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Abstract: Multi-color visible light communication (MC-VLC) can achieve a multi-fold rate by
taking advantage of multiple color channels. The optical filters for separating different colors
are often designed for the normal incidence case only. However, the center wavelength
(CWL) of the optical filter shifts as the angle of incidence (AQI) varies, leading to perfor-
mance degradation. To address the issue caused by the CWL shift, we propose a novel
concept of the optical filter bank that uses a group of narrow-band optical filters and divides
the whole visible light spectrum into many narrow bands of wavelengths. The optical filter
bank can flexibly combine the useful signal of each monochromatic color and effectively
avoid the undesired interference, even if the CWL shifts. Based on the optical filter bank,
we establish the channel model and signal model of the MC-VLC system, and then jointly
design the linear precoding and equalization for MC-VLC. As illustrated by simulations, the
proposed optical filter bank transceiver can achieve a high rate and stable performance at
varying AQls.

Index Terms: Center wavelength (CWL) shift, linear transceiver design, optical filter bank,
precoder, visible light communication.

1. Introduction

Visible light communication (VLC) using light-emitting diodes (LEDs) has drawn substantial atten-
tion from both academic and industry in recent years [2], [3]. VLC offers the dual functions of
communication and illumination simultaneously, referred to as communication-lighting integration
[4]. Compared with radio frequency (RF) communication, VLC has attractive characteristics such
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as low cost, high security, plenty of license-free bandwidth, and no interference with sensitive
electronic equipment (see e.g., [5], [6]). Owing to these advantages, VLC emerges as a promising
technology for the next generation of wireless communication [7].

Multi-color VLC (MC-VLC) uses multi-color LEDs, which consist of several LED chips emitting
different monochromatic lights, to transmit data in a color division manner [8], [9]. Compared with
single-color VLC, MC-VLC can not only provide adjustive illumination in terms of color temperature
(CT) and color rendering index (CRI), but also achieve a multi-fold increase in channel capacity [10].
In MC-VLC, optical filters are usually adopted to separate the signals of different colors [11]-[13].
There are two types of optical filters: color-glass optical filters and thin-film optical filters. Between
them, thin-film optical filters are widely used, due to the high in-band transmission, deep out-of-
band attenuation, and sharp passband edges [14]. Nowadays, the passband bandwidth (BW) and
center wavelength (CWL) of the thin-film optical filters can be specifically customized according to
the requirement [14].

In the conventional MC-VLC, each individual optical filter is designed for a monochromatic
color to balance the trade-off between the useful signals and undesired interferences. In [15], the
authors used a multiple-input multiple-output (MIMO) detection method (zero-forcing equalization)
to mitigate cross-color interference. The authors in [16] proposed a scheme that recovers the
transmit signal by image processing algorithms for camera-based receivers. In [17], the BW
and CWL of optical filters were optimized to maximize the signal-to-interference-plus-noise ratio
(SINR) of the color channel at normal incidence. The authors in [18] considered the BW and
CWL optimization of the optical filters for linear minimum mean square error (LMMSE) receivers
at normal incidence. However, in practice, the light is not always incident normally. As the angle of
incidence (AOI) increases, the CWL of thin-film optical filter shifts to shorter wavelengths, also
known as the “blue shift”. As a result, the passband of the optical filter designed for normal
incidence deviates away from its required wavelength range [1], [19]. Consequently, the undesired
signals cannot be eliminated effectively and the desired signal attenuates severely, leading to
performance degradation. Therefore, it is a critical and challenging issue to deal with the CWL
shift caused by varying AQls.

To address the performance degradation caused by the CWL shift, several optical filter designs
were proposed. In [18], a statistically robust and a worst-case robust optical filter designs were
proposed to minimize the sum-MSE in the average and worst-case sense, respectively. In [20], the
authors proposed an optical filter with the passband out of alignment towards a longer wavelength
to compensate for the CWL shift. These existing works [18], [20] adjusted the CWL to a longer
wavelength to combat the CWL shift. Such optical filter designs improve the performance at
large AOIs, but cause performance degradation at normal incidence and cannot guarantee stable
performance for different AQOls.

In this work, to deal with the issue caused by the CWL shift and achieve stable performance
for different AOls, we propose a novel filtering structure named optical filter bank. The optical filter
bank uses a group of narrow-band optical filters and covers seamlessly the whole visible light
spectrum and divides it into many narrow bands of wavelengths. Compared with the conventional
filtering structure, the proposed optical filter bank offers several significant advantages for MC-VLC.
First, by dividing the visible light spectrum into multiple narrow bands, the optical filter bank can
effectively collect the useful signal power and eliminate the interferences. Second, the optical filter
bank is flexible for different AOls and can combine the desired narrow bands adaptively, even if the
CWL shifts with varying AOlIs. Third, the optical filter bank has great compatibility for different LEDs
with different spectral shapes.

To combine the narrow bands of wavelengths in MC-VLC, the equalization matrix is necessary.
Meanwhile, the transmitted signals shall also be properly processed by a precoding matrix. Thus,
the transmit precoding and receive equalization are important for MC-VLC using optical filter bank,
and thus shall be carefully designed. For this purpose, we establish the system model for the
optical-filter-bank-based MC-VLC, and jointly design linear precoding and equalization for optical
filter bank transceivers under various constraints. Such a problem is, however, not easy to tackle
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Fig. 1. (a) Internal structure of a thin-film optical filter. (b) Passband shape of a thin-film optical filter.

due to the non-convex objective function and complicated constraints. In this work, our main
contributions are summarized in the following:

e We propose the novel concept of optical filter bank for MC-VLC to address the performance

degradation caused by the CWL shift.

e We establish the channel model and signal model for MC-VLC using optical filter bank.

e We propose an effective algorithm to jointly design the linear precoding and equalization for

MC-VLC transceivers with optical filter bank.

¢ In the simulations, we show the superiority of the optical filter bank and transceiver design

algorithm, even with the varying AQOls.

The rest of the paper is organized as follows. In Section 2, we begin with the CWL shift of optical
filters. In Section 3, we propose the optical filter bank and establish the channel model and signal
model. Section 4 formulates the transceiver design problem for MC-VLC using optical filter bank.
Section 5 demonstrates the simulation results. Finally, conclusions are drawn in Section 6.

Notation: Bold uppercase and lowercase letters are used for matrices and vectors, respectively.
()" and (-)~! denote the transpose and inverse of a matrix, respectively. E[-] denotes the expecta-
tion. Tr(-) is the trace of a matrix. The operators > and < are defined element-wise for vectors.
min(-) denotes an element-wise minimum operator. abs(-) denotes an element-wise absolute
operator. o denotes the Hadamard (element-wise) product. Iy denotes an M x M identity matrix.
1y denotes the M x 1 column vector of ones. diag(a) denotes a diagonal matrix with a being its
diagonal entries. [A]; ; denotes the i-th row and the j-th column element of matrix A. [A];. denotes
the i-th row vector of matrix A. || - ||1 and || - || denote the /1 and kL norms of a vector, respectively.
| - IIF denotes the Frobenius norm of a matrix. A > 0 indicates that matrix A is positive semi-definite.

2. CWL Shift of Optical Filter

Thin-film optical filters, composed of multiple thin dielectric layers, have been widely used in MC-
VLC systems to separate different color channels [21]. Fig. 1(a) illustrates the internal structure
of a thin-film optical filter, which is made up of alternating layers of high- (H) and low- (L) index
materials. As the number of high and low-index layers (in pairs) increases, constructive interference
or destructive interference occurs at particular wavelength ranges, leading to the passband or
stopband of the optical filter [22].

As illustrated in Fig. 1(b), thin-film optical filters have near-ideal bandpass characteristics, in-
cluding high in-band transmission, deep out-of-band attenuation, and sharp passband edges [19].
Therefore, the passband of a thin-film optical filter can be considered as rectangular in shape,
characterized by three parameters: in-band transmission gain t, BW, and CWL. BW and CWL can
be expressed in terms of the left and right passband edges « and g:

BW =g —a CWL= 22

(1)
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Fig. 2. Phenomenon of light interference of a thin-film optical filter.

Due to the principle of light interference, the CWL of a thin-film optical filter shifts towards shorter
wavelengths as the AOI is increased from 0° to large values, also known as the “blue shift” [19].
Let 1o(¥) be the CWL at an AOI v, and define 1o = 1¢(0) as the CWL of the optical filter at normal
incidence. From the phenomenon of light interference of a thin-film optical filter illustrated in Fig. 2,
we would like to summarize the relationship between Aq(v), Ao, and the AOI ¢ in Lemma 1 as
follows.

Lemma 1: [23] The CWL shift of a thin-film optical filter can be characterized as

- 2
ho(¥) =?»0'\/1 _ (M) , @)

Net

where ny and ng are the effective refraction indexes of the air and the optical filter, respectively.
Proof: In Fig. 2, the optical path difference between the adjacent two rays ABB" and A'C' is

Al = (AB + BB')ng — AC'ip. (3)

From the geometric relationship in Fig. 2, we can obtain that AB = BB’ = Cog'(g), AC = AB'sin(9’),
and AB' = 2ditan(#), where d is the thickness of the optical filter. According to the law of refraction,

we have ng¢sin(6) = nesin(y) and nggSin(0) = npsin(6”). Thus, we can express Al as

: 2
Al = 2d,neﬁ\/ 1- <M> . (4)
Neft
To generate constructive interference at the CWL Aq(v), Al shall satisfy the condition
2n Al
T _oam m=1,2,... (5)
2o (V)

By substituting (4) into (5), we have

20 et/ 1 — (M)Z

Netf

=m m=1,2,... (6)
Lo (¥)
At normal incidence vy = 0°, we can obtain from (6) that
20Mett _ 1.2, (7)
Ao
Combining (6) and (7), we can conclude with Lemma 1. |

Lemma 1 characterizes the CWL shift with the AOIL. From (2), one can find that rq(vy) is
decreasing in v, implying that CWL shifts towards shorter wavelength as the AOI increases. The
CWL shift is not only affected by the AOI, but also the effective refraction indexes of the air and the
optical filter, i.e., np and nek. According to (2), Ao(v) is increasing in neg, implying that the smaller
nett IS, the more significant the CWL shift is. Denote (a(v), B(¥)) as the passband edge pair at an
AOI . Similarly, the relationship between («(v), B8(¥)) and («(0), 8(0)) can also be characterized
by Lemma 1.
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Fig. 4. Proposed optical filter bank (N = 10 and y = 0.25) and the spectra of RGBA LEDs. (a) v = 0°.
(b) v = 30°.

Conventional MC-VLC systems adopt the filtering structure that each individual optical filter
corresponds to a color channel. Fig. 3 presents a conventional optical filter design and the spectra
of red/green/blue/amber (RGBA) monochromatic LEDs in an MC-VLC system. The passband
of every optical filter is designed for a single color channel to maximize the SINR at normal
incidence [17]. From Fig. 3(a), signals of different monochromatic spectra are separated well at
normal incidence (¥ = 0°). However, in Fig. 3(b), the filter CWLs shift towards a shorter wavelength
at ¢ = 30°, and the desired color signals attenuate severely and the undesired signals cannot
be eliminated effectively. As the AOI deviates from the normal, the filter passband of each color
channel shifts away from its desired wavelength range, leading to degraded performance.

3. MC-VLC Using Optical Filter Bank
3.1 Optical Filter Bank

To combat the issue caused by the CWL shift, we propose a novel filtering structure named optical
filter bank for MC-VLC, as illustrated in Fig. 4. In the optical filter bank, the number of optical
filters N is larger than the number of monochromatic LEDs M. These optical filters has narrow,
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identical passband BW, denoted by B,. The passbands of adjacent optical filters overlap with a
ratio y € [0, 1), defined as

= —, 8
r=g (8)
where A € [0, B,) is the overlapped bandwidth. Apparently, the optical filter bank covers the whole
visible spectrum between Anin and Amax. Given the number of optical filters N, the BW of an optical
filter is

)\max_)kmin
B, = . 9
"TN-Ny+y ®)

Hence, the number of optical filters N and the passband overlap ratio y determine the left and right
passband edges of the i-th optical filter:

o = Amin+ (i =iy +y —1)By, (10)
Bi = Amin + (i — iy +¥)B:. (11)

In Fig. 4, the optical filter bank with N =10 and y = 0.25 is presented as an example. One
can see that the whole visible light spectrum is seamlessly covered and is divided into many
narrow bands of wavelengths. Such a filtering structure offers several advantages for MC-VLC
in comparison with that in Fig. 3. First, the optical filter bank provides effective SINR for each
color channel, since it can avoid undesired interference by using narrow-band optical filters and
guarantee enough useful signal power by using more optical filters. Second, the optical filter bank
can adaptively combine the desired narrow bands of wavelengths and avoid the undesired ones,
resulting in flexibility for different AOIls. Third, the optical filter bank is compatible for different
configurations of LEDs, since the spectra with different shapes can be recovered by combining
the narrow bands of wavelengths.

Remark 1: According to (9), the BW B, is decreasing and increasing in the optical filter number
N and the passband overlap ratio y, respectively. This implies that N and y have a great impact on
the optical filter bank. A small N leads to a broad B,, making the cross-color interference in each
optical filter more serious; A large N leads to a rather narrow B, , making the received optical signal
of each optical filter weaker and the channel noise dominant. Thus, N should not be too large or
small. For the same reason, y should not be too large or small, either. The effect of N and y will be
discussed in Section 5.3.

3.2 Channel Model of Optical Filter Bank

In this subsection, we would like to establish the channel model for MC-VLC using optical filter
bank. Consider an MC-VLC system equipped with optical filter bank in Fig. 5. Let S;(1) be the
spectral shape of the j-th LED. Generally, S;(1) can be described by the H model as [24]

9(h, A, AR)) + ki1 - g2 (0, Aj, ALj)

(X)) =
Sj( ) 1+k/"1

. (12)
with
g0 A1, AL;) = exp [—(A_—A’)T (13)
s A, j A)»? s

A)\.m, A< )‘j

ALj = {A)Lj,z, b= A, (14)

where 1; is the peak wavelength of the spectrum, A4 is the left half-spectral width satisfying
Sj(hj— Arj1) = 3Sj(xj), Akj2 is the right half-spectral width satisfying S;(A; + AL;2) = 1S;(A)),
and k;1 € N and k;» € N represent the characteristic parameters of the spectral shape.
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Fig. 5. System model of MC-VLC equipped with optical filter bank.

Let ¢ be the angle of irradiance of the transmitter, i/ be the angle of incidence of the receiver,
and d be the distance between the transmitter and the receiver. Since the physical sizes of both
the multi-color LED cluster and the photodiode (PD) cluster are much smaller than the distance d,
they can be regarded as points so that the subchannels between different monochromatic LEDs
and PDs have the identical d, v, and ¢. Thus, the gain of the MC-VLC link can be written as

L(¢)ARy
hdc:{w, Ofwfq]m

0, o> Wy, (15)

where A is the area of each PD, R, is the responsivity! of PD, and ¥, is the field of view (FoV) of
the receiver. Besides, L(¢) is the radiant pattern of the light emitting, which can be described by a
Lambertian model as [28]:
1
L) = o0 cos™ . (16)
2w
where m is the Lambertian emission order related to the half-power semi-angle ®1,, by m=
—In2/In(cos ®12).
Taking the spectral shape of the LED into consideration, we can express the gain of subchannel
from the j-th monochromatic LED to the i-th PD as

Bi(¥)
) Jayy Si(A)dA

hij = h
1T R g

(17)

where «;(v) and Bi(y) are the passband edges of the i-th optical filter at an AOI v, respectively,
and n; is the electro-optic (E-O) conversion factor of the j-th monochromatic LED.
Therefore, the MIMO channel model for the MC-VLC using optical filter bank can be written as

H= (h)"". (18)
The channel matrix H in (18) is highly related to the filter passband edges «;(y) and Bi(y) for
i=1,2,...,N.Since «;(y) and Bi(v) fori=1,2, ..., Nvary with the AOIl as described in Lemma 1,
one can find that the channel matrix H is heavily influenced by the AOI.

"In this work, we use the assumption that the responsivity of a PD is approximately constant in the visible light
spectrum [25]-{27]. In the case that the responsivity changes with the wavelength, our proposed structure is still available
since the impact of the responsivity has been included in the channel matrix H.
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The conventional filtering structure in Fig. 3 generates parallel color channels by directly separat-
ing different monochromatic spectra. Unlike the conventional one, the proposed optical filter bank
uses a group of narrow-band optical filters to divide the whole visible light spectrum into many
narrow bands of wavelengths. As a result, to generate parallel color channels, the narrow bands
of wavelengths shall be adaptively combined by an equalization matrix. Besides, the transmitted
signals shall also be properly processed by a precoding matrix. In the following, we will jointly
design the linear precoding and equalization for MC-VLC transceiver using optical filter bank.

3.3 Signal Model

The MC-VLC using the optical filter bank with the optical filter number N and passband overlap ratio
y isillustrated in Fig. 5. There are M independent substreams, and the symbol of the k-th substream
is s¢ € [—1, 1] with E[s,] = 0 and E[sZ] = 02. The symbol vector can be written as s = [s1, .. ., sul”
with the covariance matrix Rs = E[ss”] = o2ly. s is first precoded by a matrix W € R¥*M and then
added with a direct current (DC) bias vector b € R"*" to generate the non-negative signals

X = Ws +b. (19)

The lights of multi-color LEDs mix and radiate for the functions of illumination and communication.
At the receiver, the modulated light is captured by the optical filter bank and converted into the
electrical signal, written as

r=Hx+n=HWs+Hb+n, (20)

where H is the MIMO channel matrix in (18), and n is the receiver noise vector obeying a zero-mean
Gaussian distribution, i.e., n ~ (0, Ry).
After removing the DC component Hb in (20), we have the signal vector
y =HWs +n. (21)

The symbol vector s is recovered by equalizing y via multiplying a matrix G € R¥*N| each row of
which acts as a weight vector to combine the narrow ranges of wavelengths for a color channel.
The estimated symbol vector § is expressed as

S = Gy. (22)

Therefore, due to the CWL shift with varying AOls, the precoding matrix W and equalization
matrix G shall be carefully designed for MC-VLC systems using optical filter bank.

4. Linear Transceiver Design for Optical Filter Bank
4.1 Problem Formulation

We use the sum-MSE of all the M substreams as a criterion to assess the system performance [29]-
[34]. The covariance matrix of the MSE of the M substreams is given by

R. = E[(§ — s)(§ — s)"] = E{{[G(HWs + n) — s][G(HWs + n) — s]"}

= GHWR;W'H'G” + R, + GR,G" — 2GHWR;. (23)
Thus, the sum-MSE can be written as
MSE(W, G) = Tr(Re) = T(GHWRsW'H'G’ + R; + GR,G™ — 2GHWRq). (24)

In the design of precoder W and equalizer G, several constraints shall be considered.

1) Limited dynamic range constraint: The LED is dynamic-range limited. For the j-th LED, the
driving signal is bounded by a turn-on value xo, ; and a saturation value Xsa, ;, and thus the driving
signal vector of multi-color LEDs Ws + b shall satisfy

Ws +b > Xon, (25)
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Ws + b < Xgat, (26)

where Xon = [Xon 1, - - - » Xon.m]” @nd Xsat = [Xsat.15 - - - » Xsat.m] -
2) Color illumination constraint: To mix the multi-color lights into the white light with a target CT
and CRI, the average optical powers of the multi-color lights shall satisfy a pre-determined color

mixture ratio (CMR) ¢ = [c4, ..., ¢cy] (¢ is normalized as ZkM=1 ¢ =1)[35],i.e,
E[po (Ws+b)]=noWE[s]+pob=nob=¢&c, (27)
where n = [n1, ..., nu]" is the vector of E-O conversion factors of LEDs, and & is a certain scalar.

3) Total brightness level constraint: The mixed multi-color lights shall provide a target total
brightness level Ly, and thus we have

E[n"(Ws +b)] = " WE[s] +5"b =75"b = L. (28)

Therefore, the transceiver design problem in MC-VLC to minimize the sum-MSE under the above
constraints can be formulated as

W’ig MSE(W, G) (29a)
st. Ws+b > xq, (29b)
Ws + b < Xgqy (29c¢)
nob=¢c (29d)
n'b=Ls. (29e)

Such a transceiver design problem in MC-VLC has a similar form as that in MIMO VLC sys-
tems [29]-[34]. Generally, the transceiver design problem in VLC is difficult to deal with due to the
complicated objective function MSE(W, G) with respect to W and G in (24), and the constraints in
terms of signal amplitude in (25) and (26). In the literature, researchers have been devoted to the
study of transceiver design in MIMO VLC systems, and several algorithms have been proposed.
In [29], the authors proposed an algorithm that optimizes W and G alternatively. In [30], an iterative
algorithm based on gradient projection is proposed. The performances of [29] and [30] depend
on the initial points. Two problems arise with these existing algorithms. 1) The algorithms in [29]
and [30] may converge to bad local optima, when improper initial points are used; 2) Searching
many initial points suffers from high computational complexity, and is impractical for MC-VLC with
rapidly varying AOls. Therefore, an algorithm for stable performance with low complexity is urgent.

4.2 Optimal Receiver Design

We first optimize the equalization matrix G for combining the narrow ranges of wavelengths.
Observe that the constraints (29b)—(29¢e) are unrelated to the equalization matrix G. Thus, G can
be optimized directly via

w — 2G(HWRW'H’ + R,) — 2RTWTHT = 0. (30)
By solving the equation 2MSEW.8) _ ¢ the optimal G can be obtained as
G* = RTW'H" (HWRW'H” +R,) . (31)
S

Such an equalization matrix G* is a function with respect to the precoding matrix W, and play a key
role in combining the narrow ranges of wavelengths as the CWL shifts with varying AOls.
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4.3 Transmit Precoder Design

Now we consider the precoding matrix W. By substituting the obtained optimal G* into (24), w
have

MSE(W) = (M — N)o2 + o2Tr((c2HWW'H' 4+ R,)"'R,). (32)

To get rid of the dependence on specific symbol vector s, the constraints (29b) and (29c) can be
rewritten by

abs(W)1y < min{b — Xon, Xsat — b}. (33)

According to the constraints (29d) and (29e), we can obtain £ =Ly and b; = LTC’ Thus, the
constraints in (29b)—(29¢) are reduced to a single constraint as

Lre, Lrc
||[W]j ||1 <mm{__xonj Xsatj_L} (34)
nj nj
Therefore, the optimization problem for precoding matrix W can be expressed as
min - MSE(W) (35a)
. [ Lre; Lrc
s.t. ||[W]/||1 = min {% — Xon, j» Xsat,j — %} (35b)
j j

Unfortunately, the objective function MSE(W) in (35a) is non-convex in W. Due to the constraint
in terms of signal amplitude of each LED, the constraint in (35b) is the /; norm constraint of each
row of W. As shown by existing works, such a constraint is difficult to deal with, especially along with
the non-convex objective function MSE(W). Thus, it is hard to find the global optimum of problem
(35).

To solve problem (35), we introduce a new positive semi-definite matrix Q = WW/. Hence, the
objective function can be expressed as

MSE(Q) = (M — N)o2 + 62Tr((c2ZHQH' + R,) 'R,). (36)

By using the inequality [|[W];.|l1 < v/M||[W];:||2 [36], the constraints in (35b) is restricted by

2 2
MI[Q];; < min {(ﬂ — Xon,/> (Xsat/ LTC’) } (37)
Thus, the problem that optimizes Q yields an upper bound to the original problem (35)
mcin Tr((c2HQH” + R,))'Ry) (38a)
2 2

st M[Q];; < min {(LT@ —Xon 1)+ (eats = 2% } (38b)
Q> 0. (38c)

Obviously, the tightness of this bound depends on the inequality |[[W];.||1 < «/W||[W],-,;||2, which is
inversely proportional to M [37]. In MC-VLC, the number of colors M is usually 3 for RGB system
or 4 for RGBA system, which are rather small. Thus, it is reasonable to use such inequality in the
transceiver design of MC-VLC system.

Now, we characterize problem (38) via Theorem 1.

Theorem 1: By introducing an auxiliary matrix variable T € RV*", problem (38) can be reformu-
lated as a semi-definite programming (SDP):

in Tr(TR
min r(TR,) (39a)

st M[Q];; < min {(: — Xon, ,)2, (et - LTC,)2} (39b)

nj
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Q>0 (39c¢)
T I
[ | 02HQH + Rn] = 0. (39d)
Proof: Please see the Appendix. [ |

The SDP formulation in Theorem 1 makes it possible to find the globally optimal Q* by using
interior point method [38]. Thus, once the globally optimal Q* is obtained, we can obtain the
precoding matrix W by decomposing Q* as

Q" =WW'. (40)

The decomposition in (40) can be implemented by Cholesky decomposition (CD) or eigenvalue
decomposition (EVD) [36], leading to different precoding matrices W’s.

e CD:Q* =LL", where L is a lower triangular matrix, and thus we have W = L.

e EVD: Q" = USU’, where U is a unitary matrix, and S is a diagonal matrix with the diagonal

elements being the eigenvalues of Q*, and thus we have W = us:.

Though CD and EVD lead to different W’s, they have the same objective function sum-MSE.

The precoding matrix W obtained via problem (38) is the upper bound solution to the original
problem (35), because the original constraint (35b) is replaced by a stronger one in (38b). Thus, W
obtained via problem (38) can be guaranteed to satisfy the original constraint (35b), but (35b) may
be inactive. Motivated by this, we can further optimize the objective function sum-MSE by properly
scaling W within (35b).

Theorem 2: Define a diagonal matrix

A = diag™' (abs(W)1)diag(min{Lrdiag ™" ()¢ — Xon. Xsat — Lrdiag™" (n)c}). (41)

Let &min(A) be the minimum value of the diagonal elements of A. Then, we can further reduce the
sum-MSE of problem (35) by

W* = £min (A)W. (42)

Proof: By the definition of diagonal matrix A in (41), [A];; > 1, and itis the value that scales [\IAV],;;
to activate the dynamic-range constraint of the j-th LED. Thus, &min(A) is the minimum value that
scales W and keeps all the row of the scaled result still within the constraints (35b). Meanwhile,
since &min(A) > 1, the scaling operation in (42) enlarges the transmit signals, and thus we have
MSE(W*) < MSE(W). [

Remark 2: Theorem 2 makes the upper bound of problem (35) tighter. By using the scaling
operation in Theorem 2, we can make full use of the original constraint (35b), and improve the
performance. More benefits can be found in Section 5.3.

Remark 3: The W’s obtained from CD and EVD are different but share the same sum-MSE,
since they are decomposed from the same Q*. However, after scaling, the sum-MSE of them may
be different, since different W's may have different scaling factors &min(A)’'s. The performance of
CD-scaling and EVD-scaling is compared in Section 5.3.

The proposed transceiver design algorithm that optimizes W and G is summarized in Algorithm 1.
Unlike the algorithms in [29] and [30], the proposed algorithm does not rely on any initial points.
Hence, it can avoid the risk of bad local optimum solutions induced by improper initial points, and
can also avoid searching a lot of initial points and thus highly reduce the computational complexity.
The proposed algorithm is based on the optimization of an upper bound of (29), and thus the
worst-case performance can be guaranteed.

4.4 Complexity of Transceiver Design Algorithm

Now we discuss the complexity of the transceiver design algorithms. The proposed algorithm first
solves an SDP problem and then carries out CD or EVD. The complexity is dominated by the
solution of the SDP problem via interior point method with the complexity O(M®5log(1/¢)), where
e > 0 is the solution accuracy [39]. Thus, the overall complexity is O(M®Slog(1/¢)).
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Algorithm 1: Proposed Transceiver Design Algorithm.

1:Input: H, ¢, L7, Xon, Xsat, 1, 02, and R.

2: Solve the SDP problem in (39) via interior point method, and obtain Q*.
3: Decompose Q* = WWT by CD or EVD to obtain W.

4: With the given W, obtain W* by (42).

5: With the given W*, obtain G* by (31).

6: Output: precoding matrix W* and equalization matrix G*.

The algorithm in [29] optimizes one of W or G iteratively while fixing the other. The main
complexity results from optimizing W with fixed G, which is a linearly constrained quadratic program
(LCQP) problem. The LCQP problem can be solved via interior point method with the complexity
O(M8°®log(1/¢)). The algorithm takes mye iterations to converge, and thus the overall complexity is
O(neM®®log(1/¢)).

The algorithm in [30] optimizes W iteratively via gradient projection method. The main complexity
results from the projection operation, which has the complexity of O(M*) [33]. The algorithm takes
nye iterations to converge, and thus the overall complexity is O(nieM*).

Generally, M is 3 or 4 in MC-VLC, the solution accuracy « of interior point is 10~2, and the number
of iteration for the algorithms in [29] and [30] is ny = 50. Thus, the proposed algorithm has much
lower complexity than that in [29], and has comparable complexity with that in [30]. Furthermore,
when L initial points are carried out to find a better solution, the complexity of the algorithms in [29]
and [30] shall be multiplied with L, leading to even higher complexity. While the proposed algorithm
does not depend on the initial points, and retain low complexity.

4.5 Complexity of Optical Filter Bank

Furthermore, we would like to discuss the practical implementation of the proposed optical filter
bank structure. In the proposed scheme, we use more optical filters to combat the center wave-
length shift. The main problem is that the physical size of hardware increases due to the large
number of optical filters. However, as shown in the simulation in Section 5.3, the proposed scheme
achieves its best performance when the number N = 10 ~ 20. Such an increase is not too much
and is acceptable for the implementation. Moreover, as pointed in [40], VLC is developing towards
miniaturization with high level of integration, and the area of a PD can be only 0.01 mm?. Thus, our
proposed optical filter bank scheme is feasible in the practical implementation, especially with the
development of modules miniaturization of VLC.

5. Simulation Results

5.1 System Setup

In this section, we evaluate the performance of the optical filter bank via simulations. The com-
mercial quadrichromatic LED (QLED) LZ4-00MAOO (LED Engin) with RGBA LEDs is employed in
the system [19]. Fig. 6 illustrates the measured spectra of monochromatic LEDs and H model of
LED spectral shape in (12). One can see that the H model can accurately characterize the LED
spectrum.

Consider a typical scenario in Fig. 7 where the LEDs and the PDs are vertically downward and
upward, respectively. The vertical distance from the transmitter to the receiver is d, =2 m. The
CMR for the RGBA color LEDs is ¢y : ¢> :¢c3 : ¢4 =0.14:0.45:0.11 : 0.30, which leads to the CT
T. = 5000 K and the CIR R, = 82 [35]. The source symbol variance is set to 02 = 0.42 by assuming
an 8-PAM modulation with zero-mean and bounded within [—1, 1]. All the simulation parameters
are summarized in Table 1.

Unless stated otherwise, the precoding matrix W and equalization matrix G in the simulations
are obtained by the proposed algorithm based on CD-scaling.
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Fig. 7. Geometry of the transmitter and the receiver.

TABLE 1
Simulation Parameters

Parameters Symbols Values
The source symbol variance o? 0.42
The E-O conversion factor of LEDs n [200, 136,276, 61] Im/A
The min driving signals of LEDs X [0,0,0,0] A
The max driving signals of LEDs Xu 1,1,1,1] A
The brightness level Lp 350 Im
The half power semi-angle of LED <I>% 60°
The vertical distance dp, 2m
The area of PD A 10~4 m?
The responsivity of PD Ro 0.54 A/W
The covariance matrix of noise R. 2.5 x 107161
The FoV of the receiver U, 30°
The refraction index of air ng 1
The refraction index of optical filter Neff
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Fig. 8. Sum-MSE performance versus AQI for different optical filter designs. (a) RGB system. (b) RGBA
system.

5.2 Performance Evaluation of Optical Filter Bank

In this subsection, we show the superiority of optical filter bank. To demonstrate that the proposed
filtering structure are compatible for different configurations of LEDs, we consider both the RGB?
and the RGBA system. For both RGB and RGBA systems, the optical filter bank with N = 16 and
y = 0.5 is used, and three benchmarks are based on traditional optical filter designs:

e Non-robust filter [18]: each optical filter corresponds to a monochromatic LED, and the optical

filters are designed to minimize the sum-MSE at normal incidence.

e Statistically robust filter [18]: each optical filter corresponds to a monochromatic LED, and the

optical filters are designed to minimize the average sum-MSE over all AOls.

e Worst-case robust filter [18]: each optical filter corresponds to a monochromatic LED, and the

optical filters are designed to minimize the sum-MSE at the worst-case AOL.

Fig. 8(a) and 8(b) illustrates the sum-MSE performance versus the AOI of the proposed optical
filter bank and traditional optical filter designs in RGB and RGBA systems, respectively. One
can see that in both RGB and RGBA systems, the proposed optical filter bank has significant
performance improvement. The traditional non-robust filter achieves its minimum sum-MSE at
normal incidence, while the sum-MSE degrades dramatically as the AOIl increases. The traditional
statistically and worst-case robust filters aim to achieve robust performance as the AOI varies, and
they sacrifice the sum-MSE at normal incidence to improve the performance in the average and
worst-case sense, respectively. Nevertheless, the proposed optical filter bank achieves lower and
more robust sum-MSE than both of them.

Usually, traditional optical filters shall be specifically designed for RGB and RGBA transmitters.
However, as illustrated in Fig. 8(a) and 8(b), the same optical filter bank with N =16 and y =
0.5 can achieve satisfactory performance for both RGB and RGBA systems, indicating its great
compatibility for different transmitter configurations.

Furthermore, we compare the proposed transceiver design algorithm with traditional algorithms.
In particular, in addition to the aforementioned algorithms in [29] and [30], the algorithm based on
singular value decomposition (SVD) is also chosen as benchmarks [34], [42]. For the SVD-based
algorithm, the right singular vectors of H is chosen as the precoding matrix, and it is properly scaling
within the constraints of MC-VLC as in (42). Still take the RGBA system using the optical filter bank
with N =16 and y = 0.5 as an example.

2The RGB LEDs are implemented by the same QLED LZ4-00MAOQO with the amber LED off. The brightness level is set
to 150Im, and an equal-power ratio is adopted, leading to the white balance [41].
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Fig. 9. (@) Sum-MSE performance versus AQI for different transceiver design algorithms in an RGBA
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in [29] and [30] by generating 500 initial points in an RGBA system with the optical filter bank (N = 16
and y = 0.5).
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Considering that the algorithms in [29] and [30] depend on the initial points and it is hard to verify
whether the initial point is proper or not in advance, we randomly generate 500 initial points and
present the average performance at each AOI. Fig. 9(a) presents the sum-MSE performance versus
AOI of different algorithms. One can see that the proposed algorithm achieves the best sum-MSE
performance among them. The SVD-based algorithm achieves the worst performance, since it
directly follows the transceiver design in RF communications but does not take the constraints in
MC-VLC into account.

Fig. 9(b) illustrates the cumulative distribution function (CDF) of final sum-MSE for the algorithms
in [29] and [30] by generating 500 initial points. The sum-MSE performances of the proposed
algorithm and SVD-based algorithm are illustrated by constant lines, since they do not depend
on the initial points. Obviously, the SVD-based algorithm has a poor sum-MSE performance, i.e.,
only 5 x 1073, The proposed algorithm achieves a stable and satisfactory sum-MSE close to 1073,
For the algorithm in [29], about 95% of initial points lead to the sum-MSE worse than that of the
proposed algorithm, and the worst initial point has a sum-MSE above 10-2. For the algorithm
in [30], about 90% of initial points lead to the sum-MSE worse than that of the proposed algorithm,
and the worst initial point has a sum-MSE about 4 x 10~2. Though there exist the initial points that
also lead to the result close to 10~3 for the algorithms in [29] and [30], it usually costs plenty of
computational complexity by searching a lot of initial points, as discussed in Section 4.4. While the
proposed algorithm can easily achieve the sum-MSE performance close to the best of them with
quite low complexity.

5.3 Characterization of Filtering Structure

Now, we would like to show the impact of N and y on the performance of the optical filter bank.
Fig. 10(a) illustrates the sum-MSE performance versus N with fixed y = 0.5. As N increases, the
sum-MSE first decreases and then increases. This result is consistent with the discussions in
Remark 1. A small N leads to a large B,, where the cross-color interference is dominant; While a
large N leads to a small B;, where the receiver noise is dominant.

Fig. 10(b) shows the sum-MSE performance versus y with fixed N = 16. As y increases, the
sum-MSE first decreases and then increases. The reason is similar to the case about N.

Moreover, we would like to demonstrate the impact of the scaling operation of the proposed
transceiver design algorithm, as discussed in Remarks 2 and 3.
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Fig. 11. Sum-MSE performance versus AOI for different scaling operations of the proposed algorithm
in an RGBA system with the optical filter bank (N = 16 and y = 0.5).

Fig. 11 shows the sum-MSE performance versus AOI for the proposed transceiver design
algorithm with CD-scaling, EVD-scaling, and no scaling in an RGBA system using the optical filter
bank with N =16 and y = 0.5. One can see that both the CD-scaling and EVD-scaling achieve
lower sum-MSE than the case with no scaling. This result verifies the effectiveness of the scaling
operation in (42). Besides, CD-scaling achieves a better performance than EVD-scaling.

To better understand why CD-scaling achieves a lower sum-MSE than EVD-scaling, we take
AOI = 0° as an example and present the W obtained by CD and EVD:

01225 0 0 0

] _0.0293 0.1093 0 0

(CD) _

WE =1 00012 —0.0059 02172 o0 |- (43)

—0.0001 0.005 —0.0098 0.1864 |

—0.0015 0.0002 —0.1069 0.0598 |
WEVD) _ 0.0044 —0.0005 0.0789 0.081 (44)

—0.2151 0.0306 0.0023 0.0012 |°

0.0359 0.1831 —0.0002 —0.0001 |
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Fig. 12. Sum-MSE performance in the case with CSI error as the receiver moves.

Note that W(€P) and WEVD) have same the Frobenius norm, i.e., |[WCD)||r = || WEVD)||. = 0.331,
since they are obtained by decomposing the same Q*. However, the 1 norm vector of the rows
of W(CD) and WEVD) are [0.1225, 0.1386, 0.2243, 0.1967]" and [0.1684, 0.1648, 0.2493, 0.2191],
respectively. One can see that the s norm of each row of W(P) is smaller than that of W(EVD) .
Thus, W(CD) can scale more largely than WEVD) je., &min(ACP)) = 1.632 > £nin(AEYD)) = 1.373.
That might be why CD-scaling leads to a lower sum-MSE than EVD-scaling.

To be more practical, Fig. 12 demonstrates the performance of the proposed transceiver design
algorithm with the imperfect channel state information (CSl). The estimation error is assumed as
Gaussian distribution with 02 =5 x 10~" and 5 x 10~%, respectively. Compared with the perfect CSI
case, the performance degrades slightly in the imperfect CSI case. It indicates that our proposed
algorithm is insensitive to the CSl estimation error, and is still effective even if the receiver is moving
fast and the channel information is outdated.

6. Conclusion

In this paper, we proposed a novel filtering structure named optical filter bank for MC-VLC to ad-
dress the performance degradation issue caused by the CWL shift. We first established the channel
model and signal model for the MC-VLC systems using optical filter bank. Then, we investigated the
linear transceiver design including the precoding and the equalization, and proposed an effective
algorithm with low complexity. The stability and superiority of the proposed transceiver using optical
filter bank was verified by the simulation results at different AOls.

Appendix
Proof of Theorem 1
By introducing an auxiliary matrix variable T € RV*N, problem (38) has its equivalent form as

min Tr(TR,) (452)
) 2 N2

Q=0 (45c)

T > (62HQH" +R,)~". (45d)
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The equivalence between problems (45) and (38) can be easily explained. Since R, is positive
semi-definite, we have Tr(TR,) > Tr((¢2HQH" + R,)~'R,) whenever T > (¢2HQH' + R,)~" [39].
Note that problem (45) aims to minimize Tr(TR,). Thus, a monotonicity argument ensures that
the equality T = (62HQH' + R,)~" must hold at optimality for problem (45). Thus, problems (45)
and (38) are equivalent.

Besides, the constraint T > (¢2HQH" + R,)~" can be rewritten via Schur’s complement as the
following linear matrix inequality (LMI) [36]:

T
[ | G2HQHT + Rn] = 0. (46)

Therefore, problem (45) has the equivalent formulation in (39). Since the objective function is linear
and the constraints are either linear or positive semi-definite, problem (39) is an SDP problem. This
completes the proof of Theorem 1.
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