channels and the last
term corresponds to the equivalent receiver noise. Therefore,
the corresponding signal-to-noise ratio (SNR) of the ith data
stream on the kth subcarrier can be calculated by (9), as
shown at the bottom of the next page. In this study, the well-
known singular-value decomposition (SVD)-based precod-
ing and post-detection are used, which remove inter-channel
interference and convert MIMO channels to orthogonal
parallel channels.

III. SPATIAL AND WAVELENGTH CHARACTERISTICS OF
MIMO-OFDM CHANNEL
In this section, we introduce the characteristics of the
MIMO-OFDM channel Hk introduced in Section II. The
relationship between the channel and parameters in the space,
wavelength and frequency domains is considered. Firstly,
we consider the discrete samples forwarded to the nt th
LED and its driving circuit. The discrete samples x̂nt [n] are
converted to a continuous analogue signal via a pulse shaping
process:

x̃nt (t) =

∞∑
n=−∞

x̂nt [n]g(t − nTs), (10)

where g(t) is the impulse response of the signal pulse and Ts is
the symbol period. Before feeding the analogue signal, x̃nt (t)
is amplified by a factor of ant and a direct current (DC)-bias
of bnt is added in the driving circuit. The optical signal of the
nt th LED can be written as:

pnt (t, λ) = S led
nt (λ)

(
ant x̃nt (t) + bnt

)
⊗ hled(t), (11)

where S led
nt (λ) is the normalized spectral density of the nt th

LED atwavelength λ and hled(t) is the impulse response of the
LED. After the emission of the optical signal to the wireless
channel, a fraction of the signal is detected by the PDs on the
receiver side. The output photocurrent of the nr th PD can be
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written as:

inr (t) =

∫ λmax

λmin

Rpd(λ)hpd(t)

⊗ hownr ,nt (t, λ) ⊗ pnt (t, λ)dλ, (12)

where Rpd(λ) is the spectral PD responsivity, hpd(t) is the
low-pass impulse response of the PD and hownr ,nt (t, λ) is the
optical wireless channel impulse response. Since the optical
transmission operates in a wide spectrum region, the final
photocurrent is the result of an integration over the involved
spectrum region. Then the photocurrent is forwarded to a
matched filter, where the detected waveform is convolved
with the signal pulse g(t) and the discrete signal is obtained
by sampling at nTs. By applying a discrete-time unit impulse
function input x̂nt [n] = δ[n] to (10) and inserting (10), (11)
into (12), the continuous channel impulse response before
sampling can be calculated as:

hnr ,nt (t) =

∫ λmax

λmin

Rpd(λ)S led
nt (λ)g(t) ⊗ hpd(t)

⊗ hownr ,nt (t, λ) ⊗ hled(t) ⊗
(
antg(t) + bnt

)
dλ.

(13)

Noting that the convolution operation is with respect to t , but
the integral is with respect to λ. The Fourier transform of (13)
can be calculated as:

Hnr ,nt (f ) =

∫ λmax

λmin

Rpd(λ)S led
nt (λ)G(f )H

pd(f )

× How
nr ,nt (f , λ)H

led(f )
(
antG(f ) + bnt δ(f )

)
dλ,

(14)

where G(f ), Hpd(f ), How
nr ,nt (f , λ) and H

led(f ) are the FFT of
g(t), hpd(t), hownr ,nt (t, λ) and hled(t), respectively. Based on
the definition of discrete-time Fourier transform (DTFT), the
channel transfer function after the matched filter sampling at
nTs is a periodic summation ofHnr ,nt (f ) with a period of 1/Ts
as: H1/Ts

nr ,nt (f ) =
∑

∞

l=−∞
Hnr ,nt (f − l/Ts). Thus the channel

transfer function between the nt th LED and the nr th PD on
the kth subcarrier can be calculated as:

Hnr ,nt [k] = H1/Ts
nr ,nt

(
k
KTs

)
=

∞∑
l=−∞

Hnr ,nt

(
k
KTs

−
l
Ts

)
, (15)

FIGURE 2. Electrical to optical signal conversion.

for k = 0, 1, · · · ,K − 1. Although the limits of the
summation in (15) are from −∞ to ∞, the band-limited
signal pulse G(f ) makes most of the terms in the summation
equal zero. For example, the used root-square raised cosine
(RRC) pulse in this workmakes the shifted channel frequency
response (14) equals zero for f ∈

(
−∞,−α+1

2Ts
+

l
Ts

)
∪(

α+1
2Ts

+
l
Ts
,∞

)
. The subcarrier index of the transfer function

falls in the region of [0,K−1], which is within the frequency
range of [0, 1/Ts). This implies that only the terms with
l = 0 and 1 are non-zero in (15).

A. LED ELECTRICAL-TO-OPTICAL CONVERSION
In (11), the choice of ant and bnt should map the peak values
of the input signal to the peak values of the optical output to
maximise the signal power, as illustrated in Fig. 2. Assuming
the nt th LED has a maximum and minimum optical levels of
pmax
nt and pmin

nt , the following mapping equations can be used:
ant κb + bnt = pmin

nt , ant κt + bnt = pmax
nt , which lead to:

ant =
pmax
nt − pmin

nt

κt − κb
, bnt =

pmin
nt κt − pmax

nt κb

κt − κb
. (16)

By using (11), the average optical power of the nt th LED can
be calculated by:

p̄nt = lim
T→∞

T∫
−T

λmax∫
λmin

pnt (t, λ)
2T

dλdt

= antE
{
x̂nt [n]

}
+ bnt , (17)

where E
{
x̂nt [n]

}
is the expectation of the clipped signal,

which can be evaluated analytically [33]. For simplicity of

γi[k] =

η2
∣∣∣∣∣∣
Nr∑
nr=1

Nt∑
nt=1

Wi,nr [k]Hnr ,nt [k]Fnt ,i[k]

∣∣∣∣∣∣
2

qi[k]


σ 2

clip

Nr∑
nr=1

Nt∑
nt=1

∣∣Wi,nr [k]Hnr ,nt [k]
∣∣2

+

I∑
nr=1

∣∣Wi,nr [k]
∣∣2 σ 2

rx,nr + η2
I∑

î=1,î̸=i

∣∣∣∣∣∣
Nr∑
nr=1

Nt∑
nt=1

Wi,nr [k]Hnr ,nt [k]Fnt ,î[k]

∣∣∣∣∣∣
2

qî[k]


−1

(9)
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the analysis, we consider a symmetric clipping (κt = κ

and κb = −κ) and a zero minimum optical power level
(pmin
nt = 0). This leads to simplification to (16) and (17) as

ant = pmax
nt /2κ , bnt = pmax

nt /2 = p̄nt and p̄nt = bnt . If we
consider p̄nt as the given parameter, the scaling factor and
DC-bias can be calculated by ant = p̄nt /κ and p̄nt .

B. SPATIAL-DOMAIN CHARACTERISTICS
The spatial-domain characteristics are primarily determined
by the optical wireless channel between the LEDs and
the PDs, which can be decomposed into a line-of-sight
(LoS) component and non-line-of-sight (NLoS) components,
as shown in Fig. 3. The corresponding transfer function can
be defined as: How

nr ,nt (f , λ) = HLoS
nr ,nt (f , λ)+HNLoS

nr ,nt (f , λ). The
LoS corresponds to the signal propagation directly from the
LEDs to the PDs, which dominates the MIMO channel in
most cases. The frequency response can be calculated as [34]:

HLoS
nr ,nt (f , λ) =

(mled + 1)Apd1v
2πD2

nr ,nt

exp(−j2π f τnr ,nt )

× Gofnr (λ,ψnr ,nt ) cos
mled φnr ,nt cos

mfov ψnr ,nt ,

(18)

where Apd is the active area of the PD, mled is the Lambertian
emission order of the LED, mfov is the field-of-view (FoV)
coefficient [25], 1v is a visibility function, Gofnr (λ,ψ) is the
transmittance of the optical filter mounted on the nr th PD
and Dnr ,nt , φnr ,nt , ψnr ,nt , τnr ,nt are the Euclidean distance,
radiant angle, incident angle, time delay between the nt th
LED and the nr th PD, respectively. The Lambertian emission
order mled is related to the LED half-power seminangle by
mled = −1/ log2(cos(φ1/2)). The time delay can be calculated
by τnr ,nt = Dnr ,nt /c, where c = 3 × 108 m/s is the speed of
light. The visibility function is defined as:

1v =

{
1 : φ < π/2 and ψ < π/2
0 : otherwise,

(19)

which forces the channel to be zero when either φ or ψ
exceed π/2. The value of (18) is directly determined by
the positions and orientations of the LEDs and PDs. The
trigonometric and distance terms in (18) can be calculated
by [35]: Dnr ,nt =

∣∣∣∣∣∣plednt − ppdnr
∣∣∣∣∣∣, cosφnr ,nt = olednt · (ppdnr −

plednt )/Dnr ,nt and cosψnr ,nt = opdnr · (plednt − ppdnr )/Dnr ,nt ,
where plednt and olednt are the position and orientation vectors
of the nt th LED, respectively; ppdnr and opdnr are the position
and orientation vectors of the nr th PD, respectively; {·} refers
to the vector dot product and || · || refers to the Euclidean
norm. Note that the characteristics of Gofnr (λ,ψ) are affected
by features in both the spatial and wavelength domains,
which will be covered in Section III-C. The NLoS channel
responses HNLoS

nr ,nt (f , λ) correspond to the signal propagation
via reflections by the room internal surfaces, which can be
evaluated using an efficient frequency-domain simulation
method with a series of matrix multiplication operations [34].
Due to the complexity of the simulation algorithm and limited

FIGURE 3. Spatial-domain characteristics with LoS and NLoS channel
components.

space, the simulation approach is not presented in this paper.
More details about the NLoS channel calculation can be
found in [34].

C. WAVELENGTH-DOMAIN CHARACTERISTICS
Regarding the wavelength-domain characteristics, analytical
spectrum models are used to improve the flexibility to
configure the joint multiplexing system. The LED normalised
spectral intensity can be defined by (20), as shown at the
bottom of the next page, [15], where λled,cnt is the central
wavelength of the nt th LED and 1λ0.5 is a parameter
determining the spectrum shape of the LED, which is defined
as:

1λ0.5 =


5.5KBTj

hc

(
λled,cnt

)2
: λled,cnt ≤ 560 nm

2.5KBTj
hc

(
λled,cnt

)2
: λled,cnt > 560 nm,

(21)

where KB = 1.38 × 10−23 J/K is the Boltzmann’s constant,
Tj = 300 K is the active layer temperature and h = 6.63 ×

10−34 J/Hz is Planck’s constant. Note that
∫ λmax
λmin

S led
nt (λ)dλ =

1. This model has been demonstrated to be accurate compared
to the off-the-shelf LED devices [15]. A theoretical PD
spectral responsivity expression introduced in [36] is used to
calculate Rpd(λ). Considering a thin-film optical bandpass
filter mounted on the nr th PD with a central passband
wavelength of λof,cnr and a passband width of 1λof at 0◦

incident angle, the spectral transmittance of the filter can be
modelled by [28]:

Gofnr (λ,ψ) =

{
GT : λof,lnr (ψ) ≤ λ ≤ λof,rnr (ψ)
0 : otherwise,

(22)

where GT is the transmittance of the optical filter, λof,lnr (ψ) and
λof,rnr (ψ) are left and right edges of the filter passband, which
are functions of the incident angle ψ :

λof,lnr (ψ) =

(
λof,cnr −1λof/2

)√
1 − sin2 ψ/n2e, (23)

λof,rnr (ψ) =

(
λof,cnr +1λof/2

)√
1 − sin2 ψ/n2e, (24)

and ne is defined as the effective refraction index. Several
examples of (20), (22) and Rpd(λ) have been depicted in
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FIGURE 4. Illustration of wavelength-dependent quantities. 1) incident
angle ψ = 0◦ 2) incident angle ψ = 60◦. The central wavelength of the
LED spectra and optical filter passbands at 0◦ incident angle are
437.5 nm, 512.5 nm, 587.5 nm and 662.5 nm. The optical filter passband
width is 75 nm.

Fig. 4. It is worth noting that the passbands of the four plotted
optical filters shift to shorter wavelengths significantly when
the light incident angle changes from ψ = 0◦ to ψ = 60◦.
In indoor VLC/LiFi applications, desired detector alignment
is unlikely. Therefore, it is important to consider this bandpass
shift characteristic.

D. RECEIVER NOISE MODEL
Assuming that the background light power is negligible
compared to the optical signal power, the dominant receiver
noise components are the signal-dependent shot noise and the
thermal noise. Therefore, the receiver noise variance can be
calculated as [37]:

σ 2
rx,nr = 2qĩnrBs +

4KBTaBs
RL

, (25)

where ĩnr is the photocurrent of the nr th PD, Bs = 1/2Ts is
the signalling bandwidth and Ta is the absolute temperature.
For simplicity, the average photocurrent is used for the value
of ĩnr .

IV. PERFORMANCE EVALUATION WITH VARIOUS
SYSTEM CONFIGURATIONS
In Section III, it has been shown that the MIMO-OFDM
channel is determined by many different parameters in the
spatial and wavelength domains. In this section, we focus
on exploring various system configurations. Specifically,
we evaluate the performance of joint multiplexing systems

FIGURE 5. 1) UE position and horizontal orientation geometry. 2) UE
rotation about z-axis. 3) UE rotation about x-axis. 4) UE rotation about
y-axis.

with different sets of spatial and wavelength domain parame-
ters, such as transmitter position plednt or optical filter passband
1λof. In a multiplexing system, the number of multiplexing
channels has a significant impact on the aggregate data rate,
which is determined by min(Nt ,Nr ). When evaluating the
performance of joint multiplexing systems scaling with the
number of LEDs/PDs, many systems experience high SNRs
on most of the usable subcarriers. In such a condition, the
data rate varies slightly if only one of the variables (number
of LEDs or PDs) is changed. To simplify the performance
analysis, the numbers of LEDs and PDs are always identical
(Nt = Nr = I ) in the considered MIMO-OFDM systems
in the following sections. For the convenience of description,
we define a variable called the ‘number of elements’ which
is equivalent to the number of LEDs, PDs and data streams.
In addition, to reduce the complexity of the metric evaluation,
a uniform power allocation is used in this section: qi[k] =

K/(K − 2).

A. PERFORMANCE METRIC: AVERAGE ACHIEVABLE RATE
WITH RANDOM USER POSITION AND ORIENTATION
Firstly, we define the average achievable rate as the perfor-
mance metric. Since the calculated SNR in (9) corresponds to
complex bipolar QAM symbols after a series of conversions,
the achievable rate can be evaluated by [38]:

C =
1

Ts
(
K + N cp

) I∑
i=1

K̃∑
k=1

log2

(
1 +

γi[k]
0

)
, (26)

S led
nt (λ) =

2
√
π
exp

(
−

(
λ−λ

led,c
nt

)2
1λ20.5

)
+

4
√
π
exp

(
−

5(λ−λled,cnt )2

1λ20.5

)
1λ0.5

(
2+

√
5

√
5

+ erf
(
λ
led,c
nt
1λ0.5

)
+

2
√
5
erf
(√

5λled,cnt
1λ0.5

)) (20)
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where γi[k] is the SNR and 0 is a gap factor between
the achievable rate and the Shannon capacity, which is
empirically configured to compensate the system impairment
and imperfect constellation [38]. Most of the parameters
related to the SNR calculation are determined by the system
configuration only, such as spectrum intensity or radiation
pattern of an LED. However, the position and orientation of
PDs are determined by the user behaviour. Therefore, the
randomness in user equipment (UE) position and orientation
is considered in the evaluation of the achievable rate.

The UE geometry is depicted in Fig. 5 1). The three-
dimensional (3D) position vector of the UE is defined as
prx = [xrx,yrx,zrx], where the xrx and yrx are the two-
dimensional (2D) coordinate of the UE and zrx is the
UE height from the floor level, which is assumed to be
deterministic in this study. It is also assumed that the size
of the receiver is small, relative to the link distance, so that
the multiple PDs mounted on the receiver are collocated.
Thus, the position vector of the nr th PD is the same as
the UE position: ppdnr = prx. In addition, an azimuth
angle � is defined to determine the horizontal direction of
the UE. Since there is no bias on the user position and
the azimuth angle, it is assumed that these quantities are
uniformly distributed, which have been widely accepted in
the wireless communication research community: xrx ∼

U(0,Wroom), yrx ∼ U(0,Lroom) and � ∼ U(0,2π], where UI refers
to the continuous uniform distribution with an interval I. The
notations Lroom andWroom correspond to the length and width
of the room. In addition to the random user position and
horizontal direction, two user device orientation scenarios
are considered in this study. The random orientation of the
UE is defined by three rotation angles: βz, βx and βy which
correspond to the yaw, pitch and roll rotations about the z, x
and y-axes, as illustrated in Fig. 5 2), 3) and 4). Then, the PD
orientation vector opdnr is determined by:[

opdnr
]T

= RzRxRy

[
opd,↑nr

]T
, (27)

where opd,↑nr is the PD orientation vector of the nr th PD when
the UE has an upward facing orientation with the normal
vector of orx = [0, 0, 1]; Rz, Rx and Ry are 3D rotation
matrices corresponding to βz, βx and βy, respectively. They
are defined by:

Rz =

cosβz − sinβz 0
sinβz cosβz 0
0 0 1

 ,
Rx =

1 0 0
0 cosβx − sinβx
0 sinβx cosβx

 ,
Ry =

 cosβy 0 sinβy
0 1 0

− sinβy 0 cosβy

 . (28)

In the first scenario, an upward facing UE is considered,
which corresponds to large devices such as laptops. In this

TABLE 1. Upward/random orientation angles characteristics.

case, we have βz = �−90◦ and βx = βy = 0◦, as concluded
in Table 1 (a). In the second scenario, hand-held devices
are considered with a random orientation. The statistics
of βz, βx and βy have been obtained via experimental
measurement and modelled using Laplace and Gaussian
distributions [39]. For sitting users, the three rotation angles
follow Laplace distributions: β ∼ L(µ, b) with a mean
value of µ and a standard deviation of

√
2b. The means and

standard deviations of different rotation angles are concluded
in Table 1 (b). By incorporating the UE randomness, the
average achievable rate can be evaluated by:

C̄ = Exrx,yrx,� {C} , C̄ = Exrx,yrx,�,βz,βx,βy {C} , (29)

for the cases of upward and random orientation scenarios,
respectively. Note that Exrx,yrx,� {C} refers to the expectation
of achievable rate function (26) with respect to the random
variables xrx, yrx and�. In the case of Exrx,yrx,�,βz,βx,βy {C}

there are three additional random variables βz, βx and
βy corresponding to the random orientation. Due to the
complexity issues, these metrics have to be evaluated using
a Monte Carlo approach. In the Monte Carlo evaluations
of average achievable rate, a large number of random UEs
with different spatial channels are required. Simulation of
NLoS channels leads to a significant increase in evaluation
time. In addition, it has been demonstrated in many studies
that with the presence of strong LoS channels, the impact
of NLoS channels is very limited [40], [41]. In the current
study, the considered MIMO systems experience channels
with multiple strong LoS paths. Therefore, to simplify the
performance evaluation and avoid excessive computation
cost, NLoS channel simulation is omitted in the following
sections.

B. SYSTEM CONFIGURATION WITH BADS ALGORITHM
In this paper, the average achievable rates (29) with
several sets of empirically selected parameters are evaluated.
In addition, we aim to evaluate the maximum potential of the
proposed joint multiplexing system in terms of achievable
rate. With the number of parameters exceeding ten, it is
very time-consuming to find the best system configuration
parameters with an exhaustive search approach by testing
all combinations of different parameter values. Therefore,
a suitable optimisation tool is used to efficiently search the
desired system configuration.

The optimisation objective function (29) is a complex
function of the considered system parameters by equations
from (9) to (26). Additionally, the numerical evaluation
of (29) requires averaging over random user orientations and
positions with a Monte-Carlo approach. This leads to a noisy,
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Algorithm 1 Bayesian Adaptive Direct Search [43]

1: Initialise: niter = 0, 1m
0 = 2−10, 1p

0 = 1, get f(x0)
2: while niter ≤ Niter,max and 1

p
0 > 1

p
th do

3: repeat
4: generate search input xsearch and evaluate f(xsearch)
5: until f(xsearch) provides suffient improvement or

reaches maximum search number Nsearch
6: end while
7: if Search stage is unsuccessful then
8: generate poll set Pniter
9: sort it using the acquisition function

10: evaluate f(x) on x ∈ Pniter
11: end if
12: if niterth iteration is successful then
13: update incumbent xniter+1
14: if Poll stage is successful then
15: 1m

niter+1 = 21m
niter , 1

p
niter+1 = 21p

niter
16: end if
17: else
18: 1m

niter+1 =
1
21

m
niter , 1

p
niter+1 =

1
21

p
niter

19: end if
20: niter = niter + 1

high dimensional and high complexity objective function,
which cannot be solved by a conventional gradient-based
optimisation method, such as linear programming. Instead,
a state-of-the-art black-box optimisation tool is used to
tackle this problem. Black-box optimisation methods are
used when the objective function is unknown, non-smooth
or complicated to evaluate, where the derivate of the
objective function is unavailable, unreliable or impractical
to calculate [42]. The used optimisation is known as BADS
which combines the capability of Bayesian optimisation in
optimising expensive and noisy black-box functions with
the low computational cost of mesh adaptive direct search
(MADS). It has been demonstrated that the BADS algorithm
outperforms a number of widely used and state-of-the-art
non-convex, derivative-free optimisation algorithms on many
practical problems [43]. This type of optimisation methods
have wide applications in the fields of computational neuro-
science and machine learning where models are evaluated via
stochastic simulation or numerical approximation [44].

The major operations in the BADS algorithm are intro-
duced in Algorithm 1. The BADS algorithm considers a
possibly noisy objective function f(x) with an Nd dimension
input variable vector x ∈ RNd . A lower bound vector xLB
and an upper bound vector xUB must be provided as the
constraints to the variable vector x. An optional plausible
bound vectors xPLB and xPUB can also be provided to indicate
the regions where the optimal solutions aremore likely. At the
beginning of the algorithm, an initial solution x0 will be
provided as a starting point. Then, the algorithm enters the
search stage and executes a series of efficient local Bayesian
optimisations around the point and try to find a solution

which is better than the current one. Each new evaluation
of the cost function is used as a new sample of the data set
to re-train a Gaussian process model to be a more accurate
surrogate. If the algorithm fails to find a better solution in the
search stage, it means the current Gaussian process model
is not useful in the optimisation. Then, the algorithm can
switch to the poll stage which uses model-free opportunistic
optimisation to compensate. The notations1m

niter and1
p
niter are

the mesh and poll size of the niterth iteration. They function
as the adaption step sizes, which vary in the optimisation
process. In unsuccessful iterations, 1m

niter and 1
p
niter are

decreased to increase the searching granularity. In successful
iteration in the poll stage, they are increased to speed up the
convergence speed. Finally, the algorithm ends when the poll
size is smaller than a predefined threshold or the maximum
number of iterations is reached.

More details about the implementation, convergence
analysis, optimality condition and complexity of BADS can
be found in [43] and [45]. In this study, we have used the
BADS algorithm implementation in MATLAB provided by
the authors of [43]. It is worth noting that the BADS algorithm
is a semi-local algorithm which may generate a global or a
local optimal solution. To increase the chance of obtaining
global optimal solutions, a multi-start strategy is used and
the number of iterations with different initial solutions for
each optimisation problem equals or greater than ten. In this
study, the running time of executing the BADS algorithm
with multiple iterations varies from a few seconds to tens
of minutes with the increase of element number I . However,
the obtained system configuration parameters from searching
the problems with the BADS algorithm are static and used
to implement the VLC joint multiplexing system. These
obtained parameters are fixed once the system is implemented
and will not change during the operation of the system.
Therefore, unlike many signal processing algorithms, there
is little computational complexity concerns about the use
of BADS algorithm in this work. In addition, the lists of
parameters for optimisation with various strategies have been
specified in the corresponding optimization problems (34),
(37) and (44), respectively.

C. OVERVIEW OF SYSTEM CONFIGURATION STRATEGIES
Now we consider four potential configuration strategies:
1) division in the space domain, 2) division in the wave-
length domain, 3) division in both the spatial and wavelength
domains, 4) division in either the spatial or wavelength
domain, as demonstrated in Fig. 6. The first two strategies
use the DoFs in the spatial or wavelength domain only, which
are equivalent to SMX and WDM transmission systems,
respectively. These two strategies are referred as space
division (SD) and wavelength division (WD). They will be
covered in Section IV-D and IV-E, respectively. The third and
fourth strategies use theDoFs in the spatial and/or wavelength
domain jointly. The third strategy considers each optical
element has a distinct spatial and wavelength domain feature,
as illustrated in Fig. 6 3). This strategy leads to excessive
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FIGURE 6. Illustration of various LED layouts on the ceiling and PD
orientations on the mobile side with different configuration strategies
: 1) Division in space domain. 2) Division in wavelength domain. 3)
Division in both spatial and wavelength domains. 4) Division in either
spatial or wavelength domain.

decorrelation of the channel matrix at the cost of inefficient
use of spatial and wavelength DoFs. In contrast, the fourth
strategy considers to let each optical element to have a
unique feature in either the spatial or wavelength domain,
as illustrated in Fig. 6 4). It is expected to provide enough
channel matrix decorrelation and also be able to support a
greater number of multiplexing channels compared to the
SD and WD strategies. This joint strategy will be covered in
Section IV-F.

D. SPATIAL DIVISION STRATEGY
Firstly, the configurable parameters considered in SD strategy
is introduced. Since only the DoF in spatial domain is
utilised for multiplexing transmission, wavelength domain
parameters are empirically selected with identical values for
all LEDs and optical filters:1λof = 300 nm, λled,cnt = 550 nm
for nt = 1, 2, · · · ,Nt and λof,cnr = 550 nm for nr =

1, 2, · · · ,Nr . On the transmitter side, the position vector of
the nt th LED is defined as:

plednt = [xnt ,ynt ,ztx], (30)

where ztx is the height coordinate of the LEDs determined
by the height of the room; xnt and ynt are the 2D horizontal
coordinates of the LED, which are configurable parameters.
Regarding the orientation of LEDs, a straight downward
orientation of olednt = [0, 0,−1] is used to guarantee
the lighting performance and a wide coverage. Finally,
the radiation pattern is defined by the LED half-power
semiangle φ1/2, which is another important configurable
parameter. On the receiver side, it is impractical to control
the exact position and orientation of each PD due to
the random user location and orientation, while the FoV
coefficient mfov can be manipulated to control the light
reception pattern, which is a configurable parameter of
interest. On the other hand, the small UE size assumption
prevents the effective spatial decorrelation using different
PD positions. In order to achieve low spatial correlation on
the receiver side, two types of angular diversity receivers

FIGURE 7. Angular diversity receivers: 1), 2) and 3) show three PR
examples with Nr = 4,8,16. 4), 5) and 6) show three HR examples with
Nr = 4,8,16.

are considered in this study: pyramid receiver (PR) and
hemispheric receiver (HR) [25]. In equation (27), the upward
facing PD orientation vector can be represented by opd,↑nr =[
cosωnr sin θnr , sinωnr sin θnr , cos θnr

]
, where ωnr is a PD

azimuth angle and θnr is a PD elevation angle. In a PR, the
values of θnr is defined by a PR elevation angle θpd, which
is a suitable configurable parameter. The PD azimuth angles
are specified as:

ωnr =
2π
Nr

(nr − 1). (31)

In a HR, the elevation angles are specified as:

θnr = arccos
(
snr
)
, (32)

with snr = 1 −
2(nr−1)
2Nr−1 , and the azimuth angles are specified

as:

ωnr =

(
ωnr−1 + 3.6

(
2Nr

(
1 − s2nr

))−1/2
)
mod 2π, (33)

for nr = 2, · · · ,Nr and ω1 = 0. Fig. 7 demonstrate six
examples of PRs and HRs with Nr = 4, 8, 16. In summary,
the considered configurable parameters in the SD strategy
include: xnt , ynt , φ1/2, mfov, (θpd). Note that θpd is only
considered when PRs are used.

1) EMPIRICAL CONFIGURATION
In cases with the empirical configuration, the values of xnt
and ynt with different number of Nt are specified according
to the 2D layouts shown in Fig. 8. The intuition of this
LED spatial distribution is to distribute the LEDs with wider
separations to guarantee a low spatial correlation on the
transmitter side. On the other hand, the LEDs are distributed
in a manner to let the system cover the entire room. An LED
halfpower semiangle of φ1/2 = 60◦ is used to ensure a
wide coverage of each LED. An FoV coefficient of mfov =

1.4738 is used as this value has been found to achieve a
good match to practical PD characteristics [25]. In the case
of PR, a PD elevation angle of θpd = 40◦ is used as it has
been demonstrated to achieve a high data rate in a MIMO
system [25].
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FIGURE 8. Empirical configuration to 2D LED position layout.

TABLE 2. System parameters.

2) CONFIGURATION WITH BADS ALGORITHM
It is straightforward to use the BADS algorithm introduced
in Section IV-B to search system configuration parameters
of interest with the following procedures: 1. Formulate a
general black-box optimisation problem with the considered
configurable parameters as input variables x and average
achievable data rate C̄ as the objective function. 2. Define
bound vectors based on the practical constraints of the
considered input variables. 3. Generate an initial solution
vector x0, where each variable is randomly selected from the
values between the plausible bounds with equal probability.
4. Execute the BADS algorithm multiple times with different
initial solutions. The black-box optimisation problem for
system configurations with the SD strategy is defined as:

max
X

C̄SD(X ) with X =
{
xnt ,ynt , φ1/2,mfov, (θpd)

}
s.t. 0 <

xnt
Wroom

< 1 for nt = 1, · · · , I ,

0 <
ynt
Lroom

< 1 for nt = 1, · · · , I ,

0◦ < φ1/2 ≤ 60◦,

mfov ≥ 1,

(0◦
≤ θpd ≤ 90◦). (34)

Note that θpd only exist in the optimisation with PR.
Fig. 9 shows the average achievable rate results against the
number of elements (up to 16) achieved by systems with

SD strategy. The remaining front-end and communication
system parameters (irrelevant to DoF in the spatial domain)
are identical for systems with different numbers of elements,
which ensures a fair comparison. These parameters are
listed in Table 2. Regarding the gap factor value, it has
been shown in [46] that a gap factor of 6 dB is sufficient
for M -QAM modulation to achieve a bit error rate (BER)
at 1 × 10−3 for M = 2. With an increase in M , the
required gap factor decreases. This implies that by using
a fixed gap factor of 6 dB is sufficient for the calculated
achievable rate with a BER of 1 × 10−3. Note that as
the number of elements changes, the total transmission
optical power stays the same and is equally distributed to
each LED. Both cases with a PR and HR are presented.
In addition, the cases with upward facing/random orientation
scenarios and with empirical/optimised configurations are
demonstrated. With an increase in the number of elements,
the average achievable rate also increases due to more
available multiplexing channels. However, a further increase
in the number of elements (beyond 5 to 7) leads to a less
average achievable rate improvement, especially for the cases
with empirical configurations using PR. This is because
with a greater number of elements, the channel spatial
correlation also increases. This leads to a channel matrix
with worse channel conditions, which achieves fewer and
weaker multiplexing channels. Intuitively, the performance
of systems with optimised configurations are better than
those with empirical configurations. With 16 elements,
the average achievable rates by empirically configured
systems are lower than 1100 Mbps, while the systems with
optimised configurations achieved a sum rate in the range
of 1100 to 1500 Mbps. On the other hand, systems with
random orientation scenarios received a performance penalty
compared to cases with upward facing receivers due to
the more severe misalignment. Regarding different types of
angular diversity receivers, the PRs offer better performance
with a fewer number of elements, while the HR offers a
slightly better performance with a large numbers of elements.

E. WAVELENGTH DIVISION STRATEGY
In cases employing the WD strategy, the joint multiplexing
system is equivalent to a conventional WDM system with
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FIGURE 9. Average achievable rate against number of elements achieved
by joint multiplexing systems with SD strategy. ‘upward’ and ‘random’
refer to the upward facing receiver scenario and random orientation
scenario, respectively.

MIMO processing techniques, which is similar to those
in [16]. All spatial domain parameters are empirically defined
as follows: all LEDs are located in the centre of the room
plednt = [Wroom/2,Lroom/2,ztx] with an orientation of olednt =

[0, 0,−1] and all PDs have the same orientation of opd,↑nr =

[0, 0, 1]. The wavelength domain configurable parameters
of interest in cases with the WD strategy include the LED
central wavelength λled,cnt , optical filter passband centre λof,cnr
and optical filter passband width 1λof.

1) WITH AND WITHOUT MIMO PROCESSING
With the WD strategy, the precoding and post-detection
process transform the ‘colour’-MIMO channel matrix with
inter-colour crosstalk to a diagonal matrix. This operation
is expected to mitigate the excessive crosstalk caused by
the bandpass shift phenomenon. To highlight this important
feature, the results of conventional WDM systems without
MIMO processing are also included for comparison. In the
case of conventional WDM systems, the precoding and
post-detection matrices are set to identity matrices: Fk =

Wk = I, where I is defined as an identity matrix.

2) EMPIRICAL CONFIGURATION
In the case of empirical configurations, the passband width of
optical filters are defined by:

1λof = (λmax − λmin)/I . (35)

The intuition of this setting is that the passband should be
wide enough to accept most of the signal power from one
LED, but not too wide to receive too much power from LEDs
of other colours. In addition, the spectrum centre of the ith
LED and the passband centre of the ith optical filter are
defined by:

λ
led,c
i = λ

of,c
i = λmin + (i− 0.5)1λof. (36)

FIGURE 10. Average achievable rate against number of elements
achieved by joint multiplexing systems with WD strategy. ‘with proc’ and
‘w/o proc’ refer to with MIMO processing and without MIMO processing,
respectively.

These configurations aim to uniformly distribute the spectra
of LEDs and the passband of optical filters within the visible
light spectrum.

3) CONFIGURATION WITH BADS ALGORITHM
The parameter searching using the BADS algorithm with
WD strategy is similar to that in Section IV-D2 except
that the black-box optimisation problem is redefined as
follows:

max
X

C̄WD(X ) with X =

{
λled,cnt , λof,cnr ,1λ

of
}

s.t. λmin ≤ λled,cnt ≤ λmax for nt = 1, · · · , I ,

λmin ≤ λof,cnr ≤ λmax for nr = 1, · · · , I ,

1λof > 0. (37)

Fig. 10 shows the average achievable rates achieved
by joint multiplexing systems with WD strategy against
the number of elements. The remaining front-end and
communication system parameters are identical for systems
with different numbers of elements and listed in Table 2.
It can be observed that the highest average achievable
rate by the systems without MIMO processing is less than
400 Mbps at two elements. This demonstrates the severe
performance penalty caused by the bandpass shift issue and
the excessive inter-colour interference with a large number
of WDs. Therefore, the MIMO processing is important for
joint multiplexing systems with WD strategy. In contrast, the
average rates achieved by systems with MIMO processing
increase with the number of elements consistently when the
number of elements is small. However, when the number
of elements is between 7 to 9, a further increase in the
number of elements no longer provides an effective boost
to the average achievable rate. In actuality, the achievable
rates drop with an increase of the number of elements
in the cases of empirical configurations. In the cases of
configuration with a BADS algorithm, the performance
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degradation with an optical element increase can be avoided,
but no further improvement can be observed either, as shown
in Fig. 10. This is because the use of optical filters with
a narrow passband actively block a significant amount of
optical power from LEDs. The narrower the optical filter
passband, the more power loss occurs, which leads to a
more severe degradation in the overall SNRs and achievable
rate. In addition, the increased number of elements leads
to a more severe spectrum overlap between adjacent WD
channels, which causes significant correlations between
WD channels. Consequently, the multiplexing channels with
smaller eigenvalues are severely degraded. Compared to
cases with SD strategy, all LEDs and PDs have the same
orientation and positions. When there is a good alignment, all
multiplexing channels are achieving high SNR and capacity.
When there is a bad alignment, none of the channels show
a good performance. The issue is more severe in the case of
random orientation scenarios. This situation is quite different
from the SD systems where the chance of at least one or a
few good channels is much higher due to the better spatial
diversity. Note that the performance gap between upward
scenario and corresponding random orientation scenario is
smaller in SD systems.

F. SPATIAL CLUSTERING WITH WAVELENGTH DIVISION
STRATEGY
In Section IV-D and IV-E, the limitation of SD and
WD strategies has been demonstrated. In this section, the
configurations based on the approach of ‘division in either the
space or wavelength domain’ are considered. The proposed
strategy is named as SCWD. The basic idea of the SCWD
scenario is to divide the LEDs and PDs into multiple groups.
The optical elements in each group are clustered with the
same positions and orientations, as illustrated in Fig. 6 (d).
Thus, the optical elements in different groups/clusters have
different spatial features to decorrelate the channel. On the
other hand, LEDs in the same cluster have different spectra,
and optical filters with different passbands are mounted on
PDs in the same cluster. This wavelength division can remove
the channel correlation between optical elements within the
same group/cluster.

Next, the details about the proposed SCWD strategy will
be introduced. Assume that the MIMO-OFDM system has
I LEDs and PDs divided into L clusters, where 1 ≤ L ≤

I . The configuration of spatial variables is similar to that
introduced in Section IV-D except that the configuration is
with respect to each spatial cluster instead of each individual
optical element. On the transmitter side, the lth LED cluster
has a position of:

pledc,l = [xl,yl,ztx], (38)

for l = 1, 2, · · · ,L, where xl and yl are the horizontal
coordinates of the lth LED cluster, which are configurable
parameters. All LED clusters have the same orientation of
[0, 0,−1]. In the case of an upward facing receiver, the lth

Algorithm 2 Cluster-to-Element Variable Mapping
1: Initialise cluster index: l = 1
2: for i = 1, 2, · · · , I do
3: Msum =

∑l
l̂=1

Ml̂
4: if i > Msum then
5: Cluster index increment: l = l + 1
6: end if
7: m = i−Msum +Ml
8: Variable mapping: xi = xl , yi = yl , ωi = ωl , θi = θl ,

λledi = λledc,m, λ
of
i = λofc,m

9: end for

PD cluster has an orientation vector of:

opd,↑c,l = [cosωl sin θl, sinωl sin θl, cos θl] , (39)

where ωl and θl are the azimuth angle and elevation angle
of the lth PD cluster, which are defined based on the
characteristics of PR and HR using (31), (32) and (33).
Similar to the SD strategy, φ1/2,mfov and (θpd) are also spatial
domain configurable parameters. The number of optical
elements in the lth cluster is defined as:

Ml =

{
⌈I/L⌉ : l ≤ mod (I ,L)
⌊I/L⌋ : otherwise,

(40)

which ensure the sizes of different clusters are similar to a
maximum difference of one element. Note that ⌈·⌉ and ⌊·⌋

are defined as the ceiling and floor operators, respectively.
This also implies that the maximum required number of WD
is ⌈I/L⌉. Within the lth cluster, the central wavelength of the
mth LED is defined as λledc,m on the transmitter side for m =

1, 2, · · · ,Ml . On the receiver side, the passband centre of the
mth optical filter is defined as λofc,m. Opposite to the spatial
parameter configurations, the wavelength domain parameters
are identical in different clusters. Similar to the WD strategy,
in addition to λledc,m and λofc,m, the optical filter passband with
1λof is also a configurable parameter. By unifying some
of the parameters, the system configuration process can be
significantly simplified. If the configuration is with respect
to each element, the number of configurable parameters will
be 4I + 4. With the cluster-based configuration, there are
2(L + ⌈I/L⌉) + 4 configurable parameters, which include:
xl , yl , λledc,m, λ

of
c,m, φ1/2, mfov, (θpd), 1λof.

With cluster-based parameters xl , yl , ωl , θl , λledc,m, λ
of
c,m,

the corresponding parameters with respect to the ith optical
element xi, yi, ωi, θi, λledi , λofi can be obtained using
Algorithm 2. With a given set of spatial and wavelength
domain parameters, the average achievable rate with a
specific number of clusters L can be calculated. However,
it is not straightforward to select L that achieves the highest
average achievable rate. Therefore, the average achievable
rates with all possible numbers of clusters C̄SCWD

L are
evaluated for L = 1, 2, · · · , I . Finally, we find the result
achieves the highest average achievable rate among the
evaluations with different L as:

C̄SCWD
= max

{
C̄SCWD
L=1 , C̄SCWD

L=2 , · · · , C̄SCWD
L=I

}
. (41)
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FIGURE 11. Average achievable rate against number of elements of joint
multiplexing systems with SCWD strategy, empirical configurations and
upward receiver orientation.

1) EMPIRICAL CONFIGURATION
Regarding the empirical configuration, some spatial domain
parameters are the same as those used in the SD strategy for
a fairer comparison: φ1/2 = 60◦, mfov = 1.4738, θpd = 40◦.
The values of xl and yl with different number of clusters L are
selected based on Fig. 8. The configuration of λledc,m, λ

of
c,m and

1λof are similar to (35) and (36) in theWD strategy empirical
configuration:

1λof = (λmax − λmin)/⌈I/L⌉, (42)

λledc,m = λofc,m = λmin + (m− 0.5)1λof. (43)

After evaluation of C̄SCWD
L for all possible L, the highest

achievable rate C̄SCWD is selected using (41).

2) CONFIGURATION WITH BADS! (BADS!) ALGORITHM
The black-box optimisation problem for SCWD strategy is
defined as:

max
X

C̄SCWD
L (X ) with

X =

{
xl,yl, λ

led
c,m, λ

of
c,m, φ1/2,mfov, (θpd),1λof

}
s.t. 0 <

xl
Wroom

< 1 for l = 1, 2, · · · ,L,

0 <
yl

Lroom
< 1 for l = 1, 2, · · · ,L,

λmin ≤ λledc,m ≤ λmax for m = 1, 2, · · · ,Ml,

λmin ≤ λofc,m ≤ λmax for m = 1, 2, · · · ,Ml,

0◦ < φ1/2 ≤ 60◦,

mfov ≥ 1,

(0◦
≤ θpd ≤ 90◦),

1λof > 0. (44)

Note that solving this problem only finds the highest
average achievable rate with L clusters. Therefore, the BADS
algorithm need to be executed for I times for each initial
solution so that the achievable rates for all possible L are

FIGURE 12. Average achievable rate against number of elements of joint
multiplexing systems with SCWD strategy, empirical configurations and
random receiver orientation.

FIGURE 13. Average achievable rate against number of elements of joint
multiplexing systems with SCWD strategy, BADS-based configurations and
upward receiver orientation.

obtained. It is challenging to include the parameter L as one
of the optimisation variables, as the number of parameters in
the system configuration is a function of L.

Fig. 11 to 14 show the average rates achieved by
the joint multiplexing systems with the SCWD strategy
against different numbers of elements. In addition, the
results with SD and WD strategies are also included for
comparison. The remaining front-end and communication
system parameters are identical for systems with different
numbers of elements and listed in Table 2 if they are not
specified elsewhere. The four plots show cases with different
receiver orientation scenarios and with different types of
configurations, respectively. It can be observed that when the
number of elements is small, the average achievable rate by
the SCWD strategy systems increases with the number of
elements, which is similar to the behaviour of systems with
other configuration strategies. However, when the number of
elements is large (>10), the average achievable rate by the
SCWD strategy systems still increases considerably with the
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FIGURE 14. Average achievable rate against number of elements of joint
multiplexing systems with SCWD strategy, BADS-based configurations and
random receiver orientation.

FIGURE 15. Comparison between empirical and BADS-based
configuration parameters used in 16-elements joint multiplexing systems
with SCWD strategy. The demonstrated systems use PR and upward
receiver orientation scenario. 1) LED cluster position layout. 2) Angular
parameters. 3) Wavelength-dependent parameters.

number of elements, which shows superiority compared to
the SD and WD strategy systems due to the utilisation of
spatial and wavelength domain DoFs jointly. With 16 optical
elements, the data rates achieved by SCWD systems are in the
range of 1300 to 2200 Mbps, while those achieved by either
SD or WD systems fall in the range of 500 to 1400 Mbps.
The achievable rate improvement is between 36% and 74%
compared to the SD strategy, and the improvement is between
47% and 135% compared to the WD strategy. In general, the
SCWD systems with PR shows a slightly better performance
at a high number of elements compared to those with HR.

G. INSIGHTS INTO THE SYSTEM PARAMETER
CONFIGURATIONS AND SCWD STRATEGY
In this subsection, we will discuss the difference between
the parameters used in the empirical configurations and

FIGURE 16. Achievable rate of systems using optimised configurations
with PR and upward receiver orientation scenario against number of
elements in two special conditions. Condition 1: larger room of size
10 m × 10 m. Condition 2: extremely small space of size 0.05 m × 0.05 m.
Default condition: room size of 5 m × 5 m.

configurations with the BADS algorithm. We will also
explain why the SCWD strategy is able to provide extra
multiplexing gains when compared to SD andWD strategies.
For simplicity, the cases with a PR and the upward receiver
orientation are demonstrated as an example. The comparison
between parameters used in empirical and BADS-based
configurations with 16 elements is shown in Fig. 15. In both
configurations, there are four spatial clusters, as demon-
strated in Fig. 15 1). Regarding the geometric parameters,
the spatial positions of LED clusters are closer to the room
centre in the case of BADS-based configuration compared
to the empirical configuration. In addition, a smaller half-
power semiangle of φ1/2 = 35.2◦ is used on the transmitter
side and a smaller FoV coefficient of mfov = 1 is used on
the receiver side compared to the empirical configuration,
as shown in Fig. 15 2). These parameter changes lead to
weaker spatial channel correlation and thereby achieving
higher overall multiplexing gain. Regarding the wavelength
domain parameters, four WDs are used within each spatial
cluster, as shown in Fig. 15 3). Compared to the case
of empirical configuration, all LED spectra shift to the
longer wavelengths with smaller separations in the case of
BADS-based configuration. This is because the PD has a
higher responsivity at a longer wavelength and the additional
inter-colour interference introduced by smaller separation
causes negligible distortion. In addition, the passband of
optical filters are extended to longer wavelengths in the case
of BADS-based configuration, which compensate bandpass
shift issue when light incident angle is large.

In order to demonstrate the characteristics of the SCWD
strategy, we can evaluate the performance of joint mul-
tiplexing systems using BADS-based configurations with
PR and upward receiver orientation scenario under several
conditions. In addition to cases with normal conditions (i.e.
a room size of 5 m × 5 m × 3 m) shown in Fig. 13,

109540 VOLUME 12, 2024



C. Chen et al.: Spatial and Wavelength Division Joint Multiplexing System Design

we further evaluate two special conditions. In the first
condition, we show the transmissions in a large room of size
10 m × 10 m × 3 m. The remaining system parameters are
identical to those used in Sections IV-D, IV-E and IV-F. Due
to the increase in coverage area, the average link distance
becomes greater and the misalignment issue due to random
user position is more severe. These factors lead to a further
decrease in the data rate achieved by joint multiplexing
systems, as shown in Fig. 16. The achievable rate decrease
is more severe for the case of WD strategy, where random
users are more likely to receive a weaker signal as all LEDs
are located in the room centre. Therefore, the achievable
rate of the WD strategy is considerably lower than the case
of SD strategy with the same number of elements. Due
to the inferior performance of system with WD strategy,
the SCWD strategy provides a decreased achievable rate
improvement against its counterparts compared to the case
with 5 m × 5 m × 3 m room. In the second special
condition, we show that transmissions in an extremely small
indoor space of size 0.05 m × 0.05 m × 3 m. With such
a small coverage area and the upward receiver scenario,
all users experience a minimised link distance with good
alignment. Consequently, the passband shift issue in systems
with the WD strategy can be avoided. Note that a half-power
semiangle of φ1/2 = 1.5◦ is also used in the case of
WD strategy to maximise the detected optical power. In the
case of SD strategy, performance degradation due to greater
link distance and misalignment is avoided. In addition, a
BADS-based configuration solution with a very collimated
light beam and light reception pattern is obtained in case
of the SD strategy. Due to all the above factors, the joint
multiplexing systems with WD and SD strategies can operate
in ideal conditions. Specifically, the multiplexing gain scales
almost linearly with the number of elements, as shown in
Fig. 16. In this condition, despite the minor performance
gap between WD and SD systems, the multiplexing gain
of both systems are approaching the theoretical limit of
multiplexing systems. Consequently, the system with SCWD
strategy exhibits a similar ideal performance.

Despite the undesired multiplexing gain improvement by
using the SCWD strategy in the two special conditions,
an extremely large or extremely small coverage area is
unlikely in practice. As long as the following two conditions
are fulfilled, SCWD strategy will provide a considerable
improvement: 1) there is a minor performance gap between
joint multiplexing systems with SD and WD strategies,
2) multiplexing transmissions in individual spatial and wave-
length domains are inefficient. With a medium sized room,
the SCWD strategy can provide a remarkable achievable rate
improvement, as shown in section IV-F. In general conditions
of where a medium sized room is covered, similar achievable
rates are likely to be achieved by systems with SD and WD
strategies. In addition, the efficiency of VLC multiplexing
systems is limited by the random user position/orientation
and channel correlation. Therefore, the SCWD strategy is
likely to provide a remarkable achievable rate improvement.

The configuration problem in joint multiplexing systems
is similar to a power allocation problem in a multi-carrier
transmission system with two channels. If both channels
have similar qualities, loading them with power leads to a
higher performance compared to loading all the power to one
channel. However, if one of the channels is unreliable or the
spectral efficiency scales linearly with the power increase,
loading two channels will no longer be beneficial.

H. IMPLEMENTATION PRACTICAL CONSIDERATIONS AND
SOLUTIONS
For implementations of the VLC MIMO joint multiplexing
system with the proposed SCWD strategy, there are several
practical considerations.

• Illumination colour constraint: In systems with the
SCWD strategy gather multiple LEDs with different
wavelengths in the same cluster. This feature provides
an opportunity to generate white light illumination by
manipulating the intensity ratio of three or more LEDs
with different colours [47]. From the communication
perspective, this may limit the signal strength from some
LEDs. In the cases where the LEDs in the cluster are
insufficient to provide the desired white light, additional
non-communication LEDs with suitable wavelengths
can be installed in the LED cluster so that the combined
light meets the colour requirement.

• Illumination uniformity constraint: As an illumina-
tion infrastructure, VLC systems also need to guarantee
uniformity of the lighting effects. This requires the LED
radiation pattern to have a sufficient divergence angle.
However, this constraint is also beneficial from the
communication perspective, as a more uniform radiation
pattern is also helpful to improve the coverage of the
VLC system.

• PD deployment constraint: It is challenging to deploy
more than ten PDs with separated optics on the same
side of a portable device or use the PR/HR receiver
designs on small devices. However, mounting a cluster
of a few PDs on each side of a device with a different
orientation could be a more practical solution to use the
SCWD strategy [31]. Furthermore, larger devices, such
as tablets, laptops or Internet-of-things (IoT) devices,
have less issue with deploying a large number of PDs.

• Optical front-end constraints: There could be other
practical constraints on the used optical front-ends.
For example, the available LED and PD modules are
operating at specific wavelengths, which may have
limited DoF in the wavelength domain. Considering the
eye safety regulation, there might be limitations to the
LED radiation pattern and optical power.

All the above practical considerations may fix some of the
parameters or limit the search space of these parameters in the
BADS algorithm.Despite theminor performance degradation
compared to the cases without these practical considerations,
the introduced system configuration approaches are still
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applicable and effective in improving the achievable rate of
VLC systems

V. CONCLUSION
A framework for a VLC MIMO-OFDM joint multiplexing
system with a channel dependent on spatial, wavelength and
frequency domain characteristics is proposed. This study
focused on investigating the suitable system configurations
for the VLC joint multiplexing system with different strate-
gies in order to achieve a higher multiplexing gain, thereby
achieving a higher aggregate transmission data rate. The
proposed SCWD strategy shows a considerable improvement
in the average achievable rate compared to cases with
SD and WD strategies. The use of the BADS black-box
optimisation algorithm improves the achievable rates further.
The simulation results demonstrate an average achievable rate
improvement of 36% to 135%with 16 LEDs/PDs by using the
proposed SCWD strategy compared to those achieved with
SD and WD strategies. This work also demonstrated the pos-
sibility of using a VLC MIMO-OFDM system with limited
modulation bandwidth to achieve multi-Gbps transmission
data rates, which shows the potential of VLC/LiFi systems
in next generation wireless networks in terms of achievable
rate capability.

REFERENCES
[1] W. Jiang, B. Han, M. A. Habibi, and H. D. Schotten, ‘‘The road towards

6G: A comprehensive survey,’’ IEEE Open J. Commun. Soc., vol. 2,
pp. 334–366, 2021.

[2] H. Haas, L. Yin, Y. Wang, and C. Chen, ‘‘What is LiFi?’’ J. Lightw.
Technol., vol. 34, no. 6, pp. 1533–1544, Mar. 15, 2016.

[3] J. Raring, C. Lee, M. S. Islim, A. Sparks, S. Videv, M. McLaurin, B. Shah,
P. Rudy, and H. Haas, ‘‘>25 Gbit/s LiFi with laser based SMD white light
source,’’ in Proc. Opt. Fiber Commun. Conf. Exhib. (OFC), Jun. 2021,
pp. 1–3.

[4] E. Xie, R. Bian, X. He, M. S. Islim, C. Chen, J. J. D. McKendry, E. Gu,
H. Haas, and M. D. Dawson, ‘‘Over 10 Gbps VLC for long-distance
applications using a GaN-based series-biased micro-LED array,’’ IEEE
Photon. Technol. Lett., vol. 32, no. 9, pp. 499–502, May 1, 2020.

[5] H. Marshoud, V. M. Kapinas, G. K. Karagiannidis, and S. Muhaidat,
‘‘Non-orthogonal multiple access for visible light communications,’’ IEEE
Photon. Technol. Lett., vol. 28, no. 1, pp. 51–54, Jan. 1, 2016.

[6] C. Chen, S. Fu, X. Jian, M. Liu, X. Deng, and Z. Ding, ‘‘NOMA for
energy-efficient LiFi-enabled bidirectional IoT communication,’’ IEEE
Trans. Commun., vol. 69, no. 3, pp. 1693–1706, Mar. 2021.

[7] T. Fath and H. Haas, ‘‘Performance comparison of MIMO techniques for
optical wireless communications in indoor environments,’’ IEEE Trans.
Commun., vol. 61, no. 2, pp. 733–742, Feb. 2013.

[8] K. Ying, H. Qian, R. J. Baxley, and S. Yao, ‘‘Joint optimization of precoder
and equalizer in MIMO VLC systems,’’ IEEE J. Sel. Areas Commun.,
vol. 33, no. 9, pp. 1949–1958, Sep. 2015.

[9] P. M. Butala, H. Elgala, and T. D. C. Little, ‘‘SVD-VLC: A novel capacity
maximizing VLC MIMO system architecture under illumination con-
straints,’’ in Proc. IEEE GlobecomWorkshops, Dec. 2013, pp. 1087–1092.

[10] Y. Hong, T.Wu, and L.-K. Chen, ‘‘On the performance of adaptiveMIMO-
OFDM indoor visible light communications,’’ IEEEPhoton. Technol. Lett.,
vol. 28, no. 8, pp. 907–910, Apr. 15, 2016.

[11] C. He, T. Q. Wang, and J. Armstrong, ‘‘Performance comparison between
spatial multiplexing and spatial modulation in indoor MIMO visible light
communication systems,’’ in Proc. IEEE Int. Conf. Commun. (ICC),
May 2016, pp. 1–6.

[12] Y. Tan and H. Haas, ‘‘Coherent LiFi system with spatial multiplexing,’’
IEEE Trans. Commun., vol. 69, no. 7, pp. 4632–4643, Jul. 2021.

[13] R. Bian, I. Tavakkolnia, and H. Haas, ‘‘15.73 Gb/s visible light
communication with off-the-shelf LEDs,’’ J. Lightw. Technol., vol. 37,
no. 10, pp. 2418–2424, May 15, 2019.

[14] G. Cossu, A. M. Khalid, P. Choudhury, R. Corsini, and E. Ciaramella,
‘‘34 Gbit/s visible optical wireless transmission based on RGBLED,’’Opt.
Exp., vol. 20, no. 26, pp. 501–506, 2012.

[15] L. Cui, Y. Tang, H. Jia, J. Luo, and B. Gnade, ‘‘Analysis of themultichannel
WDM-VLC communication system,’’ J. Lightw. Technol., vol. 34, no. 24,
pp. 5627–5634, Dec. 15, 2016.

[16] N. Omura, A. Higashi, J. Yabuuchi, T. Iwamatsu, and S. Oshiba,
‘‘Experimental demonstration of OFDM based WDM-MIMO visible light
communication system,’’ in Proc. Asia–Pacific Microw. Conf. (APMC),
Nov. 2018, pp. 872–874.

[17] H. Lee, I. Lee, and S. H. Lee, ‘‘Deep learning based transceiver design
for multi-colored VLC systems,’’Opt. Exp., vol. 26, no. 5, pp. 6222–6238,
2018.

[18] A. Burton, P. Chvojka, P. A. Haigh, Z. Ghassemlooy, and S. Zvanovec,
‘‘Optical filter-less WDM for visible light communications using defo-
cused MIMO,’’ Electronics, vol. 10, no. 9, p. 1065, Apr. 2021.

[19] R. Wang, Q. Gao, J. You, E. Liu, P. Wang, Z. Xu, and Y. Hua, ‘‘Linear
transceiver designs for MIMO indoor visible light communications
under lighting constraints,’’ IEEE Trans. Commun., vol. 65, no. 6,
pp. 2494–2508, Jun. 2017.

[20] Y. Xiao and Y.-J. Zhu, ‘‘Chromaticity-adaptive generalized spatial
modulation for MIMO VLC with multi-color LEDs,’’ IEEE Photon. J.,
vol. 11, no. 4, pp. 1–12, Aug. 2019.

[21] R. Sharma, A. Charan Kumari, M. Aggarwal, and S. Ahuja, ‘‘Optimal LED
deployment for mobile indoor visible light communication system: Perfor-
mance analysis,’’ AEU-Int. J. Electron. Commun., vol. 83, pp. 427–432,
Jan. 2018.

[22] M. T. Niaz, F. Imdad, S. Kim, and H. S. Kim, ‘‘Deployment methods of
visible light communication lights for energy efficient buildings,’’ Opt.
Eng., vol. 55, no. 10, Oct. 2016, Art. no. 106113.

[23] M. S. Gismalla, M. F. L. Abdullah, M. S. Ahmed, W. A. Mabrouk,
A.-F. Najib, E. Saeid, A. Supa’at, and B. Das, ‘‘Design and analysis
of different optical attocells deployment models for indoor visible light
communication system,’’ Int. J. Integr. Eng., vol. 13, no. 6, pp. 253–264,
2021.

[24] J. Xu, C. Gong, J. Luo, and Z. Xu, ‘‘LED half-power angle optimization
for ultra-dense indoor visible light communication network deployment,’’
IEEE Open J. Commun. Soc., vol. 1, pp. 835–848, 2020.

[25] A. Nuwanpriya, S.-W. Ho, and C. S. Chen, ‘‘Indoor MIMO visible light
communications: Novel angle diversity receivers for mobile users,’’ IEEE
J. Sel. Areas Commun., vol. 33, no. 9, pp. 1780–1792, Sep. 2015.

[26] K.-H. Park, W. G. Alheadary, and M.-S. Alouini, ‘‘A novel mirror diversity
receiver for indoor MIMO visible light communication systems,’’ in
Proc. IEEE 27th Annu. Int. Symp. Pers., Indoor, Mobile Radio Commun.
(PIMRC), Sep. 2016, pp. 1–6.

[27] A. A. Purwita, A. Yesilkaya, I. Tavakkolnia, M. Safari, and H. Haas,
‘‘Effects of irregular photodiode configurations for indoor MIMO VLC
with mobile users,’’ in Proc. IEEE 30th Annu. Int. Symp. Pers., Indoor
Mobile Radio Commun. (PIMRC), Sep. 2019, pp. 1–7.

[28] P. Ge, X. Liang, J. Wang, C. Zhao, X. Gao, and Z. Ding, ‘‘Optical
filter designs for multi-color visible light communication,’’ IEEE Trans.
Commun., vol. 67, no. 3, pp. 2173–2187, Mar. 2019.

[29] W. Niu, Z. Xu, W. Xiao, Y. Liu, F. Hu, G. Wang, J. Zhang, Z. He,
S. Yu, J. Shi, and N. Chi, ‘‘Phosphor-free golden light LED array
for 5.4-Gbps visible light communication using MIMO Tomlinson-
Harashima precoding,’’ J. Lightw. Technol., vol. 40, no. 15, pp. 5031–5040,
Aug. 1, 2022.

[30] C. Liu, Y. Tang, W. Yan, and Y. Bai, ‘‘Optimizing the light source layout
of the indoor visible light communication system,’’ IEEE Access, vol. 10,
pp. 27223–27229, 2022.

[31] C. Chen, I. Tavakkolnia, M. D. Soltani, M. Safari, and H. Haas, ‘‘Hybrid
multiplexing in OFDM-based VLC systems,’’ in Proc. IEEE Wireless
Commun. Netw. Conf. (WCNC), May 2020, pp. 1–6.

[32] D. Tsonev, S. Sinanovic, and H. Haas, ‘‘Complete modeling of nonlinear
distortion in OFDM-based optical wireless communication,’’ J. Lightw.
Technol., vol. 31, no. 18, pp. 3064–3076, Sep. 2013.

[33] S. Dimitrov, S. Sinanovic, and H. Haas, ‘‘Clipping noise in OFDM-based
optical wireless communication systems,’’ IEEE Trans. Commun., vol. 60,
no. 4, pp. 1072–1081, Apr. 2012.

109542 VOLUME 12, 2024



C. Chen et al.: Spatial and Wavelength Division Joint Multiplexing System Design

[34] H. Schulze, ‘‘Frequency-domain simulation of the indoor wireless
optical communication channel,’’ IEEE Trans. Commun., vol. 64, no. 6,
pp. 2551–2562, Jun. 2016.

[35] J. R. Barry, J. M. Kahn, W. J. Krause, E. A. Lee, and D. G. Messerschmitt,
‘‘Simulation of multipath impulse response for indoor wireless optical
channels,’’ IEEE J. Sel. Areas Commun., vol. 11, no. 3, pp. 367–379,
Apr. 1993.

[36] S. Hranilovic,Wireless Optical Communication Systems. Berlin, Germany:
Springer, 2006.

[37] J. M. Kahn and J. R. Barry, ‘‘Wireless infrared communications,’’ Proc.
IEEE, vol. 85, no. 2, pp. 265–298, Feb. 1997.

[38] T. E. B. Cunha, J. M. G. Linnartz, and X. Deng, ‘‘Achievable rate of
LED-based distributed MIMO OWC systems under a per-LED power
constraint,’’ in Proc. 17th Int. Symp. Wireless Commun. Syst. (ISWCS),
Sep. 2021, pp. 1–6.

[39] M. D. Soltani, M. A. Arfaoui, I. Tavakkolnia, A. Ghrayeb, M. Safari,
C. M. Assi, M. O. Hasna, and H. Haas, ‘‘Bidirectional optical spatial
modulation for mobile users: Toward a practical design for LiFi systems,’’
IEEE J. Sel. Areas Commun., vol. 37, no. 9, pp. 2069–2086, Sep. 2019.

[40] C. Chen, D. A. Basnayaka, and H. Haas, ‘‘Downlink performance of
optical attocell networks,’’ J. Lightw. Technol., vol. 34, no. 1, pp. 137–156,
Jan. 2016.

[41] V. Jungnickel, V. Pohl, S. Nonnig, and C. von Helmolt, ‘‘A physical
model of the wireless infrared communication channel,’’ IEEE J. Sel. Areas
Commun., vol. 20, no. 3, pp. 631–640, Apr. 2002.

[42] C. Audet and W. Hare, Derivative-free and Blackbox Optimization, vol. 2.
Berlin, Germany: Springer, 2017.

[43] L. Acerbi andW. J. Ma, ‘‘Practical Bayesian optimization for model fitting
with Bayesian adaptive direct search,’’ in Proc. 31st Int. Conf. Neural Inf.
Process. Syst., 2017, pp. 1834–1844.

[44] J.-A. Li, D. Dong, Z.Wei, Y. Liu, Y. Pan, F. Nori, and X. Zhang, ‘‘Quantum
reinforcement learning during human decision-making,’’ Nature Hum.
Behaviour, vol. 4, no. 3, pp. 294–307, Jan. 2020.

[45] C. Audet and J. E. Dennis, ‘‘Mesh adaptive direct search algorithms for
constrained optimization,’’ SIAM J. Optim., vol. 17, no. 1, pp. 188–217,
Jan. 2006.

[46] S. Mardanikorani, X. Deng, and J. M. G. Linnartz, ‘‘Sub-carrier loading
strategies for DCO-OFDM LED communication,’’ IEEE Trans. Commun.,
vol. 68, no. 2, pp. 1101–1117, Feb. 2020.

[47] C. Gong, S. Li, Q. Gao, and Z. Xu, ‘‘Power and rate optimization for visible
light communication systemwith lighting constraints,’’ IEEE Trans. Signal
Process., vol. 63, no. 16, pp. 4245–4256, Aug. 2015.

CHENG CHEN received the Ph.D. degree in
electrical engineering from The University of
Edinburgh, Edinburgh, U.K., in 2017. He is
currently working as a Senior Research Associate
with the Department of Engineering, University of
Cambridge, where he is working in the fields of
visible light communications and LiFi networks.
He has authored or co-authored more than 50 pub-
lications in these areas. His research interests
include optical wireless communications, visible

light communications, and wireless communication for 6G.

SHENJIE HUANG received the B.Sc. degree in
optoelectronic engineering from Jiangnan Univer-
sity, China, in 2013, and the M.Sc. degree in
signal processing and communications and the
Ph.D. degree in electrical engineering from The
University of Edinburgh, U.K., in 2014 and 2018,
respectively. He is currently a Research Associate
with the Institute for Digital Communications,
The University of Edinburgh. His research interest
includes optical wireless communications.

IMAN TAVAKKOLNIA (Senior Member, IEEE)
received the Ph.D. degree from The University
of Edinburgh, in 2018. He was a Research
Associate at The University of Edinburgh until
2020, and then at the University of Strathclyde
until September 2021, before being appointed as
the Strathclyde Chancellor’s Fellow (Lecturer)
until February 2024. He is currently an Assistant
Professor with the Electrical Engineering Divi-
sion, University of Cambridge, U.K. His research

interests include developing a fundamental understanding of the
energy-efficiency of current and future telecommunication systems and
lies on the frontier of communication theory, advanced materials, signal
processing, and optical communications. He is a Co-Investigator on two
EPSRC Future Communication Hubs in the U.K. (TITAN EP/X04047X/1
and HASC EP/X040569/1) as well as the £12M Future Open Networks
Research Challenge grant funded by the U.K.’s Department of Science,
Innovation and Technology. He is a working group member of the European
COST Action, CA19111 NEWFOCUS, and an Associate Editor of the IEEE
COMMUNICATIONS LETTERS. He has been the Co-Chair of the optical wireless
communication workshops in WCNC 2023 and 2024, a local organizing
committee member of ECOC 2023, and a TPCmember of several workshops
and conferences.

MAJID SAFARI (Senior Member, IEEE) received
the Ph.D. degree in electrical and computer engi-
neering from the University of Waterloo, Canada,
in 2011. He is currently a Professor of optical and
wireless communications and the Deputy Head of
the Institute for Imaging, Data, and Communi-
cations (IDCOM), The University of Edinburgh.
He has published more than 150 papers. His
research interests include the application of optics,
information theory, signal processing in optical,

wireless, and quantum communications. He received the Best Paper Awards
from IEEE GLOBECOM 2022 and IEEE ICC 2023. He is a recipient of
Mitacs Fellowship, Canada and prestigious grants from Leverhulme Trust,
and EPSRC, U.K. He was an Associate Editor of IEEE COMMUNICATION

LETTERS. He is also an Associate Editor of IEEE TRANSACTIONS ON

COMMUNICATIONS.

HARALD HAAS (Fellow, IEEE) received the
Ph.D. degree from The University of Edinburgh,
U.K., in 2001. He is currently the Van Eck
Chair of engineering with the University of
Cambridge, and the Founder of pureLiFi Ltd.,
where he also works as the Chief Scientific Officer
(CSO). His research interests include photonics,
communication theory, and signal processing for
optical wireless communication systems. Since
2017, he has been recognised as a highly cited

researcher by Clarivate/Web of Science. He has delivered two TED talks
and one TEDx talk. In 2016, he received the Outstanding Achievement
Award from the International Solid State Lighting Alliance. He was awarded
the Royal Society Wolfson Research Merit Award, in 2017, the IEEE
Vehicular Technology Society James Evans Avant Garde Award, in 2019,
and the Enginuity: The Connect Places Innovation Award, in 2021. In 2022,
he received the Humboldt Research Award for his research contributions.
He is a fellow of the Royal Academy of Engineering (RAEng), the
Royal Society of Edinburgh (RSE), and the Institution of Engineering and
Technology (IET). In 2023, he was shortlisted for the European Inventor
Award.

VOLUME 12, 2024 109543


