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Performance analysis of a low-complexity nonorthogonal multiple

access scheme in visible light communication downlinks
using pulse modulations

Jian Song, Tian Cao*, and Hongming Zhang*

Abstract: Although Successive Interference Cancellation (SIC) decoding is widely adopted in Nonorthogonal Multiple
Access (NOMA) schemes for the recovery of user data at acceptable complexity, the imperfect SIC would cause
Error Propagation (EP), which can severely degrade system performance. In this work, we propose an SIC-free
NOMA scheme in pulse modulation based Visible Light Communication (VLC) downlinks, including two types of
users with different data rate requirements. Low bit-rate users adopt on-off keying, whereas high bit-rate ones use
Multiple Pulse Position Modulation (MPPM). The soft decision decoding scheme is exploited by high bit-rate users to
decode MPPM signals, which could fundamentally eliminate the detrimental effect of EP; the scheme is also easier
and faster to execute compared with the conventional SIC decoding scheme. Expressions of the symbol error rate
and achievable data rate for two types of users are derived. Results of the Monte Carlo simulation are provided to

confirm the correctness of theoretical results.
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1 Introduction

With the rapid development of Light-Emitting Diodes
(LEDs), the LED-enabled Visible Light Communication
(VLC) technique, which modulates the intensity of
optical sources to transmit information at a rate
much faster than the response time of the human
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eyest!!, has attracted considerable attention. LED-
enabled VLC systems can provide data transmission
services by simultaneously exploiting existing LED-
based illumination infrastructure!”. This type of
communication system can be realized by connecting
LED lamps to a modem through cables or by directly
adopting an integrated solution of VLC and Power Line
Communication (PLC)®!. In addition, VLC has many
attractive features, such as ultrawide spectral bands,
license-free spectra, no electromagnetic interference,
secure transmission, and low energy consumption!®,
Therefore, VLC is recognized as a promising and
competitive candidate of the Sixth-Generation (6G)
communications and beyond!®7.,

At present, the modulation bandwidth of commercial
white LEDs is only approximately 10 MHz, which limits
the Achievable Data Rate (ADR) of VLC systems.
To improve this situation, some techniques, such as
equalization®®!, spatial diversity!®, and more efficient
multiple access schemes!'”!, have been proposed and
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studied. Traditionally, multiple access schemes, which
are classified as Orthogonal Multiple Access (OMA)
schemes, always assign orthogonal resources, e.g.,
time, frequency, and space, to users to avoid mutual
interference. In contrast to OMA schemes, recently
proposed Nonorthogonal Multiple Access (NOMA)
schemes are designed to allocate the same orthogonal
resources to different users simultaneously. That is, each
user could share the identical frequency, time, and spatial
resources in NOMA-based systems. NOMA schemes
could be realized in the power or code domain!'!!. The
latter realization of NOMA is similar to the code-division
multiple access technique, except that it prefers using
low-density sequences!'?. In this work, we mainly focus
on the power-domain NOMA scheme because it has
lower computational complexity and is more suitable for
VLC systems compared with the code-domain onel*314,
Unless otherwise stated, the term “NOMA” exclusively

stands for the power-domain NOMA scheme hereinafter.

In this type of multiple access scheme, Superposition
Coding (SC) and Successive Interference Cancellation
(SIC) are commonly conducted at the transmitter and
receiver, respectively. Specifically, in accordance with
the channel quality, all users are ranked from the worst
to the best. The user under the worst channel condition
is allocated to the highest transmitting power and vice
versa. Therefore, different transmitting power levels
of signals from the highest to the lowest are orderly
assigned to users with channel quality from the worst to
the best at first. Then those signals are superposed in the
power domain and emitted via the transmitting antennas
at base stations. At receiver sides, each user, according
to the order of users, must subtract the former users’
reconstructed signals successively after those signals are
successfully received and decoded from the combined
signal; then it decodes its own signal by treating the rest
users’ signals as interference. This kind of NOMA could
achieve more equitable user fairness than conventional
OMA schemes!!!,

1.1 Related work

In recent years, the subject of applying NOMA schemes
to VLC systems has remained an open topic and has been
widely studied theoretically or experimentally. Here
we roughly categorize the reported works in terms of

their main contributions into five groups, including
(1) power allocation, (2) cooperation with OMA and
user grouping, (3) NOMA with various Orthogonal
Frequency-Division Multiplexing (OFDM) schemes, (4)
physical-layer security, and (5) error performance and
mitigation of Error Propagation (EP).

At present, power allocation schemes proposed for
NOMA-VLC systems can be classified into two types:
channel gain determined and optimization method based
schemes. Specifically, for channel gain determined
schemes, Marshoud et al. proposed a power allocation
strategy named Gain Ratio Power Allocation (GRPA)!3,
Later, Chen et al. proposed the Normalized Gain
Difference Power Allocation (NGDPA) scheme for
Multiple-Input Multiple-Output (MIMO) NOMA-VLC
systems by exploiting the optical channel gain difference
between two users!!®. Inspired by NGDPA, Wang et al.
proposed Normalized Logarithmic GRPA (NLGRPA),
which exhibits an improvement of more than 55%
and 33% compared with the GRPA and NGDPA in
the considered MIMO NOMA-VLC systems!'4, For
optimization method based power allocation schemes,
researchers attempt to find the optimal or suboptimal
power allocation factor to maximize the sum rate or
minimize the error probability. In Ref. [17], the authors
maximized the sum throughput of NOMA-VLC systems,
considering user fairness and unique intensity constraints
for optical signals. Fu et al. proposed an enhanced
power allocation algorithm to maximize the sum of
data rates and minimize the subcarrier loss rate of the
system by considering user- and subcarrier-level power
allocation in OFDM-based NOMA-VLC systems!!®, Li
et al. proposed an optimal power allocation strategy
based on multi-factor control for an indoor NOMA-VLC
scenario with multiple users, aiming to maximize the
total system capacity subject to the Quality of Service
(QoS) requirement, fairness, and eye security of each
user simultaneously. By taking the power line as a
backbone feed for VLC systems, Feng et al. proposed a
joint PLC-VLC power allocation strategy to maximize
the sum throughput of a PLC-VLC network!?",

Although NOMA is preferable because it allows
users to share identical time, frequency or spatial
resources, supporting numerous users in one realization
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of NOMA scheme is impractical!*®. Instead, dividing
users in NOMA-VLC systems into different groups
is more advisable. NOMA is further conducted
within each group, and conventional OMA could be
implemented among groups. This idea also refers to
hybrid OMA/NOMA networking. In Ref. [21], the
combination of NOMA and Orthogonal Frequency-
Division Multiple Access (OFDMA) was proposed
in the downlink and uplink of VLC networks, and
the corresponding Bit-Error Rate (BER) performance
was studied experimentally. Later, Abumarshoud et
al. proposed the intelligent dynamic multiple access
selection scheme, which could realize an adaptive
configuration of the available multiple access modes,
including OMA, NOMA, and hybrid OMA/NOMA?2.,
Furthermore, how to group users in VLC systems
must be addressed. In some reported works, user
grouping is also called user pairing. In Ref. [23],
the authors investigated the performance of system
coverage probability and ergodic sum rate in NOMA-
VLC systems upon guaranteed QoS and opportunistic
best-effort assumptions, respectively. In Ref. [24], the
authors considered the height of users and studied the
problem of user grouping in 3D NOMA-VLC scenarios.

Recently, some efficient OFDM schemes combined
with NOMA have been studied to improve the
performance of NOMA-VLC systems. Nauryzbayev
et al. investigated the BER performance of NOMA-
VLC systems with Spectrally and Energy Efficient
OFDM (SEE-OFDM)?!, Then they further derived
an exact expression of the outage probability for
SEE-OFDM in a NOMA-VLC network?. Li et
al. proposed a Hierarchical Predistorted Layered
Asymmetrically Clipped Optical OFDM (HPD-LACO-
OFDM) scheme for NOMA-VLC systems?”. In
addition, they experimentally compared the BER
performance of the Directed Current biased Optical
(DCO)-OFDM, the LACO-OFDM, and the HPD-LACO-
OFDM schemes in two-user NOMA-VLC systems. In
Ref. [28], the authors proposed an offset quadrature
amplitude modulation/OFDM, which also refers to
the filter bank multicarrier, combined with a NOMA
scheme. Adnan et al. investigated a NOMA-VLC
system with non-Hermitian symmetry Inverse Fast

Intelligent and Converged Networks, 2021, 2(1): 50-65

Fourier Transform (IFFT)/FFT size-efficient OFDM via
experiments?! and simulations"?..

Physical-layer security approaches originate from
the fundamentals of information theory, focus on the
secrecy capacity of the channel, and exploit the channel
characteristics to hide information from illegitimate
users, without dependence on upper-layer cryptographic
mechanisms. Some progress has been made regarding
physical-layer security in NOMA-VLC systems. In
Ref. [31], Zhao et al. systematically investigated the
secrecy outage probability performance under single
and multiple eavesdropper conditions and derived the
corresponding expressions. In Ref. [32], Yang et al.
proposed a NOMA-VLC system with a two-level chaotic
encryption scheme. The results showed that this scheme
can guarantee the security of legitimate users against
eavesdroppers and privacy among all legitimate users.

As a basic metric of communication systems, error
performance is indispensable in assessing the capability
of NOMA-VLC systems. SIC is commonly adopted
at the receiver to recover and decode signals. To
simplify the performance analysis of NOMA-VLC
systems, most reported works assume that the perfect
SIC has been achieved. However, the user in NOMA
schemes must successively cancel the former users’
signal before decoding its own signal; thus, the errors
from the imperfect decoding of former users’ data
may exert adverse effects on decoding the user’s
own signal. This problem refers to EP, which can
deteriorate the error performance of NOMA-VLC
systems. Lin et al. experimentally studied the BER
performance of an MIMO-NOMA-VLC system with
single carrier transmission and frequency domain SIC'33!,
Marshoud et al. derived the BER expressions of NOMA-
VLC systems with On-Off Keying (OOK) modulation
adopted under perfect, noisy, and outdated channel
state information conditions, respectively®¥. In Ref.
[35], Liu et al. derived closed-form BER expressions
for M-ary phase shift keying, M-ary pulse amplitude
modulation, and M-ary quadrature amplitude modulation
in NOMA-VLC systems with two users. To mitigate
the effect of EP on the error performance of NOMA-
VLC systems, some approaches have been proposed
in recent works. Symmetric SC and symmetric SIC
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decoding schemes for the downlink of NOMA-based
VLC systems with Quadrature Amplitude Modulation
(QAM) were proposed in Ref. [36], wherein the authors
experimentally demonstrated that their solution could
alleviate approximately 90% demodulation errors caused
by EP. Later, for the VLC downlink, Chen et al.
proposed a Gray-coded QAM-based NOMA scheme,
where constellation partitioning coding and uneven
constellation demapping are proposed and utilized at
the transmitter and receiver, respectively®”.. Given that
SIC is not implemented in this NOMA scheme anymore,
the effect of EP can be thoroughly eliminated. In
Ref. [38], Shi et al. proposed the subcarrier pairwise
coding scheme in NOMA-VLC systems with OFDM
adopted. This scheme was experimentally demonstrated,
and the corresponding results showed that the system
performance can be remarkably improved. For OOK-
based NOMA-VLC systems, we proposed an adjustable
bit-rate SC scheme at the transmitter and sample-and-
sum SIC scheme at the receiver to mitigate the effect of
EPB!. In our solution, the bit-rate factor was introduced
to adjust the bit rate of each user. Specifically, more
transmitting power and lower bit rate are assigned to
the user with lower channel gain, i.e., under the worse
channel condition. Therefore, more than one sample of
the data symbol could be obtained for this user within
a bit interval. The process of summing those samples
up would average the random noise, lower the BER, and
thus reduce the probability of EP.

1.2 Motivation and contribution

The above investigations show that most EP mitigation
approaches in NOMA-VLC systems are designed
for QAME437 or OFDMP8!. Given that VLC prefers
Intensity Modulation and Direct Detection (IM/DD),
pulse modulation schemes, such as OOK, pulse
position modulation, and pulse width modulation, attract
considerable attention and are widely implemented in
VLC systems because of its low cost and simplicity™®411,
Therefore, we attempt to design EP mitigation methods
for NOMA-VLC systems with pulse modulation
schemes!®!.

Although the method proposed in Ref. [39] could
effectively relieve the effect of EP on the error

performance of NOMA-VLC systems, it cannot

fundamentally eliminate this negative effect. In addition,
in this method, the total instantaneous signal power
of the higher bit-rate user is not constant during a bit
interval of the lower bit-rate user because the information
of the higher bit-rate user is uncertain. As a result, the
sum of the sampled values in a bit interval of the lower
bit-rate user randomly fluctuates, and the corresponding
error performance further deteriorates. Later, we noticed
that a Multiple Pulse Position Modulation (MPPM)
symbol contains multiple slots, and the total transmitting
power of those slots in one MPPM symbol is constant,
which seems to be useful to solve this problem.

In practical VLC systems, all users can be divided
into two types in terms of data rate requirements. High
bit-rate users, such as mobile phones and laptops, are
more likely located in places near LEDs to obtain
enough illumination and are usually pivotal users. Thus,
they are commonly under better channel conditions. By
contrast, low bit-rate users, such as sensors and Internet
of Things devices, are always mounted on the wall
or furniture, maybe far away from LEDs under worse
channel condition. In contrast to Ref. [39] where the bit
rate was adjusted to mitigate the effect of EP, the present
work naturally considers the existence of high and low
bit-rate users in the VLC system and proposes a novel
NOMA scheme for a two-user VLC system with pulse
modulations, where the low bit-rate user adopts OOK
and the high bit-rate user utilizes MPPM. Furthermore,
Soft Decision Decoding (SDD) is introduced to decode
the MPPM signal at the receiver of the high bit-rate user.
Given that the SIC does not need to be implemented
anymore, the proposed NOMA scheme fundamentally
eliminates the effect of EP.

The detailed contributions of this study are listed as
follows:

(1) We propose a novel NOMA scheme for a two-user
VLC system with pulse modulations; this scheme could
fundamentally eliminate the effect of EP.

(2) We derive the expressions of Symbol Error
Rate (SER) and ADR for the low and high bit-rate
users, respectively. The asymptotically approximated
expressions for the probability of the number of wrongly
decoded slots in one MPPM symbol are also provided
in low and high Signal-to-Noise Ratio (SNR) regions;
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and these expressions are critical in evaluating the
ADR performance. The results of Monte Carlo (MC)
simulation are provided to verify the correctness of
theoretical results.

(3) We analyze the effect of SNRs and power
allocation factors on SER performance and compare
the SER results with those obtained from Ref. [39] and
the SIC-based NOMA decoding scheme. Furthermore,
we analyze the ADR of users and the sum rate of
systems with different power allocation factors, SNRs,
number of total slots, and number of pulsed slots in one
MPPM symbol. In addition, the ADR performance of
the proposed NOMA scheme is compared with that of
conventional OMA schemes.

2 System model

A diagram of the two-user NOMA-VLC downlink is
demonstrated in Fig. 1. An LED mounted on the ceiling
(facing vertically downward) is used for dual purposes
of illumination and data transmission. r;,, denotes the
LED emission semi-angle. Two users, namely, User 1
(U1) and User 2 (U2) in Fig. 1, are considered here; each
is equipped with a Photo Detector (PD) facing vertically
upward. ¢ is the Half-Field Of View (HFOV) of PD.
Considering that the average optical power of the Line-
Of-Sight (LOS) link between the LED and the k-th user’s
PD (k = 1, 2) is much stronger than that of diffuse links
in VLC channels, we exclusively consider the channel
gain of the LOS link. In accordance with Ref. [34], the
channel gain of the LOS link can be expressed as

(8 + 1) cos? (yy) A

T X
7t d]? ((ﬂk)
hy = (1)
g (pr) cos () . 0 < g < s
0, Pk > Pc
—
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‘ Ul ‘ u2

Fig. 1 Channel model of the NOMA-VLC downlink with

two users.
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where Ay is the PD detection area of the k-th user;
dy is the link distance between the LED and the k-
th user; Y% and ¢y denote the angle of irradiance and
the angle of incidence at the k-th user, respectively.
The order of Lambertian emission is represented by
§ = —In(2)/In(cos (Y1/2)): T (k) and g (¢y) are
the gain of optical filter and the optical concentrator,

respectively. g (¢r) can be written as
2

o
——, 0< o <o
sin® (¢c) ‘ )

Ov @k > gDC
where p denotes the reflective index of the optical

g (px) =

concentrator.

Without loss of generality, we assume that Ul is a
low bit-rate user and U2 is a high bit-rate user, just
like the example in Fig. 1. Therefore, Ul uses OOK
modulation, and U2 adopts (M, N) MPPM, where M
is the number of total slots and N is the number of
pulsed slots, which also refer to the signal slots in
one MPPM symbol. The symbol rates of OOK and
MPPM are assumed to be the same, and all symbols are
synchronized. The processes of the proposed NOMA
scheme in the VLC downlink at the transmitter and
receiver are illustrated in Fig. 2, in which we take (5, 2)
MPPM for U2 as an example. Signals of Ul and U2
are separately generated and then superposed in the
power domain. Driven by the combined signal, the LED
emits the intensity-modulated light, which is received by
each user after propagation over the VLC channel. Let
o denote the power allocation factor and P, represent
the average optical power of the LED. The average
optical power of Ul is P; = «o P, and that of U2 is
P, = (1 —«a) P.. OOK is adopted by Ul; thus, the
instantaneous optical power levels of Ul’s signal for
bits “0” and “1” are 0 and 2P, respectively. Given
that (M, N) MPPM is adopted by U2, the instantaneous
optical power levels of U2’s signal are 0 for unpulsed
slots and MP,/ N for pulsed slots. The PD of each user’s
receiver converts the received optical signal to an analog
electrical signal. Then the analog electrical signals of
Ul and U2 are sampled at a rate of f;, which is equal
to the slot rate of MPPM. Afterward, Ul sums up the
sampled values in a bit interval and uses Maximum
Likelihood Decision (MLD) to decode the signal. U2
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Fig. 2 Graphical representation of two-user NOMA scheme in the downlink of VLC, where low bit-rate user (U1) uses OOK

and high bit-rate user (U2) adopts (5, 2) MPPM.

handles those sampled values by SDD scheme, where
the decoder selects the largest N sampled values from
M sampled values of a symbol block, and then regards
those N slots as pulsed slots. Hence, SIC decoding does
not need to be implemented anymore. Compared with
the traditional SIC-based NOMA scheme, the proposed
NOMA scheme is easier and faster to perform. Without
loss of generality, the output values of the sampler are
assumed to be independent from each other. Therefore,

the output of sampler at the k-th user can be expressed

as
}% + ng, pulsed slot (x; =0)
ng, unpulsed slot (x; =0);
k =
Y 2hiRP1 + }%—{—nk, pulsed slot (x; =1);
2hiRPy + ny, unpulsed slot (x; =1)

3)
where x; is the bit transmitted for Ul; R denotes the
responsivity of the PD. nj represents the zero-mean
additive white Gaussian noise with variance o,%k =
No/2, where Ny is the power spectral density. In
practical VLC systems, if a narrow spectral filter is used
at receiver, the ambient light and the signal-dependent
shot noise could be neglected; and the thermal noise
from the circuitry of the receiver is dominant!342431,
Therefore, we assume that the noise in the considered
NOMA-VLC system is normally distributed and signal-
independent. The average electrical SNR at the receiver

of the k-th user can be written as y; = (hxRP)* /No.

3 Performance analysis of the proposed
NOMA scheme

In this section, the SER and ADR expressions for the

proposed NOMA scheme in two-user VLC systems are
derived. We assume the perfect synchronization of each
symbol of U1l and U2. In addition, the input symbols are
arbitrarily selected. Hence, the input symbols of Ul and
U2 are equally distributed.

3.1 SER performance analysis

3.1.1 UY’s SER expression

OOK, which is a binary modulation scheme, is utilized
by Ul; thus, the BER is identical to the SER. For the
integrity of this work, we use SER hereinafter. When
bit “0” is transmitted, the sum of the sampled values
follows the distribution of fi(y|MRhi P, Mo, )
where fi(y|u,0?) represents the Probability Dens1ty
Function (PDF) of Gaussian distribution with mean u
and variance o2. Similarly, when bit “1” is transmitted,
the sum of sampled values obeys the distribution of
Sn(IMRhy (P> + 2P), Moy} ). Given that MLD is
used for Ul, the corresponding threshold is the mid-
point between the minimum and maximum values of
the summed samples in a symbol interval, and it can be
written as ¢ = MRh{(P; + P,) = MRh; P;. Therefore,
the SER expression of Ul can be obtained as

1 +o00
Pe, = > Sn(y[MRhy Py, Mo} )dy+
1 (¢ )
5/ Sn(yIMRhy(2Py + Py), Mo, )dy =
—0o0
1
Serfe(v Myr) (4)

where erfc (-) is the complementary error function.
3.1.2 U2’s SER expression

In the proposed NOMA scheme, SDD-based (M, N)
MPPM is adopted by U2, which is the high bit-rate
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user in the VLC system. If one symbol for U2 could
be decoded correctly, the smallest value of the samples
in the pulsed slots is supposed to be greater than the
largest value of the samples in the unpulsed slots. Let

us define three random variables U = max  (¥;),
1<i<M-N
V = min (v;),and @ = V — U, where u; and v;
1<j<N

are the sampler’s output at the unpulsed and pulsed
slots, respectively. If @ > 0, then U2’s signal could
be decoded correctly with SDD. Although the absolute
optical power levels of the unpulsed slot and pulsed slot
with bit “0” transmitted by U1 in the superposed signal
are different from those with bit “1” transmitted, the
difference of optical power level between the unpulsed
slot and pulsed slot is the same regardless of U1’s data.
Therefore, in accordance with Ref. [44], the PDF of &

can be obtained as Eq. (5):
. (M —-—N)N
f‘p ((p) - 2M_1T[O_’%2

[ (4= 55) —yr

exp | — X
00 207, 207,
MR Py ) N1 B M-N-1
erfc W—N erfc vV dv
V20, V20,

(&)
The SER of U2 can be further expressed as

0
Pe, = / Jo (9) dop (6)
—00
3.2 ADR performance analysis

Pulse modulations are used in the proposed NOMA-
VLC scheme; thus, mutual information for the k-th user
can be expressed under the assumption of the discrete
memoryless channel model as!*!
Ex B
e (X V) = 303 ol v logs Z2 ) )
P p(x;)
where X = {xk,, Xky - - .,xkEk} and Yi = {yk,. Vi,
s Vs, } are the sets of the transmitted and received
symbols, respectively, for the k-th user. Both are with
the size of Ek. p(xk; yk;) is the joint probability
that symbol xj, is sent to the k-th user and Vk;
is received at the receiver of the k-th user. It
can be written as p(xg; yk;) = p(xXk;) p(Vi; |Xk; )
where p(xg,) is the probability of sending xi, and
P(Vk;|Xk;) is the conditional probability of the event
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that symbol yi, is received by the k-th user given
that xi; is sent. Given that the input symbols of
Ul and U2 are assumed to be equally distributed,

1
we have p(xi;) = —-. Furthermore, the probability
Sk

distribution function of the received symbols at the

k-th user, i.e., p(yk;), can be obtained as p(yk;) =
B

Ex
1
> pCa) POk, |xi) = 5 > p(yx, |k, ). From the
i=1 SR
above analysis, I (Xg, Yy ) indicates how many bits in

one symbol of the k-th user can convey. Let Ry denote
the ADR of the k-th user. Here, we use the unit of
bits per symbol, namely, bits per channel use (bpcu), to
measure ADR. Therefore, we have Ry = I (Xi, Yi).

3.2.1 UY’s ADR expression

OOK is a binary modulation scheme; thus, the channel
between the LED and U1 can be regarded as a binary
symmetric channel. Therefore, the ADR of Ul can be
expressed as!*!
Ri = Pe l0g,(2P¢;) + (1 — Pey)log,[2(1 — Pe))]
®)
3.2.2 U2’s ADR expression
Given that U2 uses (M, N) MPPM, &, =CN  where
Cﬁ represents the number of combinations of M
items taken N at a time. Given that &, varies with
the change of M and N, the component p(yz;|x2;)
in Eq. (7) is difficult to determine directly. However,
we notice that p(yz;[x;) is determined by the
numbers of wrongly decoded pulsed slots or unpulsed
slots in an MPPM symbol. Let us define a random
variable r = 1,...,min(N, M — N), which refers to
the falsely decoded slots in (M, N) MPPM. Based
on the principle of SDD, given r falsely decoded
slots, r pulsed slots are regarded as unpulsed slots,
and r unpulsed slots are considered as pulsed
slots. We further define three random variables
S UM—N—rs UN=r+1,---,UN}, V' =
min{vy, ..., UN—p, UM—N—r41,---,UM—N}, and &’ =
V' —U’, where u; (i = 1,...,M — N) denotes the
sampled values of the slots that should be unpulsed,

U' = max{uy,..

and v; (j = 1,..., N) represents the sampled values
of the slots that should be pulsed. In the set of
sampled values {uj,...,Up—N—r,UN—r+1>---,UN}>
it contains r wrongly decoded unpulsed slots that
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should be pulsed. Similarly, the set of sampled values

{vi,....,UN—r, UM—-N—r+1,...,Up—nN} includes r
wrongly decoded pulsed slots.

Theorem 1 The probability of r can be written as
+o00

pr(r) = Jor (¢) do ©)

where fp (@) is the PDF of @’ and can be obtained as
Eq. (10):

.
MRh> P:
foo=[ | = ) |,
o (¢
Onz 20',%2

1 (p—l/f—MRI}\lIZPZ N—r—1 -r
|:zerfc( ‘/ianz erf «/_an _+
N B L LS s T
\/EO' 20?% 2 \/_O_nz
_—erfc =V R M-N=r exp —wz X
2 \/Egnz \/Eanz 2(‘)-’%2

- M—N—r—l MRh P r

1 1 =22 4

—erfc 14 —erfc N—w +
V200, 2 V20,

2
. (_W_MRllzlsz)
P -
M—-N—r MRhy P> r—1
el bR

(10)

Proof Given that SDD only concerns the relationship
among optical power levels of the pulsed and unpulsed
slots, it has no effect on the decoding results of U2’
signals that Ul sends bit “0” or “1” because during
an MPPM symbol interval, U1’s signal remains at a
constant power level. Here, we prove Theorem 1 with
the assumption that U1 sends bit “0”. The same results
can be achieved when U1 sends bit “1”.

Random variable u;
fx (u0.07,). Its Cumulative Distribution Function
(CDF) can be written as

Fy (u) = 1erfc (

obeys the distribution of

11
[%) (11)

random variable v;
distribution of fy (
expressed as

follows the
‘MhaPz 2 ) Its CDF can be

’ n2

In addition,
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| MRhyPy _
Fy; (v) = erfe (N—) (12)

\/Eanz
In accordance with Egs. (6-55), (6-57), and (6-58) in

Ref. [46], the CDFs of U’ and V' can be obtained as
Fyr(u) = Fy ™Y Fy 0" (13)

and

Fy)y=1-[1-F, @] " [1-F, ®] 14
respectively. Furthermore, by differentiating Eq. (13)
with respect to u and Eq. (14) with respect to v, the

PDFs of U’ and V’ can be derived as Egs. (15) and (16),
respectively.

M—N—r u?
Sy =N " (— ) «
2 Oy, 20n2

| y M—-N—-r—1 1 MRI];\?PZ —u r
—erfc|—— —erfc| ——— | [+
2 \/io—nz 2 \/§0n2

u— MRhp P> 2
N

r
— X
V2noy, P 207,
1 " M~—N-—r 1 MRh2P2 —u r—1
—erfc|— —erfc
|:2 ( ‘/50"2)} [ ( V205, )}

5)

N—r
(V) = exp| ——— | x
Svr (v) iron, P[ 2032
MRh P N—-r—1 r
1 v— A2 1 v
—erfc [ ——N —erfc +
|:2 ( V20,, )i| |:2 (ﬁanz):|
V2 | y_ MRhy P N-—r
expl —5 5 —erfc| —— X
20”2 2 \/zgnz
r—1
—erfc (16)
|: (\/_‘7"2)]

Then the PDF of @’ can be expressed as
Jor (@)= fv (@)« v (9) = fv (@)* fur (@) (17)
where * denotes the convolution operator. By
substituting Eqs. (15) and (16) into Eq. (17), we can
obtain Eq. (10). If there are r incorrectly received pulsed
or unpulsed slots, then @’ > 0 should be satisfied. Lastly,

Eq. (9) can be obtained by integrating Eq. (10) from O
to positive infinite. |

The correctness of Theorem 1 is also verified by MC
simulation, which is given in the Appendix. In addition,
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the expressions of asymptotic approximation in low and
high SNR regions for Eq. (9) are provided to facilitate
the numerical calculation.

With the help of Eq. (9), p(y2;|x2;) could be easily
calculated by counting how many slots are wrongly
decoded. Therefore, we can obtain p(y»;) as follows:

1 &
mw=32mmmb

i=1

1 min(N,M —N)
N (1=Pe,)+ > CyCinpr(r)
M r=1

(18)
By substituting Eq. (18) into Eq. (7), the ADR of U2
can be derived as follows:
_ (1 - Pez)
Ra = (1= Pe,)logy——20

p(ij)
min(N,M—N) P (r)
CrCr v pr(r)log, — (19)
; NCM—nPr(r) gzp(yzj)

3.2.3 Sum rate of the proposed NOMA scheme

On the basis of Egs. (8) and (19), the sum rate of the
proposed NOMA scheme in the two-user VLC systems
can be written as

2
Ro=) Ry (20)
k=1

To compare with the conventional OMA scheme, the
sum rate expression of the conventional OMA scheme

in the two-user VLC system is also given as follows:
2
RMA =" B Ri @1)
k=1

where B is the orthogonal resource allocation factor,
ranging from O to 1.

4 Result and discussion

In this section, the SER and ADR results of the
proposed NOMA scheme in a two-user VLC system,
which consists of a single LED and two users, are
analyzed and discussed. The LED is mounted on
the center of the ceiling of a room with a size of
4m x 4m X 3m. Under the assumption that U2 is
closer to the LED than U1, U2 could achieve better
channel quality than Ul. Without loss of generality,
let Ul be at the location with the coordinates of
(2m, 1.5m, 1.25m) and U2 be at the location with the
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coordinates of (1.8 m,2m, 1.25m). Other parameters,
which are related to VLC channel and used in the process
of analytical calculation and MC simulation, are given
in Table 1 unless otherwise specified. Therefore, the
channel gains of Ul (h;) and U2 (h,) are equal to
1.7088 x 10~* and 1.9480 x 10~*, respectively. Unless
otherwise stated, U2 adopts (5, 2) MPPM. Considering
that different users’ signals encounter different channel
gains, the SER and ADR performances of different
users are evaluated with the same transmitting SNR
y to provide a fair comparison®33!, The relationship
between transmitting SNR and the average electrical
SNR at the k-th user can be expressed as y; = hia?y?
and y, = h2 (1 —a)?y2. During MC simulation, a
total of 5 x 107 symbols for U1 and U2 are generated
to reduce the uncertainties of the SER. We still use Eq.
(9) to calculate the ADR results of U2 in this section
because of its accuracy.

The SER performance of the proposed NOMA scheme
in two-user VLC systems with regard to transmitting

Table 1 Used parameters.

Parameter name Notation  Value

LED semi-angle Y172 (°) 60
PD HFOV v (°) 45
PD detection area Ay (cm?) 1
PD responsivity R (A/W) 1
Optical filter gain T (¢x) 1
Reflective index of optical concentrator p 1.5

——U1, HFOV=45°, ana
O U1, HFOV=45°, MC sim
107" j——U2, SDD, HFOV=45°, ana
i O U2, SDD, HFOV=45°, MC sim
—»—U2, SDD, HFOV=30°, ana

{ U2, SDD, HFOV=30°, MC sim
1075 |—#—U2, SDD, HFOV=20°, ana
O U2, SDD, HFOV=20°, MC sim

U1, OOK-NOMA, HFOV=45°
U2, SIC, HFOV=45°

1076 : : ‘ : '
70 75 80 85 90 95 100 105

7 (dB)
Fig. 3 SER performance of two-user NOMA-VLC systems
with OOK and SDD-based MPPM. The results of U2 with
SIC-based MPPM and Ul in the variable rate OOK-based

NOMA system!™! are also plotted here for comparison.
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SNR is demonstrated in Fig. 3. Different HFOVs
(. = 45°, 30°, and 20°), which are adopted by U2, are
considered. The power allocation factor is set to be 0.6,
i.e., @ = 0.6. Given that the channel gains of each user
are in the order of 10™4, a 70 dB offset of transmitting
SNR is provided to depict the analytical and simulation
results clearly. The analytical results (‘“ana” for short
in the legend of Fig. 3) have perfect agreements with
MC simulation (“sim” for short) results, confirming
the correctness of our theoretical SER expressions. In
addition, although low optical power is allocated to U2,
using the PD with narrow HFOV could achieve improved
SER performance. For example, when y equals 88 dB,
the SER values of U2 are roughly 4 x 1071, 5 x 1072,
and 3 x 107 for ¢, = 45°,30°, and 20°, respectively,
because narrower HFOV will contribute to better channel
gain in accordance with Formula (1). Furthermore, the
SER results of Ul, namely, the low bit-rate user, in
the variable-rate OOK-based NOMA scheme!®! with
a bit-rate factor set to 5 and two users are given here
for comparison, which is abbreviated to “OOK-NOMA”
in the legend and obtained via MC simulation. When
MPPM is used by U2, the SER performance of Ul is
better, especially when the transmitting SNR increases,
because MPPM has constant power in each symbol
interval compared with the random signal power of
the high bit-rate user in the variable-rate OOK-based
NOMA scheme. Furthermore, the results of the SIC-
based MPPM decoding scheme with MLD are depicted
for comparison (abbreviated as “SIC” in the legend) and
obtained through MC simulation. The SER performance
of U2 with SDD-based MPPM is better than that with
SIC-based MPPM. This result is obtained because
exploiting the relative optical power levels among the
slots within an MPPM block, which is different from the
SIC scheme with MLD where the absolute optical power
levels are used, plays a vital role in performing the SDD
and achieving better SER performance.

In Fig. 4, the SER performance of the proposed
NOMA scheme in two-user VLC systems with different
power allocation factors is plotted. To compare the
SER performance of Ul and U2 fairly, we assume
that these two users are at the same location. Hence,
they have the same channel gain. For simplicity, let

10°

\

,//'_:

-
/Q/Q
- i

10_1 = ~
B )
N 7~ — U1, ana
2 N O U1, MCsim | |
10 — U2, ana
O U2, MC sim
% 3 —— Overall SER
& 10 / \

B4 Y
\

-6 . . . . . . |
10 0 01 02 03 04 05 06 0.7 0.8 09 10
a

Fig. 4 SER performance of two-user NOMA-VLC systems
with different power allocation factors considered.

it be unity in Fig. 4. The transmitting SNR is set to
5dB, i.e., y = 5dB. Even though Ul is under poor
SER performance condition, it exerts no influence on
U2’s SER performance. That is, no EP exists anymore.
This result is obtained because SDD-based MPPM is
adopted here and SIC is not required. Hence, the EP
is totally eliminated. The curve of the overall SER
is also given in Fig. 4. The overall SER is defined
as P, = 0.5P,, + 0.5P,, because the symbol rates of
OOK and MPPM are assumed to be the same, and all
symbols are synchronized. The optimal overall SER can
be achieved when the power allocation factor is around
the intersection of the curves of U1 and U2.

Figure 5 demonstrates the ADR performance of the
proposed NOMA scheme in two-user VLC systems
versus the power allocation factors with four different
transmitting SNR values considered, including y = 85,
90, 95, and 100 dB. As shown in Fig. 5, when y is
equal to 85 dB, the sum rate of the NOMA-VLC system
decreases as « increases. However, when y is equal to
90, 95, and 100 dB, the curves of the sum rate increase
first and then decrease after reaching their maximum
values. Especially for y = 100 dB, there is a wide
region of «, roughly from 0.3 to 0.6, that sum rate
remains the maximum value of the considered NOMA-
VLC system, which is denoted as Ry"™* in Fig. 5 and
equals log, (5182) = log, (2xC2) ~ 4.32 bpcu.
This result is obtained because the ADR of the high

bit-rate user contributes more to the sum rate in the
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RM* 2 4.32 bpcu

45~ /

—U1
—Uu2

Sum rate;
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R 2 4.32bpeu
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«
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Fig. 5 ADR performance of two-user NOMA-VLC systems versus power allocation factors when transmitting SNR equals (a)

85, (b) 90, (c) 95, and (d) 100 dB.

considered system compared with that of the low bit-
rate user. y = 85 dB represents a poor VLC channel
condition. At this time, U2 cannot reach its maximum
ADR, which equals log, (Z3) &~ 3.32 bpcu, even though
all the transmitting power are allocated to it, i.e., « = 0.
Nevertheless, with the increase in y, this situation could
be relived because a high transmitting SNR allows U2 to
reach its maximum ADR even with less power allocated.
Additional rest power could be assigned to Ul, thus
giving U1 the chance to reach its maximum ADR. In
Figs. 6 and 7, we adopt « = 0.45 because it is the
medium point of the region that sum rate could achieve
the maximum value at y = 100 dB.

In Fig. 6, we compare the ADR performance of the
proposed NOMA scheme with that of conventional
OMA scheme. Without loss of generality, the orthogonal
resource allocation factor is set to 0.5 (B = 0.5) for
two users in the OMA scheme, indicating that these
two users have an equal chance to utilize the orthogonal
resources. In addition, we assume that the users in the

4.5

—8-U1, proposed NOMA
—8-U2, proposed NOMA
Sum rate, proposed NOMA
-%-U1, OMA
-%-U2, OMA
Sum rate, OMA

4.0

70 75 80 85 90 95

Fig. 6 Comparison of ADR between the proposed NOMA
scheme and the conventional OMA scheme, in which we set
Bir = 0.5.

OMA scheme could be allocated with full transmission
power when they obtain the chance to use the channel.
As shown in Fig. 6, the maximum ADR results of the
NOMA and OMA schemes are the same for Ul and U2.
That is, the maximum ADR of Ul is 1.0 bpcu, and that of
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U2 is approximately 3.32 bpcu for the NOMA and OMA
schemes. This result is obtained because the ADR results
are determined by the adopted modulation schemes, and
the same modulation schemes are used in NOMA and
OMA. In addition, U1 and U2 in the OMA scheme could
reach their maximum values at lower SNR conditions
because full transmission power is assigned to the user
who uses the channel. However, the maximum sum
rate of the proposed NOMA scheme is approximately
4.32 bpcu, which is higher than that of the OMA scheme
(i.e., approximately 2.16 bpcu). This result is obtained
because two users in the NOMA scheme could utilize the
orthogonal resources of the VLC channel all the time,
whereas those in the OMA scheme can only use the
orthogonal resources when they get the chance, which
is controlled by Bi. Therefore, the proposed NOMA
scheme could facilitate the improvement of the system-
level throughput.

The effect of different numbers of total slots M
and pulsed slots N in one MPPM symbol adopted
by the high bit-rate user on the ADR performance of
the proposed NOMA scheme is illustrated in Figs. 7a
and 7b, respectively. In Fig. 7a, we fix N =2 and
set M = 4,5, and 6. The ADR of Ul increases as M
increases at the same transmitting SNR in the rising stage
because the larger the number of slots in one MPPM, the
more sampled values are brought for Ul to sum, thus
effectively reducing the fluctuation of the signal power of
Ul caused by noise. Therefore, the quality of U1’s signal
could be enhanced. In addition, the maximum ADR of
U2 is boosted by increasing M. Hence, the higher sum
rate could be achieved as M increases. This result is
obtained because the results of combination &, = Cﬁ
become larger when N is fixed and M increases. For
example, the maximum ADRs of U2 are roughly 2.59,
3.32, and 3.91 bpcu for (4, 2) MPPM, (5, 2) MPPM, and
(6,2) MPPM, respectively. In Fig. 7b, we fix M = 6
and set N = 1, 3, and 5. The ADR results of Ul are
identical under all conditions because M is the same.
Moreover, the maximum ADR of U2 with (6, 3) MPPM
is higher than that of the other two scenarios because
C3 ~ 432 > C} = C? ~ 2.58. The rising stage of the
ADR of U2 with (6, 1) MPPM happens earlier than that
with (6,5) MPPM as y increases. Compared with (6, 5)

55

—o—UT, (4,2) MPPM

5.0"|——U2, (4,2) MPPM

Sum rate, (4,2) MPPM

45 | —u1, (5,2) MPPM
——U2, (5,2) MPPM

[ Sum rate, (5,2) MPPM

—=-U1, (6,2) MPPM

—=—U2,(6,2) MPPM

Sum rate, (6,2) MPPM

6.0 -

——U1, (6,1)MPPM
5.5 {——U2, (6,1)MPPM
Sum rate, (6,1) MPPM
5.0 /l—o—y1, (6,3 MPPM
45 ~U2, (63)MPPM
Sum rate, (6,3) MPPM
4.0 |-=-U1, (6,5)MPPM
—  ||—=—U2, (6,5 MPPM
§3-5 Sum rate, (6,5) MPPM

70 75 80 85 90 95 100 105
Y (dB)

(b)
Fig. 7 ADR versus transmitting SNR with different
numbers of (a) total slots and (b) pulsed slots adopted by the
high bit-rate user.

MPPM, (6, 1) MPPM could offer more SNR gains to
reach the same ADR. For instance, to achieve the ADR
of 2 bpcu, (6, 1) MPPM has approximately 14 dB SNR
gain than (6, 5) MPPM because under the same average
transmission power constraint, the difference of power
level between the pulsed and unpulsed slots of (6, 1)
MPPM is larger than that of (6, 5) MPPM, which helps
the decoder of U2 to make correct decisions. That is, if
the same maximum ADR of the high bit-rate user could
be achieved, a small N could be beneficial under low
transmitting SNR conditions.

5 Conclusion

In this study, a novel downlink NOMA scheme, which
could serve users with different requirements of data



62

rate, in VLC systems with different pulse modulations
was proposed. The low bit-rate user adopted OOK
modulation, and the high bit-rate user used SDD-based
MPPM. The expressions for SER and ADR performance
were derived. MC simulation results were also provided
to verify the correctness of the theoretical results.
Results demonstrated that the proposed NOMA scheme
could fundamentally eliminate the effect of EP because
SDD-based MPPM was adopted by the high bit-rate
user. Furthermore, the proposed NOMA scheme could
achieve a better sum rate of system than conventional
OMA schemes. Increasing the values of combination
Cﬁ could boost the maximum ADR of the high bit-rate
user. When the total slots in one MPPM symbol are the
same, the smaller N could provide more SNR gains if the
maximum ADR of the high bit-rate users is the same. In
practical VLC systems, all users can be divided into two
groups based on the required data transmission rate. One
group with low data rate requirement utilizes the OOK
modulation, and the other uses the MPPM scheme. For
this scenario, Time Division Multiple Access (TDMA)
or other OMA schemes could be exploited within each
group to increase connectivity. Considering that the
MPPM and OOK modulation schemes are suitable for
dimming control*!, we will investigate our proposed
NOMA scheme in VLC systems with dimming control
strategy in the future.

Appendix

In this part, the expressions of asymptotic approximation
in low and high SNR regions for the probability of 7, i.e.,
pr (1), are obtained.

When the proposed NOMA-VLC system works under
low SNR conditions, the decoder of the high bit-rate user
is similar to choosing a symbol randomly from the set
that contains &, possible options. Therefore, when SNR

is low, the p, (r) can be approximately expressed as

1 1
pE(r) = — (A1)

g, cl

When high SNR scenarios are considered, the random
variables U’ and V' can be approximately expressed as
U' ~ max{vN—r+1,..., 0N}, V' ~min{upr—nN—_rt1,
..., up—n}. To obtain the PDF of U’ and V' under
high SNR conditions, we further define three equivalent
random variables U” = max (v;), V" = min (u;),

<J<r 1<i<
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and @” = V” — U”. After similar manipulations in
the proof of Theorem 1 , the PDF of U” and V" can be

expressed as
U — MRhy P> 2
N

r
vr(U) = ——exp| ——————— | x
% V2o, P 207,
-1
1 MRhy P> —u r
—erfc | —¥_—— (A2)
[2 ( V204,
and

2 r—1
Sy (v) = S exp (— v_) lerfc v
manz 20}% 2 \/Eang

respectively. The PDF of @” can be further obtained as

2
Jor (¢) =

r

X
2r—1 5452
2 o,

/_+oo N (v - 2z’ )

2
00 205,

MRh, P> r—1
_—— L 2 _l’_ —
erfc N—w erfc vV dyr
V200, 20y,
(A4)
Hence, when the system works under high SNR

conditions, p, (r) can be approximately written as

+o00
pH(r)= for (9)dg (A5)

In Fig. Al, the curve of p,(r) is plotted versus
transmitting SNR. The adopted parameters are identical

: Pr(1), exact
1078 [ Pr(2), exact
Low SNR approx oY

£ ¢ Pr(1), high SNR approx
1078 | ¢ Pr(2), high SNR approx
S| % Pr(1),MC

‘| o P(2),MC o

10 -10L L L L L L L L
0 10 20 30 40 50 60 70 80 90 100
7 (dB)
Fig. A1 Curve of the probability of the number of wrongly
decoded pulsed or unpulsed slots for the high bit-rate user
(U2) with (5,2) MPPM adopted with regard to transmitting
SNR.
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to those used in Section 4. Given that (5,2) MPPM
is used by U2, r could be 1 or 2. In Fig. Al, the
exact results of p,(r) are obtained via Eq. (9) and
demonstrated with solid lines, where the blue line is for
r = 1 and the red line is for r = 2. “Low SNR approx”
in the legend denotes the asymptotically approximated
results under the low SNR region obtained from Eq.
(A1l). Similarly, “high SNR approx” represents the
asymptotically approximated results under the high SNR
region obtained from Eq. (AS). MC results are given as
discrete markers, which are obtained with 108 random
tests. As shown in Fig. Al, the exact results have
excellent agreement with the MC results, thus verifying
the correctness of Eq. (9). Furthermore, the asymptotic
results of p,(r) under low and high SNR regions can
tightly approximate the exact ones.
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