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Channel Modeling and Signal Processing for
Array-Based Visible Light Communication

System Under Link Misalignment
Jiaqi Wei , Chen Gong , Senior Member, IEEE, Nuo Huang , and Zhengyuan Xu , Senior Member, IEEE

Abstract—We address the lens optimization and signal process-
ing for array-based multiple-input multiple-output (MIMO) visible
light communication, especially under link misalignment. We em-
ploy one concave lens and one convex lens to separate the lights
from different light-emitting diodes (LEDs), and optimize the lens
structure to minimize the condition number of channel gain matrix.
In this way, the light emitted by different LEDs can be separated
well from each other. To further mitigate the interference under
transmitter/receiver mobility, we propose two signal processing
approaches based on successive interference cancellation (SIC) and
multi-layer coding (MC), along with maximum ratio combining
(MRC) for interference/signal decoding. It is demonstrated that
the interference can be reconstructed and eliminated through SIC,
and MC can partially decode the interference to better reconstruct
the desirable message. The proposed signal processing approaches
can significantly improve the sum rate in both link alignment and
misalignment cases. Moreover, MC can achieve higher sum rate,
especially in the case of link misalignment.

Index Terms—MIMO, multi-layer coding, optical antenna,
signal processing, SIC, visible light communication.

I. INTRODUCTION

W ITH steady development of mobile communication
technology, the spectrum resource has become more and

more sparse, leading to spectrum crisis. Researchers gradually
pay more attention to visible light communication (VLC) that
relies on visible light spectrum [1], [2]. At the receiver, the opti-
cal signal can be detected by a photodiode (PD) and converted to
electrical signal. The data transmission and illumination can be
simultaneously realized. VLC provides a feasible alternative to
traditional communication and can be adopted as a supplement
to the current radio-frequency (RF) communication [3]. The
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recent advancements of light-emitting diode (LED) technology
have also greatly promoted the related research on VLC.

Since the feasibility of VLC was validated [4], there have been
steady endeavors. Channel modeling is an important basis. Early
research works have been reported in [5]–[8] and the researchers
are still working on channel modeling. Reference [9] proposed
a modeling method based on ray tracing to characterize the
transmission environment more accurately. Existing works have
shown good agreement between the simulated and measured
channel responses [10], [11]. With multiple LEDs adopted for
illumination, multiple input multiple output (MIMO) technol-
ogy can be applied to increase the data rates [12]–[16]. The
diversity of MIMO communication system can compensate the
channel loss and improve the system performance [17]. That
is, the desirable signals can be detected by multiple receivers,
leading to higher performance gain.

In the MIMO VLC system, imaging architecture can be
adopted at the receiver to achieve spatial diversity. For such type
of system, the design of suitable optical antennas is an essential
problem. Hemispherical lens [18], fisheye lens [19] are typically
used to provide a wider view while increasing the optical gain,
and other different kinds of lenses [20], [21] that can separate
light beams and reduce inter-cross are also desirable.

Another issue in MIMO VLC system is the signal interference
under link misalignment, which means that the PD receives not
only the desired signal, but also the interference signal from
adjacent LEDs. Common signal processing methods focus on
suppressing interference. Reference [22] conducts an extensive
review of representative methods. As for array-based system, it
is more suitable to reconstruct and eliminate the interference at
the receiver, which adopts successive interference cancellation
(SIC). In the classical two-user interference channel, a typical
model called rate splitting was proposed by Han-Kobayashi [23],
which divides the source into two parts: public and private, and
decodes part of the interference if such decoding is helpful.
Multi-layer coding (MC) is an extension of Han-Kobayashi
(HK) scheme, whose main idea is also interference cancellation.
At the transmitter, the data is split into multiple sub-streams
which are independent of each other. At the receiver, several
layers are divided into groups and decoded simultaneously [24].

In this paper, we establish an indoor VLC system with
multiple transmitters and receivers. In order to suppress the
interference among light beams, we use a lens group as
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Fig. 1. Configuration of the array-based VLC system under consideration.

optical antenna and optimize the lens group structure. We also
investigate the MIMO channel model under link misalignment.
Considering the special interference structure of the array-based
system, we propose two approaches for signal processing under
transmitter/receiver mobility, including SIC and group decoding
to eliminate the interference. Significant rate improvement by
the proposed approaches is demonstrated over the one treating
interference as noise.

The remainder of this paper is organized as follows. Section II
describes the array-based VLC system under consideration.
Section III presents the optimization of lens structure. Section IV
proposes the signal processing approaches for the array-based
VLC system. Simulation results and discussions are provided in
Section V. Finally, we conclude this work in Section VI.

II. SYSTEM MODEL

We consider a typical array-based VLC system including
an LED array, a PD array and two lenses for concentrating
light. The LED array and PD array consist of l × l and p× p
elements, respectively; the two lenses include a convex lens and
a concave lens, which can narrow the LED beam and project
the light from each LED to its corresponding PD component
to mitigate the inter-LED interference. Once the transmitter
is fixed, the receiver can only move around the center, since
the field-of-view angle of the lens is limited. Therefore, we
assume that the communication system adopts a low-cost coarse
tracking module to guarantee small misalignment under receiver
mobility.

An example is shown in Fig. 1, where the LED array and
PD array are both composed of 4× 4 components. The distance
between transmitter plane and receiver plane is set to be 5.05 m,
which can meet the requirements of most daily scenes. The key
parameters of devices are shown in Table I, where φ is the di-
ameter of the lens, element spacing of LEDs/PDs represents the

TABLE I
KEY PARAMETERS OF THE ARRAY-BASED VLC SYSTEM

horizontal interval between two elements, and element spacing
of lenses represents the vertical distance between two lenses.

Assume that the radiation pattern of the LEDs can be approx-
imated by the Lambertian model, i.e.,

I(φ) ≈ I0(cosφ)
Cn , (1)

where φ is the angle of irradiance; I0 is the center luminous
intensity; exponent Cn is greater than or equal to 1, but does
not need to be an integer. Larger Cn implies narrower intensity
distribution of the light source. For example, when Cn is 10, the
half-power angle of LED is approximately 21◦. In the considered
system, we have cosφ = dv/dl, where dv represents the vertical
distance and dl represents the Euclidean distance between the
transmitter and receiver.

In Section III we will show that the non-line-of-sight (NLOS)
or reflection component is significantly weaker than the line-
of-sight (LOS) component, such that the LOS component dom-
inates. Therefore, we only take the LOS component into con-
sideration in this work. The array-based communication system
can be modeled as a MIMO communication system with Nt(=
l × l) transmitters and Nr(= p× p) receivers. The received
signal y ∈ RNr can be expressed as

y = Hx+ n =

Nt∑
i=1

hixi + n, (2)

where x ∈ RNt is the transmitted signal vector with covariance
matrix E{xxH} = I; n ∼ N(0, σ2

nI) is the additive white
Gaussian noise vector;H = [hji] ∈ RNr×Nt is the channel gain
matrix with element hji denoting the channel gain between the
i-th LED and j-th PD, andhi = [hi1, hi2, hi3, . . . , hiNr

]T is the
i-th column vector of the channel matrixH . Moreover, signal xi

is subject to non-negativity, peak and average power constraints
for VLC, i.e.,

xi ≥ 0, xi ≤ Ai,E[xi] ≤ εi, ∀i = 1, . . . , Nt, (3)

where Ai is the peak optical intensity limit, and εi is the average
optical power limit.

We assume that an AC-coupled APD is adopted to block the
DC component. The environmental light will change the DC
operation point of the PD receiver, resulting in different signal
gains and noise variances in the photoelectric conversion output.
In such case, the signal model in the electrical domain and the
corresponding signal processing both remain unchanged.
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TABLE II
THE OPTIMIZED PARAMETERS OF TWO LENSES

III. OPTIMIZATION OF LENS STRUCTURE

The two optical lenses (i.e., the convex lens and the concave
lens) need to be delicately designed such that the light from
each LED can be projected to the corresponding PD with low
inter-LED interference. Then, the diagonal elements dominate
in the corresponding channel gain matrix. The lens optimization
process will be elaborated in this section.

Assume that the two used lenses are both aspheric lenses and
the surfaces are paraboloid, which can be expressed as

z =
cr2

1 +
√

1− (1 + k)c2r2
+ αr2 + βr4 + · · · , (4)

where z is the sag of the lens surface; c represents the radius
of curvature; r represents the distance from the lens edge to
central axis; k denotes the conic constant; α and β denote the
coefficients of quadratic and quartic term. For simplicity, we
only consider the quadratic term in (4) and set c and β of each
lens to be zero [25]. As a result, (4) can be simplified as z = αr2.

We adopt Zemax, a comprehensive optical design and simula-
tion software, for the lens optimization. Given parameters such
as geometric position and refractive index of the object, the di-
rection and intensity of light can be determined. We simulate the
array-based VLC system model using Zemax software based on
the tracing of light paths. Then, we can readily obtain the channel
gain matrix through MATLAB-based extension program.

Condition number is the ratio between the largest and small-
est singular values of a matrix, and the condition number of
channel gain matrix measures the sensitivity of communication
system. Therefore, we optimize the structure of the two lens to
minimize the condition number (denoted by κ) of the channel
gain matrix corresponding to the received light spots. Specifi-
cally, the optimized structure parameters are chosen to be the
quadratic coefficients of the front and back surfaces, denoted
by α1

1, α
1
2, α

2
1, α

2
2, where superscript 1 (2) represents the convex

(concave) lens, and subscript 1 (2) represents the front (back)
surface.

Remark 1: The PD receives the desired signal with the
strongest power when each light spot falls on one and only one
PD (e.g., Fig. 1). Therefore, in optimizing the lens structure, we
only consider the case of link alignment, where the channel gain
matrix can be approximated as a diagonal matrix. For optimizing
the lens structure under link misalignment, additional constraints
and different objective need to be considered, such as signal
intensity, which remains for future work.

Through exhaustive search method, we can obtain the optimal
structure parameters of the two lenses, as given in Table II. The
corresponding condition number is 1.6622, and the spot pattern
on receiver plane is shown in Fig. 2.

Fig. 2. Spot pattern on the detector plane using a 10 mm× 10 mm detector.

From Fig. 2, it can be seen that the adjacent light spots are easy
to distinguish, which implies that the light beams can be well
separated and the interference can be suppressed. Moreover, the
size of each spot is about 0.5 mm×0.5 mm, which is around
1/20 of LED size (10 mm×10 mm), demonstrating the good
concentrating ability of the optical lenses. The corresponding
channel gain matrix is presented in Fig. 3, where the diagonal
elements are significantly larger than the off-diagonal ones.

To evaluate the influence of NLOS (or reflection) component,
we consider an empty room of size 5 m × 5 m × 5.05 m, and
assume that the materials of six surfaces follow purely diffuse
reflection model. The VLC system is located in the center of
the room, as shown in Fig. 4. After simulating the environment
in ZEMAX, we obtain the spot pattern on the detector plane as
shown in Fig. 5. We can see that even in the scenario with both
LOS and NLOS components, the shapes of the received light
spots are similar with clear outline. The interference at the PD
array center is relatively strong, but the same subsequent signal
processing approach can be applied.

Consider the more general scenario where the transmitter
and receiver are not perfectly aligned. In this case, the spatial
distribution of light from the LEDs deviates from the position
of the PD array, resulting in one light spot covering multiple
adjacent PDs and one PD covered by the spots from multiple
adjacent LEDs, as shown in Fig. 6. There are sixteen rectangular
detectors in this figure, and the colored rectangles represent the
LED spots on detector plane. Clearly, as the receiver moves, the
light spots may cover two or four detectors.

In this work, we get the most suitable spot size by optimizing
the lens, where the condition number of the channel is mini-
mized. In practice, we do not expect the spot size to be larger
than the PD size, which wastes light power and possibly causes
interference. For the case where the light spot is smaller than
the PD size, the interference structure of the array-based system
is not affected. Besides, it is also reasonable to assume circular
LEDs, where the interference structure is similar and the same
approach can be applied accordingly.

Noting that each receiver may be covered by the light spots
from multiple LEDs, the communication can be modeled by
an interference channel. Due to the specific structure of the in-
terference channel, the transmitted information can be extracted
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Fig. 3. Channel gain matrix of the aligned system.

Fig. 4. Illustration of the array-based VLC system in a 5 m × 5 m × 5.05 m
room.

Fig. 5. Spot pattern under LOS+NLOS link with VLC system at the center of
the room.

through SIC. The SIC process will be elaborated in the following
sections.

For mobile communication, we prefer system with large
moving range. However, the moving ranges of VLC transmitter
and receiver are limited due to small PD size. Note that more

PDs can increase the signal reception area and thus allow larger
moving ranges of LEDs and PDs. In the following, we adopt an
8×8 PD array while keeping the same PD size and interval as
those in Table I.

Remark 2: For multi-colored VLC system with filters, the
interference structure is different due to weak inter-color inter-
ference, if the optical filter is adopted at the receiver to remove
the out-of-band interference. The spot pattern on the detector
plane under link alignment is shown in Fig. 7(a), where each
PD is equipped with only one single-color ideal filter with zero
transmittance for wavelengths outside the bandpass range. When
LEDs/PDs move slightly, the spot pattern is shown in Fig. 7(b).
In such case, the inter-signal interference is much weaker than
that in a single-color system, but the signal processing ap-
proaches in Section IV are still applicable. If the optical spots
move away from the corresponding optical filter, the receiver
will hardly receive desired signals due to the presence of optical
filters.

IV. SIGNAL PROCESSING FOR ARRAY-BASED VLC SYSTEM

In this section, we first characterize the interference channel
of the proposed array-based VLC system in the case of link
misalignment. Then, we specify two signal processing methods
for such type of channel.

A. Interference Cancellation and Signal Combining

From Fig. 6, the channel of misaligned system can be seen as
a superposition of multiple Z-channels. Such channel structure
allows SIC for interference processing with low complexity [26].

The idea of SIC is removing the interference signal from the
received signal, one at a time as each signal is detected [27].
For example, the transmitter shifts towards the bottom-right in
Fig. 6. The detector in the upper-left corner receives the signal
without interference from adjacent LEDs, so the decoding starts
from the upper-left corner receiver. After this signal is detected,
the recovered information is used to subtract the corresponding
interference from the received signal. Subsequently, the detector
in row 1, column 2 (or the detector in row 2, column 1) contains
no interference from adjacent LEDs. Its received signal is de-
tected and the corresponding interference is canceled. Through
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Fig. 6. Spot pattern of mobile system.

Fig. 7. Spot pattern of multi-color system in different situations. (a) Link
alignment. (b) Link misalignment.

Fig. 8. Decoding order of the proposed system.

similar decoding/cancellation process, all the transmitted data
can be recovered in proper order.

Specifically, we assume that the PDs can receive the signals
from multiple LEDs. Take the detector in row 2, column 4 for
example, as shown in the right-hand side of Fig. 6. This detector
receives four different signals, denoted as A,B,C and D. After
eliminating the interferences from A, B, C, the signal D can be
decoded. According to the above idea of SIC, the 16 signals can
be decoded in the order shown in Fig. 8(a) or Fig. 8(b).

Note that the light from one LED may fall on multiple detec-
tors simultaneously. In order to decode the data from each LED,
we perform maximum ratio combining (MRC) on the signals
received by the corresponding PDs. We set different weights
for the received signals of different PDs, and the weight vector
corresponding to the j-th transmitted data can be expressed as

wj =
(
wj1, wj2, . . . , wjNr

)T
. (5)

For simplicity, the transmitters are labeled according to the
decoding order at the receiver side. In decoding the j-th trans-
mitted signal after canceling the interferences from the 1st to the
(j − 1)-th signal, the signal after combining can be expressed as

ycoj = wT
j y−(j−1) = wT

j hjxj +wT
j

Nt∑
i=j+1

hixi +wT
j n,

(6)
where y−(j−1) =

∑Nt

i=j hixi + n denotes the obtained signal
vector after subtracting the 1st to the (j − 1)-th interference
signal from the received signal y in (2).

Assuming the interferences from the 1st to the (j − 1)-th
signal are totally canceled, the signal-to-interference-plus-noise
ratio (SINR) for decoding xj from ycoj is

SINRj =
PSj

PIj + PNj

=
(wT

j hj)
2∑Nt

i=j+1(w
T
j hi)2 + ||wj ||2σ2

n

,

(7)
where PSj

is signal power, PIj is total interference power, and
PNj

is noise power. The optimal weight vector maximizing
SINRj is given by

wT
j = hT

j

⎛
⎝ Nt∑

i=j+1

hih
T
i + σ2

nI

⎞
⎠

−1

. (8)

In this work, we approximate the VLC channel capacity by
using a truncated Gaussian (TG) input distribution with mean μ̂
and variance υ̂2 which is given by

θAμ,υ(x) =

{
ρgμ,υ(x), x ∈ [0, A];
0, otherwise;

(9)
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where gμ,υ(x) is the original Gaussian distribution with mean
μ and variance υ2; ρ = (Gμ,υ(A)− (Gμ,υ(0))

−1 with Gμ,υ(x)
being the corresponding cumulative Gaussian distribution func-
tion. Based on the signal constraints in (3), the mean and variance
for signal j can be determined as

μ̂j = υ2
j [θ

Aj
μj ,υj (0)− θ

Aj
μj ,υj (Aj)] + μj ,

υ̂2
j = υ2

j [1−Ajθ
A
μj ,υj

(Aj)− μ̂j(θ
Aj
μj ,υj (0)− θ

Aj
μj ,υj (Aj))],

(10)
where μj and υ2

j are the mean and covariance of the original
Gaussian distribution for signal j. The achievable rate can be
derived as [28]

Rj = − 1

2
log

(
υ2
j −

h2
jj υ̂

4
j

h2
jj υ̂

2
j +

∑Nt

i=j+1 h
2
jiυ̂

2
i + ||wj ||2σ2

n

)

+
1

2
log υ2

j − φj ,

(11)
where φj = log(ρj) +

1
2 ((Aj − μj)θ

Aj
μj ,νj (Aj) + μjθ

Aj
μj ,υj (0))

and hji = wT
j hi.

B. Multi-Layer Coding and Group Decoding

According to Han-Kobayashi [23], the interference channel
can be modeled as each transmitter sending both “private” and
“common” information. Multi-layer coding and group decoding
extend the idea of HK model, via splitting the message into
more layers and ensuring higher decoding freedom. To further
improve the system performance, we perform multi-layer coding
in this work.

At each transmitter, the message is divided into multiple parts
and treated as separate layers. LetLi denote the number of layers
at transmitter i, and (i, k) denote layer k at transmitter i. The
message sent by one real user can be viewed as the superposition
of messages from Li virtual users, i.e.,

xi =

Li∑
k=1

xik. (12)

Assuming equal power allocation for all layers at each trans-
mitter, the power allocated to each layer of transmitter i is
E[x2

i ]/Li = 1/Li. The constraints on signal xik are

xik ≥ 0, xik ≤ Aik,E[xik] ≤ εik, ∀i = 1, . . . , Nt, (13)

where Aik = Ai/Li is the peak optical intensity limit, and εik
is the average optical power limit.

The rate of transmitter i is the sum of all virtual users, i.e.,

Ri =

Li∑
k=1

Rik, (14)

where Rik is the rate of layer (i, k). With multi-layer coding at
the transmitter, the received signal in (2) can be further rewritten
as

y =

Nt∑
i=1

hixi + n =

Nt∑
i=1

Li∑
k=1

hixik + n. (15)

Multi-layer coding can increase the flexibility of decoding in-
terference, yielding better transmission performance. To further
increase the detection reliability, the receiver can adopt group
decoding method, where partial interference is decoded along
with the desirable signal. The layers that have not been decoded
are treated as noise together with Gaussian noise. For simplicity,
we assume that only one layer is decoded at one time. We define
the set G = {(i, k)|xik has not been decoded}.

Assume that layer (i,′ k′) is decoded in the j-th decoding
stage. Similarly as in Section IV-A, we combine signals received
by multiple PDs at a time, and the weight vector is given by

wj =
(
wj1, wj2, . . . , wjNr

)T
. (16)

With multi-layer coding, the signal after the j-th combining
at the receiver is expressed as

yco
j

= wT
j hi′xi′k′ +wT

j

∑
(i,k)∈G

hixik +wT
j n. (17)

Define h̃i =
√

1
Li
hi. The weight vector can be derived in a

similar way as (7) and (8):

wT
j = h̃

T

i′

(
Nt∑
i=1

Gih̃ih̃
T

i + σ2
nI

)−1

, (18)

where Gi denotes the number of layers belonging to G for
transmitter i.

For each layer, we adopt independent TG distribution and the
achievable rate in the j-th decoding stagecan be derived as

Rj = − 1

2
log
(
υ2
i′k′

− h2
ji′ υ̂

4
i′k′

h2
ji′ υ̂

2
i′k′ +

∑g
l=1 h

2
jG[l]υ̂2

G[l] + ||wj ||2σ2
n

)

+
1

2
log υ2

i′k′ − φi′k′ , (19)

where φik = log ρik + 1
2 [(Aik − μik)θ

Aik
μik,νik

(Aik) +

μikθ
Aik
μik,υik

(0)], μik and υ̂2
ik are the parameters of the TG

distribution for layer (i, k) as in (9), and g = |G|.
One crucial issue of group decoding is to determine the

decoding order. Taking the overall performance into account,
we aim to maximize the minimum rate among all the layers.
The corresponding optimization problem is formulated as

q̂ = argmax
q∈Q

min
1≤i≤L

Ri(q), (20)

where q = [q1, q2, q3, . . . , qL] denotes the decoding order, L =∑Nt

i=1 Li denotes the total number of layers, Q is the set of all
legitimate decoding orders, and Ri(q) represents the achievable
rate for the i-th layer in decoding order q.

Problem (20) can be solved simply using exhaustive search
or dynamic programming. Besides, it can be improved by dis-
tributed algorithm. We can define a rate increment margin. If
the rate of decoded layers increases beyond the margin after
decoding (i, k), then decoding (i, k) may cause an outage.
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Fig. 9. Relative positions of transmitter and receiver in different cases.
(a) Aligned link. (b) Rotated transmitter. (c) Vertically shifted transmitter.
(d) Horizontally shifted transmitter. (e) Rotated receiver.

Fig. 10. The condition number of H versus rotation angle of the transmitter.

The rate increment should be dynamically updated after each
decoding. Detailed steps of such algorithm can be found in [29].

Remark 3: Beyond link misalignment, excessive environ-
mental background light will cause APD saturation, which
degrades the performance of SIC and MC. Placing optical at-
tenuation slice in front of the receiver PD array can effectively
solve such problem [30]. Besides, nonideal lens will cause
imaging distortion and aggravate the interference, which can
be compensated by digital signal processing.

V. RESULT ANALYSIS

This section presents the analysis on link misalignment and
the simulation results regarding signal processing. We first
discuss possible moving direction and range of the optimized
16× 16 MIMO system. Then, we increase the number of PDs
to 64 for communication and compare the achievable rates under
different motion states.

A. Moving Range of Transmitter and Receiver

In practical applications, the VLC transmitter and receiver
may be inclined or in offset, resulting in link misalignment
as shown in Fig. 9. Therefore, we first explore how channel
characteristics change under link misalignment.

Fig. 11. The condition number of H versus receiver Δh.

Fig. 12. The spot pattern on detector plane when Δv = 370.

In order to measure the relative moving distance over the PD
array size, we define Δh (Δv) as the ratio of moving distance
over PD array side length in the horizontal (vertical) direction.
In the proposed array-based system, the 4× 4 PD array size is
2.7 mm×2.7 mm and the 8× 8 PD array size is 5.5 mm×5.5
mm.

Here we assume that the relative position between LED (PD)
components is fixed. We adopt the case of link alignment as a
baseline. Fig. 10 presents the condition number κ of the channel
gain matrix H under different rotation angles of the transmitter.
We can see that perfect link alignment (i.e., the transmitter
rotation angle is 0◦) yields the minimum condition number.

Generally, an excellent channel state is required for reliable
signal transmission. We can set a threshold τ on the condi-
tion number κ and assume a good link quality for κ ≤ τ . For
example, for τ = 4, the maximum allowed rotation angle of
transmitter is 12◦, as seen from Fig. 10. Moreover, the condition
number first increases gradually as the transmitter rotation angle
increases, but then suddenly drops when rotation angle is 17◦.
That is because the channel quality deteriorates as the transmitter
rotates. When the rotation angle exceeds a certain value, the PD
cannot receive any optical signal, and all sub-channels have poor
performance, resulting in small condition number.

Fig. 11 illustrates the change of the condition number as the
receiver horizontally moves. It is seen that as the receiver moves
away, the condition number increases gradually, showing the
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Fig. 13. Comparison of achievable rates using different signal processing methods. (a) Center aligned. (b) Receiver rotates 0.5◦. (c) Receiver rotates 1◦. (d) Sum
rate under different rotation angles.

transmission performance is getting worse. Specifically, the re-
ceiverΔh can be up to 3.7 while maintaining a good transmission
link with τ = 4.

In vertical direction, the transmitter (or receiver) has a large
allowed moving range because the light rays are nearly parallel.
For τ = 4, the transmitter can move about ±1 m. Fig. 12 shows
the light spots on detector plane for Δv = 370. It is clear that
each light spot can be distinguished and completely received by
the PD. This demonstrates the robustness of the lens structure
to vertical movement.

Notwithstanding, the receiver has a small allowed rotation
angle less than 1◦ because rotation can seriously affect the
effective reception area. Therefore, PD cannot receive any signal
at all for rotation angle greater than 1◦.

B. Signal Processing Results

In this subsection, we compare the results of multiple signal
processing methods and discuss their performance.

First, we consider the parameters in multi-layer coding and
group decoding. It has been proved that more layers and larger
group numbers both lead to improved performance [24]. Con-
sidering complexity, we assume that users’ messages are split
into 3 parts, i.e., for i = 1, 2, 3 . . . 16, all Li equal to 3. For MC,
the input signal obeys a TG distribution and μik = 3υik at each
layer. Using algorithm in [29], the optimal decoding order and
the overall rate can be obtained.

We present the numerical results of achievable rate using
signal combining with multi-layer coding (SC+MC), as well
as the successive interference cancellation (SC+SIC) under
different mobile situations. For comparison, we also calculate

the achievable rate in the case of SC only, SIC only and no
processing. Specifically, SC only refers to the approach where
the signals are combined without cancelling interference and
the weight vector is obtained by maximizing SINR; SIC only
refers to the approach where the SIC is performed without
signal combining; and no processing refers to merely treating
interference as noise.

First we discuss the situation of receiver rotation. Figs. 13(a)–
(c) show the achievable rate of each signal at different rotation
angles. As we can see, whether in alignment or deviation, both
SC+MC and SC+SIC provide significant sum rate improve-
ment over the case of no processing. When the receiver rotates
0◦, the original rates of all signals are almost the same in
Fig. 13(a), implying equal interference intensity among different
signals. As interference cancellation proceeds, the last signal
to be decoded will achieve the maximum transmission rate.
However, SC+MC is not always better than MC+SIC for each
signal in Figs. 13(a)–(c), due to different order of interference
cancellation.

Fig. 13(d) shows the sum rates under different rotation angles.
Apparently, the maximum sum rate is obtained when using
SC+MC. As we described before, the MC scheme provides
decoding system with more freedom and achieve better per-
formance than SIC. The gap between SC+MC and SC+SIC can
certainly prove this point.

For interference channel, SIC+SC yields more significant rate
improvement than SIC only. The joint implementation of signal
combining and interference cancellation can effectively utilize
the information of strong signals, increasing the original sum
rate by more than 3 times when the transmitter and receiver are
aligned.
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Fig. 14. Comparison of achievable rates using different signal processing methods. (a) Receiver Δh = 9.1. (b) Receiver Δh = 18.2. (c) Receiver Δh = 27.3.
(d) Sum rate at different Δh.

Next we investigate the case where the receiver horizontally
moves, as shown in Fig. 14. The receiver has a limited moving
distance in the horizontal direction because of small receiving
area. But adding PDs and signal processing could effectively
improve mobility. Expanding the PD array to 8× 8, the max-
imum receiver Δh allowed increases from 3.7 to 27.3 for τ =
4. Therefore, when the 8× 8 PD array horizontally moves by
50 mm (Δh = 9.1), the achievable rate with no processing is
almost the same as that when the system is aligned as shown in
Fig. 14(a).

Figs. 14(a)–(c) show the rate of each signal when the receiver
horizontally moves. We can see the green polyline, correspond-
ing to the original rate, gradually gets closer to 0 as the interfer-
ence intensity increases. Although SC+MC and SC+SIC greatly
improve system performance, the rates of most processed signals
decrease as the receiver moves due to the decease of received
power (see signal 5 for example).

In Fig. 14(d), as we expected, the highest sum rate is ob-
tained by SC+MC. As the moving distance increases, the sum
rate decreases for all processing approaches. We also see that
both SC+SIC and SC+MC increase the sum rate by more than
3 times when Δh = 9.1, compared with no processing. It is
interesting to see that as the moving distance increases, the sum
rate without processing first decreases and then increases, while
the sum rate with SC+MC gradually decreases. This is because
moving 100 mm (Δh = 18.2) results in stronger interference
than moving 150 mm (Δh = 27.3), which is not necessarily
harmful if interference decoding and cancellation are adopted.

The joint signal combining and interference cancellation can
effectively utilize the desired signal and achieve better system

TABLE III
ACHIEVABLE RATE UNDER DIFFERENT LINKS

performance. Whether the transmitter and receiver are aligned
or not, the proposed approaches can significantly improve the
achievable rate.

We further consider the influence of NLOS links. In addition
to the scenario where system is located at the room center, we
consider the scenario where the receiver is located at the corner
close to the wall. The LED array is placed 10 cm away from
the wall, and the PD array is aligned with LED. We compare
the achievable rates using SC+MC, as shown in Table III. The
results show that the rate loss due to reflection is below 5%.

The proposed system has a meter-level dynamic range in the
vertical direction. We fix the transmitter and receiver parameters
(e.g., parameters of LEDs, PDs and lens) as those in the 5-m
MIMO VLC system and vary the transmission distance. Fig. 15
shows the achievable sum rates by using SC+MC at transmission
distances from 3 m to 8 m. We can see that 80% of the sum
rate at 5-m distance can be achieved in the distance range of
4∼7 m, and the sum rate drops more quickly as the moving
distance further increases. Moreover, the sum rate drops more
slowly as the transmission distance increases compared with that
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Fig. 15. Sum rate versus transmission distance.

as the transmission distance decreases. The results demonstrate
the robustness of the proposed technique to the transmission
distance in a certain range.

VI. CONCLUSION

In this paper, we have proposed a long-distance MIMO VLC
system and the corresponding signal processing method consid-
ering the misalignment due to transmitter/receiver mobility. We
have adopted one convex and one concave lenses as the optical
antennas and optimize their structures to reduce the inter-LED
interference. At 5-m communication distance, spots of 4× 4
LEDs can be well separated on the receiving plane with obvious
contour shape, which shows that each PD can receive the signal
from corresponding LED with low interference. Moreover, we
have investigated the transmission performance for the scenarios
where the transmitter and the receiver are not perfectly aligned.
We have adopted the signal combining and interference cancel-
lation methods based on MC and SIC. Numerical results show
that the achievable rate can be significantly improved via these
methods.
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