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Abstract: In this paper, we consider a multiuser multiple-input-single-output (MU-MISO)
downlink visible light communication (VLC) system deployed in airplane cabins, for serving
high-speed Internet to the passengers through the reading lamps. The high number of
closely spaced lamps (i.e., transmitters) suggests the use of a transmit precoding scheme
to suppress the strong mutual light interference and enhance the performance of the system.
Constraints are the complexity of the hardware and the integration into commercial devices
(smartphones, tablets, etc.). Since nominal lighting is constrained by LEDs saturation, here
we adapt the Tomlinson—Harashima precoding algorithm to the on-board VLC scenario and
demonstrate its definite improvement on channel capacity with respect to the unprecoded
case and also to the zero-forcing precoding one. The optimum directivity of the sources
trades over performance and robustness against source-receiver misalignments (i.e., the
passengers’ mobility) by validating MISO channels for a number of receivers’ positions
around the best alignment one with a ray tracer specifically designed.

Index Terms: Visible light communications, aircrafts, tomlinson-harashima precoding.

1. Introduction

Visible Light Communications (VLC) are emerging as a promising alternative to radio communica-
tions in harsh environments. Their inherent advantages are: use of unlicensed bands, E.M. pollution
free and availability of low cost transmitters (LED lights) that offer a potentially high capacity per
unit area system [1]. Among the various applications, on-aircraft VLC systems are gaining large
attention in recent years, as a possible technique to provide low cost, ubiquitous and green access
to high speed Internet through the usage of the LED reading lamps, for which the communica-
tion function would be superposed to their natural illumination one. VLC offers an inexpensive
and scalable alternative to the existing low-bandwidth Wi-Fi-based infrastructure [2], that adapts to
the asymmetric traffic conditions of the entertaining and multimedia services. VLC-based solution
mimics femto-cell systems by exploiting the available LED reading lamps to serve the passengers’
terminals (which can be added into or externally to laptops, tablets, smartphones etc.) with a point-
to-point wireless downlink Intensity-Modulated/Direct-Detected (IM/DD) visible light communication.
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The reading lamps can be connected to the external communications system by any technology
(e.g., power line communication [3] or optical fiber [4]). Each user device logs on to “its own” cell
through a proper uplink transmission protocol (typically infrared, IR). High QoS is dependent on
adequate values of Signal-to-Interference-plus-Noise Ratio (SINR). The large number of closely
spaced non-directive transmitters makes the communication challenging, due to the interferences
that are generated while many sources of light inside the cabin (e.g., ceiling, sidewall, dome lights,
solar radiation entering through the fuselage windows) contribute to increase the noise at the re-
ceivers’ front-end. The possibility of in-flight VLC was already introduced and investigated in [5] [6],
while the specific problem of exploring the interference and the Signal-to-Interference Ratio (SIR)
was reported in [7], for a simple airplane cabin geometry and sources-receivers configuration. A
complete characterization of the SINR inside a realistic airplane cabin has been presented in [8]
under the hypothesis of perfect alignment between transmitters and receivers, showing promising
results in case of highly directive lamps. However, as soon as the device is moved (e.g., user
moves the device from hand to hand), the use of a LED with a wider beamwidth could be a viable
solution to guarantee seamless connectivity while reducing the Mutual Light Interference (MLI) to
acceptable values with a proper technique. Apart from the most common frequency or time division
multiplexing schemes (FDM/TDM, respectively) that cannot be accommodated within the limited
electrical bandwidth of common LED lamps [9], MLI reduction could be by Colour Division Multi-
plexing (CDM) [10], [11], by assigning a different colour to each data-stream. Despite the spectral
efficiency of CDM approach (each source transmits on the same electrical bandwidth), it has the
inherent disadvantage of having to equip the receiving terminals with more additional optical com-
ponents and analog decoding chains to receive separately every possible colour, thus increasing
the costs and the complexity of the realization.

In this paper, we explore the possibility of using a multi-stream Transmitter Precoding (TP)
approach to mitigate MLI at the receivers, by exploiting the knowledge of the channel characteristics
from each transmitter to each receiver. When multiple sources are coordinated (acting as a single,
whole transmitter) to transmit information to multiple devices equipped with one single receiver,
the system is called Multi-User-Multiple-Input Single-Output (MU-MISO), and the one-to-many
communication channel is identified as “broadcast”. In particular, Tomlinson-Harashima Precoding
(THP) is a well-suited solution for MU-MISO communication systems [12], [13]. Even if the literature
on MU-MISO systems is well detailed, the VLC scenario contains some peculiarities:

e VLC is aspecial type of Intensity-Modulation/Direct-Detection Optical Wireless Communication
(IM/DD OWC), so the transmitter uses real-valued and non-negative signals instead of complex
and bipolar ones;

e each LED transmitting unit has two power constraints: the average value of the emitted signal
(average optical intensity intended for illumination) and the maximum peak amplitude (maxi-
mum optical intensity) limited by the LED technology or by its input linearity range.

1.1 Related Works

The concept of MU-MISO VLC systems is close to that of multiple-input multiple-output (MIMO)
optical wireless communication, which dates back to [14]. More recently, Hsu et al. [15] proposed
and demonstrated a 3 x 3 single-user MIMO VLC system using commercial available phospho-
rescent white LEDs and performing Zero-Forcing (ZF) channel equalization at the single receiver.
However, the MU-MISO VLC system considered here is for multiple devices that are geographi-
cally distributed so that no joint receiver processing can be performed. Instead, signal processing
should be entirely shifted at the transmitter side and applied prior to signal transmission in form of
precoding. Transmitter precoding techniques for MU-MISO VLC systems are in [16]-[19]. These
papers proposed linear or non-linear techniques for ideal VLC scenarios within an empty room,
thus not accounting for complex reverberating environments. In Li et al. [16], Zero-Forcing (ZF)
and Minimum Mean Squared Error (MMSE) linear precoding techniques were analyzed in terms of
average Bit Error Rate (BER) and Mean Square Error (MSE) performance through simulations in
an empty room, where an arbitrary number of receivers were randomly placed. In Ma et al. [17] the
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application scenario is again an empty room, and authors proposed two linear precoding schemes,
obtained through sum-MSE minimization and minimal illumination level. A different approach has
been followed by Pham et al. [19], who proposed a MU-MISO VLC system optimization in terms
of lower and upper bounds of VLC channel capacity (i.e., mutual information between input and
output) and linear ZF precoding techniques. Non-linear precoding for VLC has been first consid-
ered in Yu et al. [18], that compared a linear ZF precoding scheme with a non-linear one based
on Zero-Forcing-Dirty Paper Coding (ZF-DPC) with a remarkable spectral efficiency gain. ZF-DPC
represents a theoretical upper bound that can be attained by pre-canceling methods such as the
proposed THP, that is compared herein to ZF-DPC.

1.2 Contributions

In this work we adapted the Tomlinson-Harashima Precoding (THP) to a VLC system and evaluated
the performance for a realistic highly-reverberating scenario inside an airplane passenger cabin.
The choice is mainly motivated by the fact that the non-linear transmitter precoding allows to
mitigate multi-user interference still bounding the transmitted power. THP is very promising for
VLC applications, since the amplitude constraint to be imposed on the emitted signal can be
inherently fulfilled. Moreover, inside an airplane cabin the users’ mobility is very limited and the
optical channel is quasi-static, or slowly time varying. This condition is suited for the application of
a complex algorithm such as THP, which needs an higher computation overhead with respect to
ZFP, because the precoding matrix is recalculated much less frequently.

In particular, the contributions of the paper are three-fold:

1) we first developed a realistic model of a passenger cabin with a certain number of reading
lamps and receivers to compute the VL channel matrixes with [8];

2) we adapted THP to VLC and demonstrated the performance gain with respect to ZFP, com-
paring THP with the ZF-DPC upper bound as indicated in [18], for varying emission angles
and degree of coordination by the size of the precoding matrix;

3) we identified an optimal configuration of the precoding system that guarantees the best
compromise among channel capacity maximization, precoding complexity, robustness against
source-receiver misalignments, and lamps directivity (in order not to dazzle the adjacent
passengers and avoid discomfort situations).

1.3 Notation

Bold upper- and lower-case letters describe matrices and column vectors. [A]; = a; denotes the
j-th element of matrix A. Letters R, R.o and C refer to real, non-negative real and complex
numbers, respectively. We denote matrix inversion, transposition and conjugate transposition as
()7, ()", ()". Matrix I is an identity matrix of appropriate size, E[-] is the statistical expectation,
diag(A) is a diagonal matrix containing the main diagonal elements of matrix A. Finally, ||x|; =

Yoilxiland [Ixllo = /Y, xi|2 are the /- and b- norms of vector x, respectively.

1.4 Organization

The paper is organized as follows: Section 2 reports a description of the ray tracing that we used
to simulate the visible light channel inside the cabin and retrieve the channel matrixes and mutual
interference; Section 3 illustrates the system model and sets the VLC analytical constraints for
precoding; Section 4 reviews ZFP and details THP adapted to VLC scenarios; Section 5 presents
the results of the simulations we performed to demonstrate the validity of our proposal, while
Section 6 draws some conclusions.
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2. Channel Generation by Ray Tracing

In order to test the performance of the proposed algorithms, we have generated the optical channel
matrixes and computed the SINR by using the Modified MonteCarlo (MMC) ray tracer tool detailed
in [8], originally developed for the characterization of visible and infrared (IR) light propagation
inside any arbitrary-shaped space. The tool in [8] provides the Channel Impulse Response (CIR)
from each modulated light source to each receiver in the space, together with the background light
level (which is the amount of optical power due to all the non-modulated sources of radiation) and
the SINR at the receiving side. The CIRs are computed for a set of testing wavelengths chosen
either in visible or in near-IR range and considering an arbitrary number of reflections. The final
result is a function of the specific source-receiver pair (j, k), the wavelength A and the time t: CIR
is hereafter indicated with h[t, j, k, A]. The background light levels composed by the optical power
from the illumination fixtures and from the solar radiation entering through the windows (the latter
being modeled according to [20] and [21]). The SINR at the k-th photodiode receiver is

i2

SINR, = % (1)
lintk t On.k

where the numerator is the squared electrical current generated by the useful modulated light
sources and the denominator is the sum of the squared electrical current generated by the interfering
light signals (which are in the same electrical band of the useful ones) plus the overall electrical
noise power o3 ,. As motivated in the introduction, in this work we consider standard phosphor-
based LED as VLC sources, thus we choose as testing wavelengths for every simulation the red,
green and blue peaks (i.e. 460 nm, 532 nm and 650 nm) as in [22]. Hereafter, we consider the
channel as frequency-flat within the bandwidth of interest that is set to B = 20 MHz. The electrical
current for the signal of interest is expressed as

Ny
sk =3 3" " Prlj 2 It kA1 nlk. A, )

t=0 jeKy reWw

ir[t.j.k,A]

where Pr[j, A][W] is the optical power transmitted by the j-th source at wavelength 1 and 5[k, A]
is the k-th photodetector spectral responsivity measured in [A/W]. The product of the three terms is
the generated photocurrent at the receiver i [t, j, k, 1]. The total electrical current at the receiver is
the obtained by summing over the time grid on which the CIR is computed (thanks to the frequency-
flat hypothesis), the set of wavelengths WV and the set of useful sources (Ky,). The interfering current
iint.x has the same expression of Eq. (2), with the only difference that the summation spans the set
of interfering sources, while the electrical noise power o7 , is computed as:

0,2;,;( =2eB {ibg,k + is,k + iint,k + idark,k} + U;Qh,k, (3)

where the first term is the overall shot noise caused by the sum of the electrical currents generated
respectively by the background light (isg k), the signal and interfering lights (is x + iintx) and the dark
current of the photodector (i gk «) [23] while the second one is the thermal noise variance (the input
referred noise density irms [A/+/H] of the front-end’s first amplifying stage).

The channel matrix is then computed as an intensity-one:

Ny
H={hiu},  hiw=D_ ) hltjkal )

t=0 reW

where h; is the channel coefficient between the k-th transmitter and the j-th receiver, and results
from the summation over the time grid on which the complete CIR h[t, j, k, A] is computed and over
the set of wavelengths W for white-light VLC.
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Fig. 1. Downlink VLC system model with transmitter precoding. The N; signals (vector s) are precoded
by matrix W and then transmitted onto the VLC channel by means of N; non-directive sources (LEDs)
to N, single-PD users.

3. System Model

In this work we consider the downlink of a general MU-MISO VLC system consisting in N; LED
transmitters serving N, single-photodiode users (i.e., aircraft passengers), as shown in Fig 1.

3.1 VLC Downlink Channel

The downlink channel from the LEDs to the users is a frequency-flat VLC channel, such that the
signal received at the k-th user is

Yk = nhiX + ny, (5)

where nis the photodiode (PD) responsivity, h[ € RLEN’ = [h1,k, ha ...,hN,,k] is the non-negative,
real-valued vector denoting the channel coefficients from all the LEDs to the k-th single-
photodetector user, x eRﬁb” represents the emitted optical power signal and n, ~ N0, aﬁ,k) is
the overall noise fluctuation current at the k-th receiver which can be reasonably modeled as zero-
mean additive Gaussian process [24] with variance o2, (computed with (3)). Gathering all the

received user signals, we obtain the canonical MU-MISO model as

y =nHx+n, (6)
wherey = [y1. Y2, ..., yn,]” is the signal received by all the users, H = [hy, hy, ..., hy,]7 € RV is
the compound channel matrix defined as in (4) and n ~ A/(0, R,) is the overall zero-mean additive
uncorrelated colored Gaussian noise with covariance R, = diag(c? ;,02,..... 5 y ).

3.2 Transmitter Constraints
The transmitted signals x are obtained as
x=f(X), (7)

where X are the electrical drive current signals at the LEDs input and f(X) is the LED optical power
(or, equivalently, luminous intensity) vs drive current characteristic, assumed hereafter to be the
same for each LED. As typical for white phosphorescent LEDs [25], for a drive input current X in
the range [0, I max] it is approximately linear as

(%) ~ - %, 8)

where y is the so-called LED conversion factor that maps [0, I max] into optical power [0, Pmax] [17]-
Since we use a transmitter precoding technique, the drive current signals at the LEDs input are
obtained as

X =Ws +ipg, 9)
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where s = [y, %, .., sy,]7 € RN~ are the zero-mean, uncorrelated symbols to be transmitted to the
N, users, whose amplitudes are limited as

skl € [—dk, +dk], (10)

W e R¥V is the precoding matrix, and ip¢ € Rﬁg“ is the vector of DC offset currents added to

the signal in order to ensure the non-negativity of the output. Vector s can include either pulse-
amplitude modulated (PAM) symbols or quadrature-amplitude modulated (QAM) ones (see Remark
7). In the following, we assume without loss of generality that the DC currents /5, are the same
for all the LEDs, so ipc = Ipc1 where 1 is a column vector of all ones. Therefore, the average
transmitted optical power at each LED is

Elxq] = yE[X] = yElw[s + Ipc] = ¥lpc = Pr. (11)
From (9), the amplitude constraints on the transmitted signals can be written as:
OSWZS‘FIDCSImax, (12)

where, w] is the k-th row of the precoding matrix W. Without loss of generality, we choose the DC
current I p¢ to be exactly half of the LED dynamics (Ip¢c = Imax/2), and the maximum amplitude of
the electrical PAM modulated symbol to be dx = Ip¢, so as to exploit the full dynamic range of the
transmitter. From (10) and considering all the previous assumptions, it follows that

0<wis<ipc — |wi|,d<lpc. — |wi]|, <1 Vk=1,.N. (13)

It is easy to show that under these assumptions the constraint in (12) is always satisfied.
To tackle the VLC downlink amplitude constraint at the transmitting LEDs, it is convenient to scale
the precoding operator W as
=1
W=W-, (14)
B
where W is the MU-MISO precoder and 8 enforces the power constraint / max (12), which can be
rewritten as

1,
Wil =5 Il <1 vk=1,.N, (15)
where W/ is the row of the matrix W which precodes the signal to be transmitted by the k-th LED.
From (15) the VLC amplitude constraint is always fulfilled for

B=|WT|_ = max [y | (16)

1
with the (co)—norm |A||,, denoting the maximum absolute column sum of the matrix A (i.e., the
maximum column /;-norm of matrix A).

Remark 1: The analytical treatment of the precoding problem adopted here applies both to
conventional single-carrier and to multi-carrier transmissions, such as the MU-MISO OFDM system

discussed in [26]. In this last case, Eq. (9) describes the precoding operation applied to each OFDM
subcarrier.

3.3 Signal-to-Interference-Plus-Noise Ratio With Precoding

At this point, it is useful to rewrite the expression of the k-th user’s SINR highlighting the precoding
scheme defined by W in terms of the elements of the equivalent channel matrix

H = HwW. (17)

To get it, we note that if the constraints in (13) are satisfied, the overall signal (6) received at the
users becomes

y = nyHWs + nylpcH1 4+ n, (18)
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where the DC current is removed by a filter at the receiver leading to the equivalent MU-MISO
model

y = nyHs + n. (19)
It follows that the electrical signal received at the k-th single-PD user yields
Vi = nvhisc+ my ZEkij + Nk, (20)
j#k
where the first term is the information of interest, the second term represents the residual inter-

ference light from all the other transmitters and the last one is the noise. The achievable SINR is
therefore:

” ~ -
Isk . VAPl 5 chi _ PhiP%

2 2 = = = = :

G+ oae Y2iflhe D sk h%+ar2;,k PP% D sk hfj"‘“ﬁ,k

Hence, the transmission rate for user k-th and the sum rate can be computed respectively as

SINR; = (21)

1 ~
I = 510g, (14 SINRy), R=Y r (22)

assuming the overall disturbance at the denominator in (21) is modeled as a zero-mean Gaussian
process with variance 1#P% 3", h% + o7 ;.

4. VLC Downlink Precoding

In this section, the VLC precoding scheme is detailed with the aim to take benefit from interference,
which is conventionally perceived as an impairment for the communication. In particular, in this
work we focus on Zero-Forcing (ZF) precoding which forces to zero all the interference between
the N, users. Hence, the precoding matrix W is designed to fully cancel the MLI in the VLC channel,
which is mathematically described by the diagonalization of the VLC channel matrix H as [27]

ﬁ =HW = diag(Fﬁ s Fgg, ey FN,N,), (23)

where hy denotes the equivalent channel gain for the k-th user.
It follows that in the case of ZF precoding the decision variable at the k-th single-PD user in (20)
yields

Yk = m/ﬁkksk + N, (24)

and the corresponding SINR simplifies to

SINR, = —=& (25)
On.k
Finally the transmission rate r, with precoding is computed as
1 h2 P2
ry = =log, (1 + %) . (26)
2 On.k

By the comparison between (21) and (25), it can be noticed that the interference term in the SINR
expression in (21) is completely cancelled due to the effect of precoding.

In the following, linear and non-linear zero forcing precoding approaches are reviewed and
adapted to the peculiarities of the VLC scenario.
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Fig. 2. VLC precoding schemes: linear Zero-Forcing (ZF) vs Tomlinson-Harashima Precoding (THP)

4.1 Linear Zero Forcing Precoding
In linear ZF the VLC channel H is inverted by the linear transformation Wy as

Wz = H, (27)

where AT = AF (AAH)_1denotes the right Moore—Penrose pseudo-inverse of matrix A. It is easy to
prove that the ZF condition (23) is satisfied, i.e.,

1

HWz = —1I, (28)
Bzr
and that the rate for user k-th is
1 1 PPf
re < =log, (1 +— - ) , (29)
2 ﬁ%F Uﬁ,k

where Bzr is computed by (16).

4.2 Tomlinson-Harashima Precoding

Linear ZF precoding is known to lead to an extremely high scaling factor sz > 1 to contrast the
amplitude peaks of the encoded symbols which severely degrades the transmission rates for all the
users (29).

Tomlinson-Harashima Precoding (THP) for the VLC downlink is a non-linear successive interfer-
ence cancellation precoding scheme, conventionally based on ZF criteria, that inherently accounts
for amplitude dynamics. The main idea behind THP is to implement the VLC channel inversion
by successively canceling previously encoded symbols, still limiting their amplitude by a non-linear
modulo operation on amplitudes. The THP scheme is depicted in Fig. 2, where the precoding matrix
Wryp is decomposed in two sub-matrices as

Wrpp = V~VfV~VE1 ) (30)

where W; € RV*Nr js a linear matrix with orthonormal columns (i.e., feed-forward filter) and W,
RN~Nr (feedback filter) is a lower-triangular matrix with unit values along the main diagonal. As
anticipated before, the key characteristic which makes THP an attractive solution for applications
with strict transmit power (or amplitude in this case) constraints (e.g., DSL communication systems
[28], [29]) is that the inversion of the triangular matrix W, is performed by backward substitution
together with a non-linear modulo operator I'[-] (see feedback block in Fig. 2) which limits the
amplitude of the encoded symbols within the boundaries of the original signal constellation.
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Feed-forward filter W; and feedback filter W, are typically obtained [28] by the QR decomposition
of the VLC channel matrix H as

T:QRZ[QLQz][F:;} (31)

then
W; =Q;. W, = diag(Ry)"'R]. (32)

where Qq € R'*Nr contains the first N, orthonormal columns of the unitary matrix Q € RNV>*N:,
R; € RV*N: is an upper triangular matrix and diag(R{) € R"~*"' is a diagonal matrix that contains
the main diagonal entries of Ry. It can be shown that the ZF condition (23) is satisfied:

HWrp = HW/W, > /Bp
= R{Q"QR; "diag(Ry)/Bre (33)
= diag(R+)/Brrp.
Similarly to (22), (26), the rate of user k-th is therefore

2
r < log, <1+gkk| TIZPT>,

> (34)
THP  Onk

where ry is the k-th diagonal entry of matrix diag(R1) and 2,5 is computed as in (16).

To prove the benefits of THP with respect to linear ZFP for the considered VLC architecture, let
us focus on the interpretation of the scaling factor 8, whose value is proportional to the amplitude
penalty to be paid by performing a complete channel inversion at the transmitter side. Let us
consider the Tomlinson-Harashima precoded symbols X = W,j‘s at the output of the feedback
block. Notice that in case of M-ary square QAM input symbols s, the encoded symbols X are
approximately uncorrelated with only a slight power increment with respect to the input symbols
[12] (i.e., a~ = M’V’ 2) that is bounded to maximum 1.25 dB [29], hence neglected in simulation
results (Sect 5). As a consequence of the modulo operation in THP and of the aforementioned
assumption, the maximum amplitude of the symbols at the output of the feedback filter is approx.
the same as the maximum signal amplitude at the input, i.e.,

m?x |Xk| ~ m?x EA (35)

Let us now consider the k-th precoded symbol

1 = 1 1
Xk = —— [WiX|, = —— [Q4X], = ——
“~ Bre (W], BtH [ Xl BTHP
with [a]x denoting the k-th element of vector a and q1 ( € R"™*Nr the k-th row of matrix Q. It directly
follows from (13) and (36) that the amplltude of the k-th transmit symbol x is constrained by

a7 X, (36)

Xkl = ﬂ_ laf i, < (37)

Therefore, the VLC amplitude constraint is always satisfied if

BrHp = max lafll; - (38)

The key observation is that q{k e R™Nr contains only the first N, entries of the k-th unit-length row
q/] of the original unitary matrix Q coming from (31), hence,

ﬂTHP_maX||q1k||1<maX||q ||1 f||q o =v/Ne, (39)

Vol. 10, No. 4, August 2018 7905214



IEEE Photonics Journal Nonlinear VLCs Broadcast Channel Precoding

lllumination Fixtures f ﬁ} 1 Perfect TX-RX alignment
L A
\
\
I \
T ‘\ Reading Lamp
\ L | |
A
N N User Device
- st |  Ivypl- i
¥ o W g Y e P =
T = Windon
P P =1 A
E.f, e =c==ic =z ....j:. == _="='“ - _:_3
=
- T T
woot Y | BEEEEE
/

(@ (b)

Fig. 3. Boing 737 fuselage. (a) Section. (b) Frontal view (Autodesk 3DS Max).

where the equality in @ holds if N; = N, (i.e., the VLC channel to be precoded is squared) and
) comes from the inequality between k- and /;-norm. Therefore, if THP is employed for VLC, the
power penalty to be paid is bounded by the square root of the number of transmitting LEDs N;,
which is in general much lower than Sz.

5. Simulation Settings and Numerical Results
5.1 Airplane Cabin Generation and Simulation Settings

By using Autodesk 3DS Max, we generated a section of the internal part of a Boeing 737 fuselage
as in Fig. 3(a) [30], that considers 3 seat tiers, each one including 6 adjacent seats divided by the
central corridor in two 3-seats groups. Each seat is equipped with its own reading lamp perfectly
pointed on the users (receivers) so that overall there are N ;s = 18 transmitting LEDs in the system.
For performance evaluation, we considered only the N, = 6 passenger's models sitting in the
central tier, each one with a receiving terminal. As proved in [8], with the purpose of simulating
the visible light propagation in the space and successively compute the channel matrixes {H}
and the electrical noise powers {aﬁ’k} (see Sect. Il), it is sufficient to model 3 seat tiers only.
This is due to the fact that the effect of further emitting devices has not significant impact on
the considered N, central-tier passengers. In particular, in this work we assumed user devices
equipped with a single Osram BPW 34 Si-PIN photodetector (PD) characterized by a 7.02 mm?
area, 60° field-of-view (FOV), 23 MHz bandwidth (with 10 V reverse voltage), 2 nA dark current and
an average responsivity over the visible spectrum n = 0.3. Moreover, with the aim of computing the
receivers’ noise, the analog front-end is modeled as a single amplifier stage (TIA) operated by a
LTC6268-10 operational amplifier with 1 pA /+/Hz overall input-referred current noise. We further
assumed that the N, central-tier passengers were jointly served by N; < N LEDs depending
on the degree of coordination between emitting LEDs, while the remaining N; = N — N; LEDs
contributed as uncoordinated interference that cannot be canceled by any mean, thus degrading
the system performance. Following the avionic layout for lightings proposed in [31] and [32], we
inserted 6 wash lights near the luggage compartment and pointed toward the ceiling, 2 ceiling
lights in the center of the corridor ceiling and pointed downward and 6 side wall lights, as general
LED illumination fixtures emitting a luminous intensity of 1980 Im (assuming a LED luminous efficacy
of 90 Im/W) distributed on a neutral white spectrum of 5000 K and a beam angle of 70 degrees.
Moreover, in order to consider the worst situation, we associated to each 3-seats group an airplane
window of 25 x 25 cm size from which both the direct sunlight and the diffuse one (skylight) got
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Fig. 4. Static (ideal) versus dynamic scenario: performance comparison by varying the LED directivity
for different precoding schemes.

into. We computed the solar radiation in clear sky conditions (above clouds) at a reference altitude
of 10000 m. Finally, the reading lamps were modeled by employing typical parameters for avionic
applications [33] such as 100 Im average emitted luminous power, corresponding to Pr = 0.58 W,
and the same 5000 K neutral white spectrum, while we let the lamp emission angle (i.e., directivity)
varied in the simulations to find the optimal configuration for this specific application. In particular,
we tested 5 beam angles ©: 10, 13, 20, 30, 45 degrees, being the first two (10, 13) the most
commonly deployed in today’s airplane cabins [33] and the other three (20, 30, 45) chosen to
investigate new possible solutions more suitable for the considered VLC on board Internet system
where each passenger may reasonably move its the terminal deviating from the perfect alignment
condition, but still maintaining the connectivity. The aim of our valuation was twofold: i) show the
impact of ® on the average amount of performance degradation (in terms of channel capacity) due
to misalignment with respect to the ideal static case; ii) investigate the performance gain provided by
precoding the transmitted signal when varying ® and the degree of emitting LEDs coordination, i.e.,
the number of sources that are jointly precoding and transmitting signals to the same set of users.
In this paper, we considered different degrees of transmitters coordination, so that the number of
transmitting LEDs that perform joint precoding and transmission can be either 3 (the reading lamps
belonging to the same 3-seats group), 6 (the lamps of the same seat-tier) or all the N;: lamps
(i.e., fully coordinated system). In practice, since we assumed that each passenger can reasonably
move its terminal around the perfect alignment condition, we generated for each passenger a set
of 10 realistic movements chosen to efficiently sample the user’s available space and assuming
that the receiver displacement from the best light-beam alignment position along each of the three
dimensions can range from 15 to 25 cm. Then, for each value of the beam angle ®, we evaluated
the performance by averaging the user-capacity (computed as in (26)) over 60 channel realizations.
Precoder design under imperfect channel state information conditions is beyond the scope of the
paper, hence, the precoding matrixes for ZFP in (27) and THP in (32) have been computed by
assuming perfect channel knowledge at the transmitter side.

5.2 Results

The first set of results we present are plotted in Fig. 4. When the reading lamps are perfectly pointed
toward the users’ equipment (dashed line), the data-rate capacity of the links (computed with (22))
exhibits a monotonic decrease as the beam angle of the sources © increases: this effect is due to
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Fig. 5. Performance comparison varying the degree of transmitter coordination.

the increase of the MLI as well as to the decrease of the optical power density that impinges the
receivers. When the receiving terminals move away (even slightly) from the center of the light cone
of the lamps (solid lines), the performance degrades rapidly and the channel capacity, in case of
precoding (considered here of degree 6), shows a peak for ®nax = 20°. In fact, when ©® < Onax,
the light cone of each LED is so narrow that when the users move, they can easily fall out of the
coverage region, hence experiencing a drastic loss of signal power (inversely proportional to ®)
which limits the performance. By contrast, as ® > ®na, the coverage area is enlarged and thus the
misalignments’ effect is less effective, but at the same time this implies a strong increment of MLI,
from both coordinated and uncoordinated sources. As detailed in Sect. IV, TP completely cancels
the MLI from the 6 coordinated sources, however, the performance of the system slightly decrease
with ® both for the residual, uncoordinated interference and for the loss of signal power (as for
the static case). In this regard, ®nax = 20° turns out to be the best solution for dynamic scenarios,
since it provides the best balancing between signal coverage (power) and residual MLI. As expected,
the overall performance gain provided by TP increases proportionally to ® (and thus to the amount
of MLI): in particular, when employing THP, the achievable channel capacity for ® = @qax = 20° is
7.88 bps/Hz, that can be considered high if compared to 5G point-to-point communications (whose
associated maximum modulation format that can be employed is 256-QAM) [34]. The performance
is upper-bounded by the theoretical limit provided by ZF-DPC (dotted line) [18], although THP
almost matches such limit for most of the angles. Regarding the emission angle of the lamps, it is
worth noting that, since their angular light distribution is optimized for providing a good passenger
comfort (avoiding glare), the standard commercially available reading lamps for airplanes emit on
a beam angle between 10° and 15°. When those lamps are also intended for communication, the
average emitted power (and the consequent illumination level) is diminished to a certain extent with
respect to the nominal one (e.g. halved as here): we can therefore think to relax the tight constraint
on the angle, tolerating a wider one such as ® = 20°, proved here to achieve the best performance
even in case of transmitter-receiver misalignment.

The user-rate obtained for different levels of TX coordination when employing THP are depicted
in Fig. 5, emphasizing the trade-off between achievable performance and system complexity of
the implementation. As expected, the latter can be reduced, at the price of a performance loss, by
decreasing the level of transmitters’ cooperation from 6 (empty circle marker, used as reference in
the previous result) to 3 (filled circle marker), which still provides remarkable benefits with respect
to the unprecoded case (dashed line). Moreover, Fig. 5 shows that the utmost performance limit
can be reached by fully centralizing the transmission (diamond marker): all the N+ = 18 sources
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in the cabin are coordinated to serve the N, = 6 users. In this case all the MLI is suppressed by
precoding, thus the performance match the SNR-limited ones. This condition is, however, unpractical
in conventional aircraft VLC systems. Apart from the exponentially increasing precoder complexity
of a fully centralized transmission, the coordination among sources of different tiers of seats is
unfeasible: since the airplane fuselage in Fig. 3 is only a slice of the real one, precoding groups
of 18 sources contemporarily leads to an undesirable unfairness in users’ performance, inasmuch
the passengers belonging to the frontal and rear seat tiers of each group (e.g., edge users) are
affected by the interference of the adjacent, uncoordinated ones.

Remark 2: This work focuses on the Boeing 737 airplane cabin. However, some considerations
on the possible effects of considering different scenarios can be made, since airplane cabins mainly
differ from each other in the spatial arrangements of seats. Let us consider as an example the case
of a two-corridor cabin (i.e., Boeing 777 [35]): in this case each seat-tier includes 10 seats divided
into 3 groups of 3-4-3 (for Boeing 777-200) or 11 seats divided into 3-5-3 (for Boeing 777-300). The
4 (or 5) central passengers are mutually interfering as well as also interfered both by the passengers
on the left and by those on the right. This challenging scenario is therefore characterized by stronger
interference than the Boeing 737 considered in this paper, and that is the reason why the impact of
the proposed non-linear precoding techniques will be even more evident.

6. Conclusion

In this paper, Tomlinson-Harashima Precoding (THP) scheme is proposed for on-board VLC sys-
tems in order to pre-compensate the strong MLI arising from the high number of adjacent trans-
mitters (i.e., LED reading lamps), without any further complexity at receiver-side. THP guarantees
a fair user performance even in the challenging case of transmitter-receiver misalignment due to
the user terminals’ movements. To assess the benefits of the proposed on-board VLC system, we
performed numerical evaluations based on ray tracing-generated channels for a standard-equipped
Boeing 737 fuselage. Numerical results confirm the effectiveness of the proposed THP based VLC
system in providing high-speed connectivity to all the passengers: it not only outperforms conven-
tional unprecoded VLC systems by more then 1.5 bps/Hz, but also linear Zero-Forcing precoded
ones. Numerical simulations further showed that coordinating the 6 transmitters belonging to the
same seat tier and employing 20° LED directivity presents the best trade-off between received
power (high LED directivity), the amount of MUI (low LED directivity) and overall system complexity,
thus providing robustness with respect to users’ movements and still achieving almost 8 bps/Hz
(256-QAM), used as ultimate target spectral efficiency for 5G communication systems.
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