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Multi-Mode Index Modulation Aided Multi-Band
CAP With Balanced Pairwise Coding for Bandlimited
VLC Systems

Yungui Nie, Chen Chen
and Gangxiang Shen

Abstract—In this paper, we for the first time propose and demon-
strate a multi-mode index modulation aided multi-band carrierless
amplitude and phase modulation (m CAP-MM) scheme for ban-
dlimited visible light communication (VLC) systems. More specif-
ically, the information bits of the proposed m CAP-MM scheme
are conveyed through both multiple distinguishable modes and
their full permutation indices. For mCAP-MM, due to the im-
portance of choosing an appropriate constellation design strategy,
we consider partitioning the circular (7,1)-quadrature amplitude
modulation (QAM) constellation to obtain multiple distinguishable
constellation modes. Moreover, an enhanced log-likelihood ratio
(LLR) detector is also developed for m CAP-MM, which can solve
the error propagation problem existed in the conventional LLR
detector and achieve nearly optimal performance as the maximum
likelihood (ML) detector but with a much lower complexity. In
addition, aiming at the problem of signal-to-noise ratio (SNR)
imbalance among different subbands due to the low-pass effect
in practical VLC systems, a novel balanced pairwise coding (B-
PWC) technique is further proposed and incorporated into the
proposed mCAP-MM scheme. The feasibility and superiority of
the proposed mCAP-MM scheme with enhanced LLR detection
and B-PWC coding have been successfully verified by both sim-
ulations and experiments. Specifically, simulation results verify
the superiority of mCAP-MM employing the designed multiple
constellation modes and enhanced LLR detection over the additive
white Gaussian noise (AWGN) channel, and then the validity of
B-PWC in bandlimited mm CAP-MM VLC systems is verified via
proof-of-concept experiments. Experimental results demonstrate
that a bandwidth extension of 19.9% can be achieved by the
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I. INTRODUCTION

INCE the spectrum resources of traditional radio frequency

(RF) communication are limited and many frequency bands
require licenses to be used, it is necessary to find more spectrum
resources to meet more business needs and higher communi-
cation rates. However, the 400 THz—600 THz band used by
visible light communication (VLC) systems contains sufficient
and license-free spectrum resources. Therefore, VLC has great
potential as an alternative to traditional RF communication, and
is one of the key enabling technologies for the sixth generation
(6G) mobile networks and the Internet of Things (IoT) sys-
tems [1], [2]. For VLC systems, as long as the speed of light
intensity variation is high enough, the human eye cannot detect
the flicker of light-emitting diode (LED) during the commu-
nication process. Moreover, photo-detectors (PDs) can detect
these changes in brightness to enable data reception. Therefore,
improving the communication rate and stability of VLC sys-
tems can simultaneously realize lighting and communication.
In addition, practical VLC systems also have the advantages of
high physical-layer security, and enhanced anti-electromagnetic
interference capability [3].

However, practical VLC systems using LED as transmitter
have a critical challenge, namely limited modulation band-
width [4]. To mitigate the problems posed by this challenge, the
analog/digital and pre-/post-equalization has been employed to
extend the LED modulation bandwidth [5], [6], [7]. Moreover,
some spectral efficient modulation techniques, such as orthogo-
nal frequency division multiplexing (OFDM) and carrierless am-
plitude and phase modulation (CAP), have also been considered
to improve the available data rate of VLC systems [8], [9], [10].
Compared with OFDM, CAP employs two mutually orthogonal
digital filters, eliminating the discrete Fourier transform (DFT)
and inverse discrete Fourier transform (IDFT) operations, so
the implementation complexity of CAP is lower. By assigning
different center frequencies to the digital filters, CAP realizes
the signal transmission of multiple subbands, called multi-band
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CAP (mCAP) [11], [12]. Besides lower complexity, mCAP also
enjoys the advantage of a much reduced peak-to-average power
ratio (PAPR) in comparison to conventional OFDM [13], [14],
[15].

Inrecent years, many researchers have considered introducing
index modulation as a promising technique into mCAP systems
to realize the expansion of subband index domain and obtain
improved spectral efficiency (SE) or energy efficiency (EE). To
be more specifically, nCAP with index modulation (mCAP-IM)
has been proposed, which exists a problem that some subbands
are in a silent state, resulting in underutilization of spectrum
resources [16]. In order to make idle subbands also transmit
constellation symbols to further improve SE, mCAP with dual-
mode index modulation (mCAP-DM) has been proposed [15],
[17]. For mCAP-DM, the constellation symbols transmitted by
the selected and remaining subbands are without any intersection
to ensure the correct demodulation of additional index infor-
mation. Moreover, the index modulation aided non-orthogonal
m-CAP technique has also been considered [18]. On the basis
of existing index modulation techniques, the multi-mode index
modulation technique has been proposed and widely used in
OFDM [19], [20], [21]. In multi-mode index modulation aided
OFDM (OFDM-MM), the subcarriers of each subblock trans-
mit different constellation modes, and the choice of multiple
distinguishable constellation modes has a great influence on the
system performance. Moreover, a high-dimensional multi-mode
index modulation aided OFDM scheme based on geometric
shaping has been proposed to enhance the tolerance to nonlinear-
ity with the increase of the constellation dimension [22]. In [23],
multi-mode index modulation has been applied to filter bank
multi-carrier (FBMC) VLC system, and a group-interleaved
precoding (GIP) technique has been proposed to enhance the
performance of the system. In [24], two low-pass mitigation
schemes including discrete Fourier transform (DFT) spreading
and subblock interleaving have been evaluated and compared in
bandlimited VLC systems using OFDM-MM.

So far, multi-mode index modulation has not yet been studied
in bandlimited mCAP VLC systems. However, all index modu-
lation aided mCAP schemes will be affected by the low-pass
frequency response of practical VLC systems. The low-pass
frequency response will lead to the unbalanced performance of
different subbands, making each subband of mCAP suffer from a
different power attenuation, which results in the signal-to-noise
ratio (SNR) imbalance among different subbands. Similar to
other transmission systems, the overall performance is usually
determined by the worst subband. Therefore, solving the SNR
imbalance problem among different subbands is quite necessary.
Several low-pass induced SNR imbalance mitigation schemes
have already been reported for VLC systems in the literature
such as pre-equalization [6], [25], DFT spreading [24], [26] and
pairwise coding (PWC) [27], [28]. Specifically, pre-equalization
requires the feedback of channel frequency response at the trans-
mitter side, while DFT spreading converts the multi-carrier/band
signal into a quasi-single-carrier/band signal. In contrast, PWC
reveals its potential for low-pass induced SNR imbalance mit-
igation due to its low computational complexity and excellent
performance [15], [29], [30]. Nevertheless, conventional PWC
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is only able to mitigate the SNR imbalance within the subcar-
rier/subband pair, while the SNR imbalance among different
subcarrier/subband pairs still exists.

In this paper, for the first time to our knowledge, we consider
the combination of multi-mode index modulation and mCAP to
design a novel modulation scheme, namely multi-mode index
modulation aided mCAP (mCAP-MM). An efficient constella-
tion design using circular (7,1)-quadrature amplitude modula-
tion (QAM) constellation is considered in mCAP-MM with the
subblock size being n = 4 and the order of constellation mode
being M = 2. Moreover, an enhanced log-likelihood ratio (LLR)
detector is designed to solve the error propagation problem
existed in the conventional LLR detector, which can achieve
nearly optimal performance as the maximum likelihood (ML)
detector at a lower complexity. Furthermore, a novel balanced
PWC (B-PWC) technique is also designed to address the issue
of SNR imbalance among different subbands. The performance
of the proposed mCAP-MM scheme with B-PWC coding in
bandlimited VLC systems is verified through both numerical
simulations and hardware experiments.

II. PRINCIPLE OF mCAP-MM
A. Description of mCAP-MM

The scheme of extending two constellation modes to multiple
constellation modes without any intersection, and sending the
multiple constellation modes to different subbands, is introduced
into mCAP for the first time to form a new multi-carrier mod-
ulation technique, which is called mCAP-MM. As for mCAP-
MM, all subbands are required to be activated. The additional
information attached to the subbands within each subblock
mainly comes from the full permutations of these distinguishable
modes, and thus the number of all possible transmission modes
increases by factorial to improve the transmission efficiency of
the system.

The mCAP-MM is built on the conventional mCAP archi-
tecture, whose transmitter and receiver in bandlimited VLC
systems are depicted in Fig. 1(a) and (b), respectively. For the
transmission of every mCAP block, as shown in Fig. 1(a), the
total subbands have a count of variable m which are equally
split into g subblocks, with each subblock containing n = m/g
subbands. The input B bits are also divided into g groups,
with every group containing b = B/g bits. For the k-th (k =
1,...,g) subblock, the b bits are separated into two parts. More
specifically, the first part of b; bits determines the order of the
modes {x1,. .., Xn} thatis employed by n individual subbands,
where ., with vy € W(= {1,...,n} is an M-ary constellation
employed by the ~v-th subbands. The second part containing
by = nlog, (M) bits generates the transmission symbol vector
s(k) — [Sgk)’ (k)

..., 8n ], which is transmitted over n subbands
from the selected modes. Since n subbands assign different
constellation modes, the assigned modes must be distinguishable
from each other, which explains that the number of subbands
within the subblock is equal to the number of constellation
modes. Moreover, after dividing the nM -ary constellation, the

n constellation modes can be obtained. Therefore, the by bits
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Fig. 1. Block diagram of mCAP-MM: (a) Transmitter and (b) receiver.

can only determine the order set of {x;, , -

R

' aXik,n} thrOUgh
|, where ix, , € W

€ {1,...,n}, which means that the maximum number
,Xn is n!, and by =

the permutation indices (¥ = |
and igk)
of possible full permutations of xq,...
[logy(n!) |. In addition, we have s,(yk) € Xiy,, Withy =1,...,n.

In addition, the mapping process between by bits and the
permutation indices is implemented through a permutation
method [19]. The permutation method consists of the following
contents. For any given natural number Z € [1,n! — 1], it is
always possible to find a unique sequence J = {ay,...,a1},
where a,,,...,a; € {1,...,n},tosatisfy the following relation

of Z:

Z:(arb_l)*(n_l)!+"'

+ (ag — 1)« ()4 (a; — 1) = O (1)
The algorithm to obtain the .J sequence can be simply described
as follows: first choose the largest positive integer a,, to sat-
isfy the inequality (a,, — 1) * (n — 1)! < Z, and then select the
largest positive integer a,,—1 in the same way to satisfy the in-
equality (a,—1 —1)*(n—2)! < Z — (a, — 1) % (n —1)! and
so on until we get a;. According to the obtained J sequence, the
corresponding full permutation indices I(*) = [igk)7 . ,i%k)] of
the k-th subblock can be obtained. Moreover, an example of

mCAP-MM mapping for by = 4 and n = 4 is illustrated in
Table I. Since 4! = 24, eight illegal permutations are discarded.
Although the permutation method imposes a bit of a computa-
tional burden, it is more efficient than look-up table for larger
by values.

After performing multi-mode index modulation, a block cre-
ater follows, which combines g subblocks to form a block.
Subsequently, the B-PWC encoding is executed to mitigate
the SNR imbalance among different subbands caused by the
low-pass effect of practical VLC systems. The detailed pro-
cess of the B-PWC encoding will be described later. The p-th
(p=1,...,m) subband is taken as a demonstrative example,
where upsampling is first performed and then the upsampled
symbols are separated into real and imaginary parts via in-phase
(D) and quadrature (Q) filters, respectively. The impulse response
of a pair of I and Q filters can be respectively expressed as:

Fi(t) = g(t) cos(2m fo ut), )
F2(t) = g(t) sin(27 fo,ut), 3)

where ¢(t) denotes the root raised cosine filter (RRCF), and
fe,uu 1s the center frequency of the p-th subband. The choice of
fe,. determines the orthogonality between the subbands. Finally,
the transmitted mCAP-MM with B-PWC signal is generated
through combining the m subband signals.
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TABLE I
A EXAMPLE OF mCAP-MM MAPPING TABLE FOR by =4 AND n=4

by bits 1) Selected modes b1 bits 1) Selected modes
[0000] 1,2,3,4} {x1,x2: X3, x4} [1000] 2,3,1,4} {x2,x3, X1, X4
[0001] 1727473} {X17X27X47X3} [1001] 2»37471} {X27X37X47X1
[0010] 1,3,2,4} {x1,x3, X2, X4} [1010] 2,4,1,3} {x2, x4, X1, X3
[0011] 1,3,4,2} {x1,x3, x4, X2} [1011] 2,4,3,1} {x2, x4, x3,x1
[0100] 1747273} {X17X49X27X3} [1 100] 3717274} {X37X17X2’X4
[0101] 1,4,3,2} {x1, x4, x3, X2} [1101] 3,1,4,2} {x3,x1, x4, X2
[0110] 2,1,3,4} {x2,x1,x3, X4} [1110] 3,2,1,4} {x3,x2, X1, X4
[0TTT1] 2,1,4,3} {x25 X1, x4, X3} [1T1T1] 3,2,4,1} {x3, X2, x4, x1
At the receiver, as shown in Fig. 1(b), the received signal (a) 2/4-QAM (b) 8-QAM
goes through m pairs of matched filters to extract the real and 1 = Mods 1 =3 + Mode 1
imaginary parts of each subband. Moreover, the matched filter % Mot
pair has the following relationship with the I and Q filters pair = Mode 4
for the y-th subband: i * ) °
ofe o 0
IS
Tp,(t> - f,u,( t)’ (4) 1la ° - .
r(t) = fR2(=t). Q)
Subsequently, the obtained signal undergoes downsampling, e . : . " e .
subband frequency-domain equalization (FDE), B-PWC decod- - i (;1 o g
ing, and block splitter, followed by enhanced LLR detection that ; & . ; ): -
detects signals independently for each subblock. The enhanced T A
LLR detection involved will be discussed in detail later. After ¢ " ® Mode 2
subblock detection, the b; bits and the constellation bits of e = :mggzj
different constellation modes are estimated via index detector A Mode 3
. . . 0 A m Mode 4 Al 0 [ ] -
apd dlffer.ent Xik,y de—mappers, respectlvely. Finally, the output
bits are yielded through a bit combiner. .
Therefore, for VLC systems using mCAP-MM with ni/-
. L] [
QAM constellation, the SE of per subblock can be expressed by °
K * K A

SEmCAP—MM _ UOgQ (n|)J +n 10g2 (M) , (6)

n

where |- | represents the floor operator. It can be seen that the SE
of mCAP-MM is determined only by the values of n and M. In
contrast, the SE of each subblock for mCAP-IM with M-QAM
constellation can be given by

C +nlogy (M
SEmcapm = %()), @)

where C = |log,(C(n,n))], with C(-, -) denoting the binomial
coefficient and 7 being the number of activated subbands out
of n subbands in each subblock. For mCAP-DM, all subbands
are divided into multiple subblocks, where the selected 7 sub-
bands transmit Ma-QAM constellation and the remaining n — 7
subbands transmit Mg-QAM constellation in each subblock.
Furthermore, the order of the Mx-QAM and Mg-QAM con-
stellations involved in mCAP-DM can be flexibly configured
according to different requirements. For further comparison,
the SE of each subblock for mCAP-DM with M,-QAM and
Mg-QAM constellations can be obtained as follows

SEmcap-DM = € ¥ nlogy (M) +n(n — 1) IOgQ(MB), (8)

-1 0 1 -1 0 1

Fig.2. Two constellation modes for mCAP-DM generated from (a) 2/4-QAM
and four constellation modes for mCAP-MM generated from (b) 8-QAM,
(c) 8-PSK and (d) circular (7,1)-QAM.

B. Constellation Design of mCAP-MM

The adopted multiple distinguishable constellation modes can
greatly determine the performance of VLC systems employing
mCAP-MM. The constellation diagram of the mCAP-MM,
which includes n distinguishable constellation modes with the
same constellation order M, can be obtained by dividing the
nM-ary constellation. Each mode is required to contain M
constellation points. In mCAP-MM, we consider the case of
n =4 and M = 2 to achieve the SE of 2 bits/s/Hz. Three
8-ary constellations including 8-QAM, 8-ary phase-shift keying
(8-PSK) and circular (7,1)-QAM, are considered [31], [32], [33].
To get a fair comparison, 7 = 2 out of n = 4 subbands are
selected to realize the same SE of 2 bits/s/Hz for mCAP-DM
with 2-QAM and 4-QAM constellations. Fig. 2(a)—(d) show that
the two constellation modes for mCAP-DM with 2/4-QAM,
and four constellation modes for mCAP-MM with 8-QAM,
8-PSK and circular (7,1)-QAM, respectively. Besides dividing
the common PSK or QAM constellations, constellation design
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can also been realized via geometric constellation shaping [22],
[34], which is beyond the scope of this current work and will be
investigated in our future work.

C. Detector Design for mCAP-MM

1) ML Detector: Since each subblock is executed indepen-
dently, maximum likelihood (ML) detection is performed on
the received signal of each subblock to extract the estimates of
the full permutation indices and the corresponding constellation
symbols of each subband. The ML detection algorithm compares
the received signal with all possible constellation symbols, and
minimizes the value of the following formula to obtain the
estimated value ¥(%) of the transmitted symbol vector and the
estimated value /(%) of the full permutation indices for the k-th
subblock, which can be formulated as

(k) FR)Y _ : ko2
(CH, 1) = arg. min [ly" = €7 €)
where ") = [;, , -+, %i,..]" and I = [igk),...,%%k)]T,

y* denotes the received signal of the k-th subblock, and &*
presents the set of all possible permutations for the k-th sub-
block. There are 211°%2 ™/ possible cases in the full permutation
indices of each subblock, and the transmitting signals of n sub-
bands based on M -ary constellation contain M ™ possible cases.
Therefore, the complexity of ML detection is o(2l1°827" \f™)
per subblock [19], which can be seen that when n is large, the
complexity of ML detection is very high.

2) LLR Detector: Although the ML detector is optimal, it
leads to high computational complexity. To reduce computa-
tional complexity, the LLR detector is considered. For LLR
detection, letting yk(a) (k=1,...,g;e =1,...,n) denote the
received signal of the e-th subband in the k-th subblock, the LLR
value of the e-th subband in the k-th subblock of mCAP-MM
signal can be expressed as

P(E*|y*(e))

W) 10
PE ()" (10

L*(E,7)=1n SN,
where E* presents the event of the e-th subband using the 7-th
constellation mode, and E¥ represents the opposite event of E*.
Because of P(E*) ~ 1 and P(E¥) ~1— 1, (10) is further
expressed as

1
LF(e,7) = In Z exp <_No |yk - X’2> —In(n—1)

XEXT
1,
~In ) ) exp (_No Y — x|2) , (1D
YFET XEXW

where N is the noise power. A larger value of L* (e, 7) means
that the probability of the e-th subband using the 7-th con-
stellation mode is greater. More specifically, starting from the
first constellation mode, the subband index &; of the signal
constellation employing the mode is determined according to
the maximum value of [L*(1,1),...,L*(n,1)]T. After that,
considering the second constellation mode, the subband index
G of the signal constellation using the mode is determined
from the remaining n — 1 subbands in the same way, and so on.

2057

Therefore, the subband index {¢1, . . . , &, } corresponding to the
n constellation modes can be obtained, and the estimated value
of the full permutation indices is further obtained. However, in
the LLR detection process, the subband index corresponding to
the first constellation mode is first determined, and the subband
index corresponding to the second constellation mode is deter-
mined according to the judgment result of the first constellation
mode, and so on. The detection algorithm has the issue of
error propagation. That is, if the judgment result of the first
constellation mode is wrong, the judgment of the remaining
constellation modes will be affected. Moreover, the complexity
of LLR detection is o(Mn?/2 + Mn/2) per subblock [19].

3) Proposed Enhanced LLR Detector: In order to solve the
error propagation issue of LLR detection, an enhanced LLR
detector is further proposed. The enhanced LLR detector is an
improved version of the LLR detector. For the enhanced LLR
detector, according to (11), a larger value of L¥ (¢, 7) means that
the e-th subband is more likely to adopt the 7-th constellation
mode. To perform detection, firstly, n subbands are judged
independently under the n constellation modes, and the LLR
value L* of the k-th subblock is obtained according to (11),
which can be expressed as

LE(1,1) LE(1,n)

LF = 12)

Lk(ﬁ, 1) Lk(}L, n)

Subsequently, the permutation index of n subbands using the
corresponding constellation mode is determined by comparing
the maximum value of each column of L*. Finally, the obtained
permutation index of n subbands is compared in pairs. As long as
the same subband index appears in the comparison process, the
subband is considered to be an error in judgment. The received
signal of the error subband is extracted and ML detection is
carried out separately to ensure the decision accuracy. Moreover,
the complexity of enhanced LLR detection is M n? per subblock.

4) Complexity Analysis: In this subsection, we summarize
the computational complexity of the three detection algorithms
including ML detector, LLR detector and enhanced LLR de-
tector. Considering the computational complexity of each sub-
block as a performance measure, the values of ML detector,
LLR detector and enhanced LLR detector can be calculated as
olloga n!] prn Mn?/2 + Mn/2 and Mn?, respectively. Com-
pared with ML detector, the enhanced LLR detector has a
lower computational complexity. Moreover, the enhanced LLR
detector solves the issue of error propagation that exists in LLR
detector, which can achieve much better detection performance
than the conventional LLR detector.

III. THE IMPROVEMENT OF PWC
A. Traditional PWC

Traditional PWC can reduce the impact of severe high-
frequency attenuation on the overall system performance, which
has the advantages of no coding overhead and low complexity.
Because of the low-pass characteristic of practical VLC systems,
the SNRs of the high-frequency subbands are usually lower than
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Fig. 3. Schematic diagrams of traditional PWC: (a) Encoding and (b) decoding.

that of the low-frequency subbands. The main idea of PWC
is to transfer SNR imbalance to the in-phase and quadrature
components of the transmitted complex symbols, and then the
in-phase and quadrature components of the high-frequency and
low-frequency subbands are interleaved to improve the overall
performance of VLC systems.

In order to perform PWC, considering that the number of
subbands m is even, m subbands are separated into two parts.
More specifically, the first half of the m subbands from the
first subband to the (m/2)-th subband is defined as the first
part, and the second part has the second half of the m subbands
from the (m/2 + 1)-th subband to the m-th subband, which are
understood as the low-frequency part and the high-frequency
part, respectively. Subsequently, the m/2 subband pairs are
obtained by pairing the ¢-th (¢ = 1,...,m/2) subband of the
first part with the (m/2 + ¢)-th subband of the second part.
The schematic diagrams of the PWC encoding and decoding are
illustrated in Fig. 3(a) and (b), respectively. The input complex
signal of the S-th subband is denoted by XsﬂB =13+ Qs
B=1,...,m).

1) Encoding: As for PWC encoding in Fig. 3(a), firstly, the
angle rotation is performed and the obtained rotated signal pair

Tt
S 2
X3p rot and Xg .0, can be expressed by
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(b) PWC decoding

}'}I 4{: I, I, Angle | )'\(1
B Q, [ rotation . SB
o E i, i sl m
2 m'2 m/2 ng (] 2
Ysa Q,.» i, ]—' rotation| X sb
);%4—1 In12+1 Q, } Angle )?EH
SB ' |:: Qo Qo rotation ' SB
Y% i Q,» Angl A
m m mi2 ng e m
YSB{ Q, Q, ]_> rotation Xsn

where 6 is the rotation angle, and in previous studies of PWC, 0 is
set to 45° [28], [29]. Subsequently, the in-phase and quadrature
components of all subbands are interleaved and the output signal

cos
sinf |’
(14)
2) Decoding: For PWC decoding, as shown in Fig. 3(b),
the corresponding received signals f/slB, .. .,YS’E of m sub-
bands independently execute the separation of the in-phase and
quadrature parts, deinterleaving and angle rotation to obtain
the estimates of the transmitted symbols Xdg, ..., X, It is
worth noting that the rotation angle is the negative of 6, which
is set to —45°. The estimated signal pair X;B and X, s% e
represented by

pair Ygy and YSE ™ can be given by

_Q§ - jQ%Jrc
Ic +j1%+§

S
Ysp

S L +j1%+§
Y—Sg'f‘C

Qc + jQ%Jrc

can be

XgB _ ic +.ﬁ%+§ i%-‘rg _jig cosf (15)
Ay = | 4 A N . ) )
Xsi : Qe +JQz ¢ Quic—jQc| |sind

B. Proposed B-PWC

In order to improve traditional PWC, a new B-PWC coding
technique is proposed for the first time, which has a more obvious
effect on solving SNR imbalance among different subbands
due to the low-pass effect in practical VLC systems. As for
B-PWC, m subbands are separated into two parts. The same
as traditional PWC is that the first half of the m subbands

[ gﬁ?ﬂ“ot] - [ L +5Qs —Q¢ 4+l ] leos 0]
Xs%jzt oo +Quic —Quic+jlomic| [sind ’
(13)
Zg_i I+l ¢4 —(Q¢ +7Qz—¢+1)
s | | Quocy1 +1Qmuc T i1+l
v | Lpjpet+ jln-ct1 —(Qzic+7Qm-ct+1)
gt e |Qam 1 +JQam e Tom ey +jlom
},/§<B Ie+ilg4¢ Qz-ct1+7Qm-¢t1
YSE-H _ Qm_¢q1 +jQ3Tm_g+1 *(I%_,_g +jISTm+c)
Ysp e R R —(Q¢ +7Qz+¢)
Yeu ' L Qui¢+7Qamye  Izcir+jlam g

cosv m
= 1,...,f}, 16
Linﬂ] ¢ { 4 (16)
—(Q¢+1Im 1 +JQmi¢ + jlmcy1) )
. . cos“i
I cp1 = Quyc +jlam o —JQam ¢ sin20
I — Qum_ T o — Qo ’
¢~ Qgocn +‘7. 2t jQ_ ot sindcosv)
Lo+ Qucqn +jlom o +7Qsm g
(I7)
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(a) B-PWC encoding
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Fig. 4. Schematic diagrams of B-PWC: (a) Encoding and (b) decoding.
- 1 m oy m oy L .
from the first subband to the (m/2)-th subband is defined as ng’ Py ¢ and z ¢ s ¢ located in the low-frequency and

the first part, and the second part has the second half of the m
subbands from the (m/2 + 1)-th subband to the m-th subband.
After that, the m/2 subband pairs contain the m/4 subband
pairs in the first part and the m/4 subband pairs in the second
part. Specifically, the m /4 subband pairs are obtained by pairing
the ¢-th (( = 1,...,m/4) subband with the (m/2 — ( + 1)-th
subband in the first part to alleviate the problem of SNR im-
balance among different subbands in the low-frequency part,
while the remaining m/4 subband pairs are obtained by pairing
the (m/2 + ¢)-th subband with the (m — ¢ 4 1)-th subband in
the second part to alleviate the problem of SNR imbalance in
the high-frequency subbands. Subsequently, the regenerated m
subbands perform a second-stage pairing, which is a specific
process that the m/2 subband pairs are obtained by pairing
the ¢-th (¢ =1,...,m/2) subband of the first part with the
(m/2 + <)-th subband of the second part to further alleviate the
problem of SNR imbalance among different subbands. It can
be summarized as follows: the m subbands are first separated
into two groups, and then the B-PWC coding is performed on
the grouped subbands by employing the first-stage pairing and
second-stage pairing described above. The schematic diagrams
of the B-PWC encoding and decoding are illustrated in Fig. 4(a)
and (b), respectively.

1) Encoding: For B-PWC encoding, as shown in Fig. 4(a),
the input complex signals Xgg, ..., X% of m subbands per-
form angle rotation first. Subsequently, the low-frequency and
high-frequency subbands are interleaved separately to complete
the first-stage pairing. Considering two regenerated signal pairs

high-frequency parts, respectively, the two signal pairs can be
described in (16) shown at the bottom of previous page, where
9 is the rotation angle which is also set to 45°. Subsequently,
the regenerated signals zg, . . ., 2% of m subbands execute the
second-stage pairing. More specifically, the regenerated signals
perform angle rotation at the angle 9 of 45° and then pair
the low-frequency and high-frequency subbands to obtain the
B-PWC encoded signals. The two output signal pairs YSCB YSE ¢

and YS§+<, YS;TerC can be formulated as (17) shown at the
bottom of previous page.

2) Decoding: The B-PWC decoding is the inverse process of
B-PWC encoding. For B-PWC decoding, as shown in Fig. 4(b),
the corresponding received signals )75137 .. ,}Afs’g execute dein-
terleaving corresponding to the second-stage pairing mentioned
above, and angle rotation to obtain the m subbands signals
#ip,. .., 255 Moreover, the rotation angle is the negative of 4.
The estimated ¢-th (¢ = 1, ..., m/2) signal pair can be given by

Ii’ +j1,%+< I,%+< _jIls'

I3p - cos
il S A A A, ~, . , (18)
TsB Qe +JQum,. Qu, —JjQ| [sind

Subsequently, the obtained signals of m subbands perform dein-
terleaving corresponding to the first-stage pairing, and two signal

~ A m A m A 3m
pairs X éB . ¢ S“Btgt and X Sth(C)t’ Xqh :;f can be formulated
as (19), as shown at the bottom of the next page. Finally,
angle rotation is executed to recover the transmitted symbols

X, ..., X2, and the two signal pairs XSCB, XSTBJFC andX37B+<,
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A 3m
Xgp +¢ can be formulated as (20), as shown at the bottom of

this page. It can be seen from Fig. 3 that conventional PWC can
only mitigate the SNR imbalance within each subband pair (i.e.,
intra-pair SNR imbalance), while the SNR imbalance among dif-
ferent subband pairs (i.e., inter-pair SNR imbalance) still exists.
In contrast, as shown in Fig. 4, the proposed balanced PWC tech-
nique can mitigate both intra-pair SNR imbalance and inter-pair
SNR imbalance, resulting in a more balanced SNR distribution
among all the subbands than that using conventional PWC.

C. Complexity Analysis

Here, we analyze and compare the computational complexity
of traditional PWC and B-PWC. The implementation steps of
the traditional PWC encoding, as shown in Fig. 3(a), consist
of angle rotation and I/Q interleaving. According to the output
signals of traditional PWC from (13), it takes 2 multiplications
and 1 addition to compute each element, and there are 4 elements
in the matrix, so the total number of calculations for a pair of
subbands contains 8 multiplications and 4 additions. Moreover,
considering that the number of subbands is m and m is even,
the computational complexity of traditional PWC encoding in-
cludes 8 x & multiplications and 4 x 7 additions. For B-PWC,
the implementation steps consist of the first-stage pairing and
second-stage pairing, including two angle rotation and two 1/Q
interleaving operations. According to the output signals of B-
PWC from (17), 3 multiplications and 2 additions are required
to compute each element, and a pair of subbands contains 6
elements in the matrix, so the total number of computations is 18
multiplications and 12 additions in a pair of subbands. Therefore,
the computational complexity of B-PWC encoding includes
18 x % multiplications and 12 X 7—; additions. In addition, the
decoding complexity and the encoding complexity of traditional
PWC and B-PWC are the same, so the computational complexity
of traditional PWC and B-PWC decoding is not described in this

paper.

IV. SIMULATION RESULTS

In this section, numerical simulations are conducted to exam-
ine the performance of the proposed mCAP-MM with circular
(7,1)-QAM employing enhanced LLR detector over the additive
white Gaussian noise (AWGN) channel. In the simulations, the
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Fig. 5. Simulation BER vs. SNR for the proposed 8SCAP-MM scheme em-
ploying ML detector, LLR detector and enhanced LLR detector over the AWGN
channel.

size of each subblock in mCAP-MM is set to n = 4. Moreover,
each distinguishable constellation mode in the proposed mCAP-
MM scheme has the same order, and the order is set to M = 2.
Therefore, according to (6), the corresponding SE is calculated
as 2 bits/s/Hz. To make a fair comparison, mCAP, mCAP-IM
and mCAP-DM are chosen as benchmark schemes. For mCAP-
IM, the size of each subblock and the activated subbands in each
subblock are set to n = 4 and n = 2, respectively, while all
subbands are used to transmit information for mCAP-DM and
the selected subbands in each subblock of lengthn =4 isn = 2.

We first investigate the bit error rate (BER) performance of
three detectors, including ML detector, conventional LLR detec-
tor and enhanced LLR detector, for the proposed mCAP-MM
scheme over the AWGN channel. Fig. 5 shows the BER perfor-
mance curves for mCAP-MM scheme employing the considered
three detectors over the AWGN channel, where the number of
subbands is set to m = 8. As seen from Fig. 5, the enhanced
LLR detector achieves nearly the same BER performance as
the optimal ML detector, which has better BER performance
compared with the conventional LLR detector. To be more
specific, to reach the 7% forward error correction (FEC) coding
limit of BER = 3.8 x 1073, the required SNRs for SCAP-MM

-XéBJot_ i/C * ji/%*éﬂ il%% + ji;ﬂ%ﬂ

):(Sj;;cc)t _ i/%_@rl :Fji's%+< —A(i/%fgﬂ ‘tﬁ'%%) lcosﬂ] 19
ijftgt R Q¢+ jQ,’%jCH Qj%wg + jQ’m:CJr1 singd |’

[ X ot Qa1 T IQum o ~(Qu_cyy +7Qz,)

X5 iy Bocn—dlgne Ty +Ty o+l =1 .
)?S%H = I,‘Q'TT‘CH frﬂ/STm*C TI/%“ Jrﬂ,%f*“ I/f%% - Il‘?*“l - jI/:“TT—CH - ﬂ/%}c Z?nszﬁ
)f%“ et en Qu-cr1 =91 it Ve HIQucn — 7% singcost)
(Ksi ) Qo P Qe Qe Qe o Qg — Qucin — Qg — Qi

(20)
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Fig. 6. Simulation BER vs. SNR for 8CAP-IM, 8CAP-DM and 8CAP-MM
with 8-PSK, 8-QAM and circular (7,1)-QAM over the AWGN channel.

employing ML detector, conventional LLR detector and en-
hanced LLR detector are 9.0, 9.1 and 9.8 dB, respectively. It
indicates that the difference in required SNRs between ML
detector and enhanced LLR detector is only 0.1 dB, and the SNR
gain of enhanced LLR detector in comparison to conventional
LLR detector is 0.7 dB. This is because the proposed enhanced
LLR detector is able to address the error propagation issue of
the conventional LLR detector, which can achieve near optimal
performance as the ML detector but with reduced complexity.
Therefore, enhanced LLR detector is considered in the following
for the proposed mCAP-MM scheme.

Subsequently, we investigate the BER performance of the
proposed mCAP-MM scheme with 8-PSK, 8-QAM and circular
(7,1)-QAM, and compare it with conventional mCAP-IM and
mCAP-DM over the AWGN channel. Fig. 6 depicts the simula-
tion BER versus SNR for mCAP-IM with 8-QAM, mCAP-DM
with 2/4-QAM and mCAP-MM with 8-PSK, 8-QAM and cir-
cular (7,1)-QAM over the AWGN channel, where the number of
subbands is fixed at m = 8. Compared with SCAP-MM, 8CAP-
IM and 8CAP-DM have worse BER performance. Moreover, it
can be clearly observed that a proper constellation design can fur-
ther improve the BER performance of 8CAP-MM. Specifically,
to reach the 7% FEC coding limit of BER = 3.8 x 1073, the
required SNRs of SCAP-MM with 8-PSK, 8-QAM and circular
(7,1)-QAM are 9.4, 9.1 and 8.2 dB, respectively. As aresult, SNR
gains of 1.2 and 0.9 dB can be achieved by 8CAP-MM with
circular (7,1)-QAM in comparison to SCAP-MM with 8-PSK
and 8-QAM, respectively. Therefore, mCAP-MM with circular
(7,1)-QAM achieves the best BER performance among all the
mCAP-MM schemes.

We further compare the peak-to-average power ratio (PAPR)
performance of mCAP and mCAP-MM with circular (7,1)-
QAM. Fig. 7 presents the complementary cumulative distribu-
tion function (CCDF) versus PAPR for mCAP and mCAP-MM,
where the number of subbands considered is m = 4, 8, 12 and
16. Although the number of subbands in mCAP is assumed to be
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Fig. 7. PAPR comparison of mCAP and mCAP-MM with circular (7,1)-
QAM.

4, 8, 12 and 16, the proposed mCAP-MM scheme is generally
applicable to mCAP with an arbitrary number of subbands. It can
be clearly seen that mCAP-MM achieves nearly the same PAPR
performance as mCAP. As an example, at a probability of 1072,
the PAPR values of 8CAP and 8CAP-MM are 8.1 and 8.2 dB,
respectively. It can be further observed that with the increase
of the number of subbands, the PAPR performance deteriorates
gradually. More specifically, the PAPR values of 4CAP-MM,
8CAP-MM, 12CAP-MM and 16CAP-MM at a probability of
1073 are 6.0, 8.2, 8.7 and 9.0 dB, respectively. It indicates that
the PAPR of 4CAP-MM is 2.2 dB lower than that of SCAP-MM,
while the PAPR of 8CAP-MM is 0.5 dB lower than that of
12CAP-MM. Therefore, when m increases in the range of 4
to 16 with a step of 4, the PAPR gap is gradually decreased.

V. EXPERIMENTAL RESULTS

In this section, we evaluate the performance of the proposed
mCAP-MM scheme in practical bandlimited VLC systems via
hardware experiments. Moreover, circular (7,1)-QAM is consid-
ered in the proposed mCAP-MM scheme, and enhanced LLR
detector is integrated into mCAP-MM to realize better system
performance. For comparison, traditional mCAP, mCAP-IM
and m CAP-DM are considered in the performance evaluation.

Fig. 8 gives the experimental setup of a point-to-point VLC
system using the Tx module and the inset (a) of Fig. 8 is the
photo of the overall experimental system. Firstly, the transmitted
signal is obtained offline via MATLAB. Subsequently, the ob-
tained transmitted signal is uploaded into an arbitrary waveform
generator (AWG, Rigol DG2102) with a maximum sampling
rate of 60 MSa/s. Here, different signal bandwidths are obtained
by varying the AWG sampling rate. To drive the Tx module
(HCCLS2021MODO01-TX), the 12V voltage applied to the DC
input is combined with the AWG output signal. The Tx module
is embedded with a blue mini-LED (HCCLS2021CHIO03) with
an emission wavelength of 459.3 nm and an optical power of
18.5 mW. Moreover, the peak-to-peak voltage of the Tx module
is 250 mV and the detailed description of the Tx module can be
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Experimental setup of a point-to-point VLC system using a Tx module. Insets: (a) The photo of the overall experimental system, (b) the photo of Tx

module, (c) the photo of PD and (d) the measured frequency response of VLC system.

seen in [35]. The light from the Tx module is transmitted in the
air, and the transmission distance is 80 cm. At the receiver, a PD
(Thorlabs PDA100A2) with the bandwidth of 11 MHz and the
active area of 75.4 mm? is used to receive the signal transmitted
from the Tx module. Moreover, a Rx lens is adopted to align the
Tx module and the PD so as to obtain a relatively high SNR. The
insets (b) and (c) in Fig. 8 are the photos of the Tx module and the
PD, respectively. Subsequently, the signals received by PD are
captured employing a digital storage oscilloscope (DSO, Rigol
DS70504). Finally, the recorded signals are processed offline
via MATLAB. In addition, the inset (d) in Fig. 8 shows the
measured frequency response of the experimental VLC system.
It can be clearly observed that a significant low-pass effect of
the experimental system is demonstrated and the corresponding
—3 dB bandwidth of about 9 MHz is measured. Fig. 9(a) and
(b) show the measured I-V and P-I curves of the blue mini-LED
adopted in the Tx module, respectively. We can see that the
LED suffers from notable nonlinearity. In the experiments, the
DC bias current adopted in the Tx module is set to 110mA.
Fig. 10 compares the transmitted and received spectra of
4CAP, 8CAP, 12CAP and 16CAP. As shown in Fig. 10(a) and
(b), we can observed that the power of high-frequency compo-
nents of the received spectrum for 4CAP is greatly attenuated
and a power attenuation of about 17 dB is found, which is
mainly caused by the low-pass frequency response as shown in
Fig. 8(d). Moreover, each subband encounters a different power,
resulting in a different SNR for each subband. With the increase
of the number of subbands, the low-pass effect in each subband
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Fig. 9. Measured (a) I-V and (b) P-I curves of the blue mini-LED adopted in
the Tx module.
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Fig. 10.  Transmitted spectrum of (a) 4CAP, (b) 8CAP, (c) 12CAP and (d) 16CAP, and received spectrum of (e) 4CAP, (f) 8CAP, (g) 12CAP and (h) 16CAP.
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Fig. 11.  (a) Received SNR of 8CAP-MM without coding, with PWC and with B-PWC, and (b) experimental BER vs. bandwidth for SCAP-MM without coding,

with PWC and with B-PWC. Insets (1)—(3) show the corresponding constellation diagrams.

gradually decreases, while the SNR imbalance among different
subbands still exists.

The received SNRs of SCAP-MM without coding, with PWC
and with B-PWC schemes are shown in Fig. 11(a), where the
signal bandwidth considered is 18 MHz. It can be clearly found
that the received SNR of 8CAP-MM without coding gradually
decreases with the increase of frequency, which is mainly af-
fected by the frequency response of the system as shown in
Fig. 8(d). Because the overall performance of the system is
typically determined by its weakest subband, the adoption of
an effective coding technique is of great significance. It can also
be observed that compared with 8CAP-MM without coding,
both SCAP-MM with PWC and with B-PWC schemes make
the distribution of the received SNR greatly flattened in the
frequency domain, and the received SNR of the high-frequency
subbands of SCAP-MM without coding scheme is significantly

improved. Moreover, the B-PWC technique has a more uniform
distribution of received SNR in comparison to the traditional
PWC. Subsequently, Fig. 11(b) shows the experimental BER
versus bandwidth for SCAP-MM without coding, with PWC and
with B-PWC. As we can see, the BER performance of SCAP-
MM without coding, with PWC and with B-PWC gradually
deteriorates with the increase of bandwidth. More specifically,
the maximum bandwidths that can be transmitted by SCAP-MM
without coding, with PWC and with B-PWC are 15.7, 16.1
and 19.3 MHz, respectively. It indicates that the bandwidth
extensions of 3.6 and 3.2 MHz are respectively obtained by
8CAP-MM with B-PWC in comparison to SCAP-MM with-
out coding and with PWC, which are corresponding to 22.9%
and 19.9% extensions of bandwidth. Therefore, the proposed
B-PWC for m CAP-MM is the best choice to alleviate the
SNR imbalance caused by the low-pass effect of practical VLC
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Fig. 12.  Experimental BER vs. bandwidth for different schemes based on (a) 4CAP, (b) 8CAP, (c) 12CAP and (d) 16CAP.

systems. Moreover, the corresponding constellation diagrams
for 8CAP-MM without coding, with PWC and with B-PWC,
considering the case of the bandwidth of 18 MHz, are respec-
tively depicted in insets (1)-(3) in Fig. 11. We can clearly see
that compared with 8CAP-MM without coding and with PWC,
the constellation of that with B-PWC is more convergent, which
indicates that the obtained BER performance is better.

Fig. 12 illustrates the experimental BER versus bandwidth
for mCAP, mCAP-IM with B-PWC, mCAP-DM with B-PWC
and mCAP-MM with B-PWC, where the number of subbands
considered is m = 4, 8, 12 and 16. It can be seen that the BER
performance of mCAP, mCAP-IM with B-PWC, mCAP-DM
with B-PWC and mCAP-MM with B-PWC under different
subbands gradually deteriorates with the increase of bandwidth.
To be more specific, for different schemes based on 4CAP,
as shown in Fig. 12(a), to reach the 7% FEC coding limit
of BER = 3.8 x 1073, the maximum bandwidths that can be
transmitted by 4CAP, 4CAP-IM with B-PWC, 4CAP-DM with
B-PWC and 4CAP-MM with B-PWC are respectively 17.0,
16.0, 18.3 and 19.4 MHz, which indicates that 4CAP-MM with
B-PWC can obtain 14.1% and 6.0% extensions of bandwidth in
comparison to 4CAP and 4CAP-DM with B-PWC, respectively.
For different schemes based on 8CAP, as shown in Fig. 12(b),
the BER of 8CAP-IM with B-PWC cannot reach the FEC limit
of 3.8 x 10~3 within the considered bandwidth range, while

the maximum bandwidths that can be transmitted by 8CAP,
8CAP-DM with B-PWC and 8CAP-MM with B-PWC are 16,
16.6 and 19.3 MHz, respectively. As a result, SCAP-MM with
B-PWC can obtain 20.6% and 16.3% extensions of bandwidth in
comparison to 8CAP and SCAP-DM with B-PWC, respectively.
Moreover, for different schemes aided 12CAP and 16CAP, as
respectively shown in Fig. 12(c) and (d), the BERs for both
12CAP-IM and 16CAP-IM with B-PWC cannot reach the FEC
limit of 3.8 x 10~2 within the considered bandwidth range.
More specifically, 12CAP-MM with B-PWC can obtain 11.4%
and 10.6% extensions of bandwidth in comparison to 12CAP
and 12CAP-DM with B-PWC, respectively. In addition, 16CAP-
MM with B-PWC can obtain 9.9% and 7.9% extensions of band-
width in comparison to 16CAP and 16CAP-DM with B-PWC,
respectively. According to Fig. 12(a)-(d), we can conclude
that the BER performance of mCAP-MM deteriorates with the
increase of subband number, mainly because the corresponding
PAPR value increases with the increase of subband number, and
the signal of high PAPR can be affected by the nonlinearity
existed in the practical VLC systems. Moreover, among the
subband numbers of m = 4, 8, 12 and 16, SCAP-MM with
B-PWC obtains the largest extension of bandwidth.

Fig. 13 shows the experimental BER versus subband number
for mCAP, mCAP-IM with B-PWC, mCAP-DM with B-PWC
and m CAP-MM with B-PWC, where the signal bandwidth
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is fixed at 18 MHz. As we can see, to reach the 7% FEC
coding limit of BER = 3.8 x 1073, mCAP and mCAP-IM with
B-PWC cannot transmit signals in subband numbers of 4 to 16,
while mCAP-DM with B-PWC can transmit signals in subband
number of 4, and mCAP-MM with B-PWC can transmit signals
in subband numbers of 4 and 8. Moreover, as the subband
number increases from 4 to 16, the BER difference between
mCAP and mCAP-MM with B-PWC decreases. Moreover, the
corresponding constellation diagrams for SCAP, 8CAP-IM with
B-PWC, 8CAP-DM with B-PWC and 8CAP-MM with B-PWC
are depicted in insets (1)-(4) in Fig. 13, respectively. It can be
clearly seen from the insets that compared with the adopted
constellations by 8CAP, 8CAP-IM, 8CAP-DM, the constellation
points of SCAP-MM with B-PWC are more concentrated.

VI. CONCLUSION

In this paper, a novel mCAP-MM scheme in bandlimited
VLC systems has been proposed, which conveys information
bits through both multiple distinguishable modes and the corre-
sponding full permutation indices. For mCAP-MM with the sub-
block size being n = 4 and the order of constellation mode being
M = 2, an efficient constellation design of circular (7,1)-QAM
constellation is considered. Moreover, an enhanced LLR detec-
tor is proposed to solve the error propagation problem existed in
the conventional LLR detector, which can achieve nearly optimal
performance as the ML detector at a lower complexity. In order
to alleviate the problem of SNR imbalance among different
subbands caused by the low-pass effect in bandlimited VLC
systems, a B-PWC technique is also proposed and introduced
into the proposed mCAP-MM scheme. The obtained simulation
and experimental results verify the superiority of the proposed
mCAP-MM using enhanced LLR detector and B-PWC for ban-
dlimited VLC systems. The experimental results show that the
use of B-PWC for SCAP-MM can obtain a significant bandwidth
extension of 19.9% in comparison to the traditional PWC. There-
fore, the proposed m CAP-MM scheme with B-PWC coding can
be a promising candidate for bandlimited VLC systems.
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