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Abstract

Quadrature spatial modulation (QSM) is a promising technique for multiple-input-multiple-output (MIMO) systems that completely
prevents inter-channel interference (ICI) and provides spatial multiplexing gain greater than spatial modulation (SM). In QSM, the
information conveyed by the indices of the transmit antennas doubles thanks to the in-phase and quadrature components. In this
regard, the quadrature spatial pulse amplitude modulation (QSPAM), which enables QSM for visible light communication (VLC) with
the help of orthogonal pulses, is proposed in this paper. Generalized versions of QSPAM, i.e. generalized QSPAM (GQSPAM) and
variable-length generalized QSPAM (VGQSPAM) have also been proposed and a well-known scheme, spatial pulse amplitude
modulation (SPAM), is used as a benchmark. The proposed schemes efficiently use the spatial domain and increase spectral efficiency
with fewer light-emitting diodes (LEDs). The angular diversity receiver (ADR) proposed for the channel correlation problem of
indoor MIMO VLC systems is used as the receiver unit. Although ADR reduces channel correlation, it is not sufficient in the corner of
the room. Therefore, a precoding matrix is generated with the help of convex optimization for demanding conditions. The bit error
rate (BER) performance of considered modulation schemes is obtained through Monte Carlo simulations and, the upper bound BER
performances are also derived analytically to validate these results. Additionally, spectral efficiency (SE) versus signal-to-noise ratio
(SNR) graphs are obtained at a fixed symbol error rate (SER) of 10-5. According to the results, VGQSPAM performs better than the
other schemes and benchmarks when the channel correlation is low. However, GQSPAM outperforms VGQSPAM for harsh
conditions.
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Goriiniur Isik Haberlesmesi icin Dortlii Uzamsal Darbe Genlik
Modiilasyonu ve Genellestirilmis Versiyonlari

Oz

Dortlii uzamsal modiilasyon (DUM), kanallar aras1 girisimi (KAG) tamamen 6nleyen ve uzamsal modiilasyondan (UM) daha fazla
¢ogullama kazanci saglayan bir modiilasyon plam olarak ¢ok-girisli ¢ok-¢ikisli (CGCC) sistemler igin imit verici bir tekniktir.
DUM'da, verici antenlerin indisleri tarafindan iletilen bilgiler, es fazli ve karesel bilesenler sayesinde iki katina ¢ikar. Bu baglamda,
bu yazida, ortogonal darbeler yardimiyla goriiniir 151k haberlesmesi (GIH) i¢in DUM'yi miimkiin kilan dértlii uzamsal darbe genlik
modiilasyonu (DUDGM) dnerilmistir. Bu ¢alismada ayni1 zamanda, DUDGM’nin genisletilmis ¢esitleri olan genellestirilmis DUDGM
(GDUDGM) ve degisken uzunluklu genellestirilmis DUDGM (VGDUDGM) da 6nerilmistir. {yi bilinen bir modiilasyon plani olan,
uzamsal darbe genlik modiilasyonu (UDGM) performans kiyaslamasi yapmak igin kullamlmistir. Onerilen semalar, uzamsal alani
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verimli bir sekilde kullanir ve daha az 151k yayan diyot (LED) ile spektral verimliligi artirir. i¢ mekan CGCC GIH sistemlerinin kanal
korelasyon problemi igin Onerilen agisal gesitlemeli alict (ACA), alici iinite olarak kullamilmigtir. ACA kanal korelasyonunu
azaltmasina ragmen odanin kosesinde yeterli degildir. Bu nedenle, zorlu kosullar i¢in digbiikey optimizasyon yardimi ile bir 6n
kodlama matrisi olusturulmustur. Degerlendirilen modiilasyon semalarinin bit hata oram1 (BHO) performansi, Monte Carlo
simiilasyonlar1 yoluyla elde edilmis ve {ist simr BER performanslari da bu sonuglar1 dogrulamak i¢in analitik olarak tiiretilmistir. EK
olarak, spektral verimlilik (SV) ve sinyal-giiriiltii oram (SGO) grafikleri, 10 sabit sembol hata oraninda (SHO) elde edilmistir.
Sonuglara gére, VGDUDGM, kanal korelasyonu diisiik oldugunda diger onerilen semalardan ve UDGM’den daha iyi performans
gosterir. Bununla birlikte, GDUDGM zorlu kosullar igin VGDUDGM 'den daha iyi performans gostermistir.

Anahtar Kelimeler: Goriiniir 1g1k haberlesmesi (GIH), Cok-girisli ¢ok-¢ikish (CGCC), Uzamsal modiilasyon (UM).

1. Introduction

The use of multiple light emitting diodes (LEDs) and photo-
detectors (PDs) enables multiple-input multiple-output (MIMO)
techniques for visible light communication (VLC). In [1], the
traditional MIMO technique, where data streams are transmitted
from all antennas simultaneously, was studied for indoor VLC.
This technique, which is called spatial multiplexing (SMX),
increases the spectral efficiency (SE) linearly with the number of
LEDs on the transmitter (Tx) side. However, the improvement of
SE on the Tx side has a trade-off with inter-channel interference
(ICI) on the receiver side (Rx). Furthermore, the energy
efficiency (EE) of this technique is low due to multiple radio
frequency (RF) chains [2].

Space modulation techniques (SMTs) have been proposed as
another MIMO technology that improves the SE by transmitting
additional data bits via the indices of the components of the
transceiver system. In these schemes, the EE of the system is
increased by limiting the number of required RF chains in a
symbol period [2]. In [3], quadrature spatial modulation (QSM),
which can double the information carried by the indices, was
proposed as a promising SMT scheme. Interference of QSM
signals is prevented due to the orthogonality between the in-
phase and quadrature components. Furthermore, generalized
structures were proposed to avoid the restriction in the number
of Tx antennas, which should have a power of two [4]-[6].

The intensity modulation direct detection (IM/DD)
technique, which uses only real and positive signals to emit data,
is often used in VLC because of incoherent nature of LEDs.
Since complex and negative signals are included, the QSM
scheme cannot be used directly in VLC systems [7]. It can be
adapted to VLC with the help of a DC signal, but the DC signal
decreases the EE of the system. On the other hand, pulse
modulation schemes i.e., pulse position modulation (PPM),
pulse amplitude modulation (PAM) and pulse position and
amplitude modulation (PPAM), are more suitable for VLC
systems as they have real signals [8]-[10]. However, since they
have a one-dimensional signal space, the QSM scheme cannot
be enabled for VLC with these modulations.

In this paper, we propose a new QSM scheme for VLC,
which we call quadrature spatial pulse amplitude modulation
(QSPAM). In this scheme, two orthogonal pulses are used, each
having a PAM modulation. Generalized versions of QSPAM are
also proposed as generalized QSPAM (GQSPAM) and variable-
length generalized QSPAM (VGQSPAM). The advantages of
QSPAM and generalized versions are written as follows;

e They are applied directly to VLC with the help of
orthogonal PAM signals.
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e Thanks to the general SM structure, they can be
implemented with a single modulation circuit. This feature
increases the EE of the transciever system.

e  Spatially modulated bits are doubled in QSPAM. Therefore,
the SE of the QSPAM can be given as (log,(M) +
2log, (N,)) bit per channel use (bpcu) where M and Nt are
the constellation size and the number of LEDs, respectively.

e GQSPAM and VGQSPAM are also use the spatial domain
more efficiently. The SE of GQSPAM is written as

log, (M) + 2 [ log, (;‘,’;)J bpcu, where | stands  for

ceiling operator and N, denotes the number of active LEDs.
Moreover, the SE of VGQSPAM is given as log,(M) +
2(N; — 1) bpcu.

2. Material and Method

2.1. System Model

In this paper, an indoor MIMO VLC system using non-
coherent LEDs and an angular diversity receiver (ADR) is
considered [11]. Room geometry is demonstrated in Figure 1,
where ADR and room sizes are not scaled to better visualize the
ADR structure. The number of LEDs is represented by N:. At the
receiver side, N; = 4 PDs are placed on the ADR and the
received signal vector with length Ny X 1 is given as follows,

y = npHWX + n, Q)

where, without losing generality, we assume that the product of
the electrical-to-optical conversion coefficient () and the photo-
detector sensitivity (p) is one. The noise affecting the signal at
the receiver is modeled as additive white Gaussian noise
(AWGN) which is independent of the transmitted signal and
added to the received signal in the electrical domain [12]. Thus,
each element of n is a zero mean Gaussian random variable with
a variance of 62 = No/2 per dimension. x is the transmitted signal
vector and W indicates the precoding matrix with dimensions N;
X Nt described in the next section.

H is the channel matrix and hjj represents the respective
channel coefficient of the indoor VLC link between the j" LED
and the i PD. These links are assumed to have non-line of sight
(NLOS) components up to three reflections as well as a line of
sight (LOS), so the channel coefficient, hjj, is obtained as
follows,

hij = REPS + RO, @)
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It is assumed that the LEDs on the ceiling have a Lambertian
emission characteristics, thus the LOS coefficient, hlL]"S, can be
given as follows,

(m+ 1A
21 d2

Bl]

hbos _ cos (au)cos( Bij) |FOV

©)

0, otherwise,

here, dj; is the distance in meters between the j" LED and the it"
PD. FOV is the field of view angle of the PDs. Walls, ceilings
and floors are often rough according to the light wavelength, so

NLOS
with one
reflection

—
-
—_
—
-
—
—

——

-
—-——
—

NLOS
with two
reflections

Angular
Diversity
Receiver

the reflection of the light is diffuse. Therefore, the differential
areas on the surfaces have a Lambertian emission pattern, as
well [12]. NLOS that comes out of the j™ LED and reaches the it
PD at the end of k reflection can be written as follows [12],

—

Figure 1. Room geometry with N;=5 LEDs and an ADR including LOS and NLOS link examples from LED-1.

where A™ | which was given in [12], is the fading coefficient of
the link between (n-1)™ and n surfaces, where zeroth surface is

LED and (n+1)" surface is PD. Finally, h}}"*° can be written
as,

3
hNLOS = Z Z hNLOS(k) (5)

k=1

where S is the set of differential areas. These areas are
determined as 0.2m x 0.2m square surfaces on the walls, ceiling,
and floor. Thus, the set S is the interior surface area of the room.
As mentioned above, these surfaces act as a Lambert source and
reflect the intensity falling relative to the reflection coefficient.
These coefficient values are assumed as in [12]. Indoor VLC
channels have a large coherence bandwidth, so the system under
consideration has no inter-symbol interference (ISI) and
synchronization is assumed to be perfect [13]. All parameters
considered in this study are given in Table 1.
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The transmitted signal vector is denoted by x = [x1 ... xnd".

Depending on the corresponding modulation i.e. QSPAM,
GQSPAM, and VGQSPAM and incoming data bits, the active
LEDs are determined. These modulations follow the same
procedure as in [14] to identify the active LEDs.

In Fig. 2, system model for QSPAM is shown. The signal
constellation consists of two-dimension is shown in Fig. 2a, so
the modulated signal contains two perpendicular unipolar PAM
signals. Therefore, proposed schemes have two base signals as
seen in Fig. 2b. An example of bit mapping and transmitted
signal for the bit stream "110001" is demonstrated in Fig. 2c and
Fig. 2d, respectively.
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Table 1. Parameters of the Considered VLC System

(R>?£$1Xdzl)rnen5|ons 5x5x3 (M)
No. of Transmitters (N:) 4and 5
LED distance from the
- 0.5(m)
ceiling
Semi-angle at half power 60°
(P1/2)
Lambertian order (m) 1
ADR height from the floor | 0.85 (m)
Elevation of PDs 60°
Azimuth of ADR 45°
Responsivity (R) 0.4 (AIW)
Area of a PD (A) 1x10* (m?)
Field of view of PDs 700
(FOV)
Wall reflectivity 0.8
coefficient (pw) '
Ceiling reflectivity 05
coefficient (pc) '
Floor reflectivity 03
coefficient (pr) '
Avrea of differential 2
elements (dA) 0.04 (m%)
ADR (x,y) position
(Center) {2.50, 2.50}
ADR (x,y) position
(Corner) {0.50, 0.50}
LED (x,y) positions {1.25, 1.25; 1.25, 3.75; 3.75, 1.25;
(N=4) 3.75,3.75}
LED (x,y) positions {1.03, 1.03; 3.96, 1.03; 2.50, 2.50;
(N=5) 1.03, 3.96; 3.96, 3.96}
L 2C N 10110001 % % T----
—_—— T
L2 ﬁ L | 0 72 Tt
t 1 y
55 S 0 72 T t | LED; 2124
2AL @ ° 2 = I .
Sa 0 T t
5 5 t LED, , V2T
Al ° ® ¢, I, selects LED for the first na
2 1777 base signal (¢,) —= ; —
T 0 72 T U
5 A:\ 2;\ S o . I, sele;tts, LED for tra’ } % 4
1 T/2 T second base signal (¢,
a) b) c) d) 0 T/2 Tt

Figure 2. System model for QSPAM with 4 LEDs: a) signal constellation for M=4, b) base signals (¢1 and ¢>), c) bit mapping, d)
transmitted signal for the bit stream "110001".

Briefly according to |1 and I, active LEDs are determined
for the schemes considered, and the symbol corresponding to the
data bits is transmitted through the active LEDs. As another
example, if the incoming bit stream is "011010", the first two
bits (10) activate the LED3 for the base signal g¢i(t), the
following two bits (10) activate the LED3 for the base signal
#2(t) and the last two bits (01) select the symbol s,. An example
of bit-to-active LED mapping for the QSPAM and GQSPAM
schemes is shown in Table 2. In this table, 4 LEDs on the Tx

e-ISSN: 2148-2683

side are considered and the number of active LEDs (Na) is
selected as 2 for the GQSPAM scheme. Moreover, x; is the
transmitted signal comprised of ¢:(t) base signal and similarly,
X2 is the transmitted signal comprised of #.(t) base signal. In the
VGQSPAM scheme with 4 LEDs, this mapping is performed
with 6 bits, where half of them select the LED or LEDs for the
signal comprised of the first base signal and the other half selects
the LED or LEDs for the signal comprised of the second.
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Detailed information for the mapping procedure is available in
[14].

Maximum likelihood (ML) receiver is considered at the
receiver to obtain the transmitted signal vector, x, assuming all
the constellation symbols are equally likely. The noisy signal at
the output of the PDs is the input of the ML detector. Thus, the
estimated vector, X, can be written as follows,

A : 2
£ = argmin(||ly — HWx ||F ), (6)
X

where F denotes the Frobenious norm. We assume that the
channel state information (CSI) and precoding matrix is known
at both Tx and Rx.

Table 2. Bit-to-Active LEDs Mapping for the Schemes Under Consideration (N:=4).

Incoming Bits Active LEDs
L I QSPAM GQSPAM (Na=2)
LED1 LED2 | LED3 LED4 LED1 LED2 LED3 LED4
00 00 X1+X2 X1+X2 X1+X2
00 01 X1 X2 X1+X2 X1 X2
00 10 X1 X2 X1 X2 X1+X2
00 11 X1 X2 X1 X2 X1 X2
01 00 X2 X1 X1+X2 X2 X1
01 01 X1+ X2 X1+X2 X1+X2
01 10 X1 X2 X1 X2 X2 X1
01 11 X1 X2 X1 X2 X1+X2
10 00 X2 X1 X2 X1 X1+X2
10 01 X2 X1 X2 X1 X1 X2
10 10 X1+X2 X1+X2 X1+X2
10 11 X1 X2 X1+X2 X1 X2
11 00 X2 X1 X2 X1 X2 X1
11 01 X2 X1 X2 X1 X1+X2
11 10 X2 X1 X1+X2 X2 X1
11 11 X1+X2 X1t+X2 X1+X2
2.2. Precoding and Average Bit Error Rate subject to t <2wiUyw — wiUyw,, i %),

ADR is a compact solution proposed for the channel
correlation problem of indoor MIMO VLC systems. However, it
does not provide the best channel condition all over the room,
especially near the corner position. Therefore, in this study, a
diagonal precoder matrix, W, is obtained for the channel matrix,
H, in order to reduce the channel correlation. The problem of
optimizing the diagonal precoder matrix can be modeled as a
convex optimization problem and the objective function can be
written as [15],

W = argmax (min (||HW(xi — X])||i )), i#]j,
ij
= argmax (min ((xi - x]-)HWHHHHW(xi - x]-)>), (7
ij
i+ ],

= argmax (min(w"Ui]-W)) )
iLJ

where w is a column vector formed by diagonal of W and U;; =

T
HAHO ((xi —x))(x - x,-)H) Here, O the
Hadamard product. Finally, the max-min problem after convex
relaxation can be written as follows [16],

represents

argmax t,
S ®)

e-ISSN: 2148-2683

||W||2 S Pmax !

w >0,

where wy is a column vector with arbitrary initial values and
Pmax indicates a value associated with the maximum operating
current of the LED. The convex optimization problem can be
solved with the help of the CVX toolbox [1

ADR provides the best channel condition in the center of the
room, so the precoding matrix is obtained as the identity matrix.
However, correlation between the channels increases near the
corner. Diagonal elements of the precoding matrices obtained for
the corner position are given in Table 3, where the channel
matrices are normalized with 10°.

The average bit error rate (ABER) performance of the
proposed schemes are obtained by using pairwise error
probability (PEP), which is given as follows

P(Xpy = Xm)

= Pr(|ly — HWx,,||§ > [ly — HWx,||§ | H, W),

= Pr(2Re{nHWT} > |[HWT||2 | H,W), ©)

||[HWT |3
2N, [
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where Q-function is the tail probability of the standard normal
distribution and the vector T represents x,, — x,. Finally, the
upper bound ABER is given as follows,

3
Ppper < 28 Z%n 125 1P(Xm = Xm) i, (10)

here & is the SE of the proposed system which is log,(MN?)

bpcu and df,,
nt code-words.

denotes the Hamming distance between m™ and
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Figure 3. BER simulations and ABER theoretical results
for 4 LEDs in two different Rx positions at a spectral
efficiency of 4 bits/sec/Hz.
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Figure 4. BER simulations and ABER theoretical results
for 5 LEDs in two different Rx positions at a spectral
efficiency of 5 bits/sec/Hz.
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The complexity of the proposed schemes is determined by
obtaining the total number of real multiplications and divisions
on the receiver [14]. In the case of ML receiver, ||y — HWx ||i
requires four real multiplications. These operations are realized
N; times and over the set of all possible x vectors. Thus, the
complexity of the proposed schemes is equal to 6N2%E, As a
benchmark, spatial PAM (SPAM) has a receiver complexity of
2N 25E [71.

10
=¥—RC-PAM

—6—RC-PPAM (L=2)

9 RC-PPAM (L=4)
—8—RC-PPAM (L=8)

8 RC-PPM

—e—RC- MPPM (La=4)

= SSK

¥ SPPM

——SMPPM

6 || =8=SPAM

—4— SPPAM (L=2)

—0= SPPAM (L=4)

== \VGQSPAM (Proposed)

srden QSPAM (Proposed) ¢ *

SE, b/s/Hz
o

10 20 30 40
E,/N,, dB

Figure 5. Required SE versus required electrical SNR for 4
LEDs at an SER value of 10®° when Rx is placed in the
center of the room.

== GSPAM

=5-RC-PAM

== GQSPAM (Proposed)

8 {{==\GQSPAM (Proposed)
GSPAM

=%7= RC-PAM

GQSPAM (Proposed)

VGQSPAM (Proposed)

SE, b/s/Hz
[e3]

20 25 30 35 40
Eb/ND, dB

Figure 6. Required SE versus required electrical SNR for 5
LEDs at an SER value of 10 and N, =2 (Solid lines are for
center position and dashed lines are for corner position).
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Table 3. The Diagonals of Precoding Matrices for Corner Position.

Modulation | Precoding Channel Matrix (H)
Vector (w)
QSPAM [0.42 1.15 0.78 0.17 0.17 0.127
(N=4) 1.15 1.08] 0.61 0.16 0.06 0.05
0.30 0.06 0.06 0.05
L0.61 0.06 0.16 0.05!
VGQSPAM [0.47 1.20 r0.78 0.17 0.17 0.127
(Nt=4) 1.20 0.94] 0.61 0.16 0.06 0.05
0.30 0.06 0.06 0.05
10.61 0.06 0.16 0.05
GQSPAM [0.79 1.28 082 0.16 0.24 0.16 0.117
(Nt=5, 1.40 0.84 0.77 0.06 0.08 0.16 0.05
Na=2) 0.15] 0.39 0.06 0.08 0.06 0.04
L0.77 0.16 0.08 0.06 0.05
VGQSPAM [0.00 1.20 r0.82 0.16 0.24 0.16 0.117
(Nt=5) 0.14 1.08 0.77 0.06 0.08 0.16 0.05
1.20] 039 0.06 0.08 0.06 0.04
L0.77 0.16 0.08 0.06 0.05

3. Results and Discussion

3.1. Simulation Results

BER simulation results and upper bound ABER curves are
shown in Fig. 3 and Fig. 4 for the proposed QSPAM, GQSPAM,
and VGQSPAM schemes. The least correlated channel is
obtained in the center of the room and the most correlated
channel is at the corners. Therefore, two positions have been
considered to achieve the best and worst BER performances. In
Fig. 3, QSPAM and VGQSPAM results are presented for an
indoor scenario with 4 LEDs at a SE of 4 bits/sec/Hz; GQSPAM

SE versus required electrical SNR results are presented in
Fig. 5 and Fig. 6 for 4 x 4 and 5 x 4 MIMO VLC, respectively.
In these figures, the symbol error rate (SER) value is considered
to be 10° and Rx is placed in two different positions. As a
benchmark, well-known pulse modulation schemes, namely
PAM, PPM, PPAM are considered with MIMO techniques [18-
20]. Here, PPM and PPAM are poor in terms of SE due to their
high bandwidth requirements and repetition coding (RC) cannot
take advantage of the spatial domain. However, SPAM and
generalized SPAM (GSPAM) provide significant SE
performance for the considered scenarios. When Rx is placed in
the center of the room, VGQSPAM outperforms SPAM and
GSPAM for two different Tx setup (Nt = 4 and Nt = 5). The
main reason for this is the low channel correlation. GSPAM
performs better in the corner position and outperforms RC
schemes at higher SE values.

4. Conclusions and Recommendations

In this letter, indoor MIMO VLC scenarios close to real
conditions are designed and new quadrature spatial schemes are
proposed. The proposed QSPAM scheme and its generalized
versions, namely GQSPAM, VGQSPAM, efficiently use the
spatial domain for MIMO VLC. VGQSPAM performs better
than benchmarks in less correlated channel conditions, but
VGQSPAM performance decreases with increasing correlation.
Consequently, proposed schemes take advantage of the spatial
domain with an increasing number of LEDs and can be a good
solution for less correlated MIMO VLC systems.
e-ISSN: 2148-2683

is not considered in this scenario because it has the same
structure as QSPAM. Due to the less correlated channel matrix,
the BER performance of the schemes increases in the center of
the room and precoding provides significant performance
improvement for the corner position. VGQSPAM has the best
BER performance for all cases in this scenario. In Fig. 4, BER
results are shown for 5 x 4 indoor MIMO VLC scenario at a SE
of 5 bits/sec/Hz. When the Rx is in the center position,
VGQSPAM performs better than GQSPAM. However, due to the
increased correlation, GQSPAM has the best performance in the
corner position.
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