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China trolled by temporal symbol. In order to enhance the spectral efficiency (bits per chan-

nel use), we propose a joint SM and pulse amplitude width modulation (PAWM)

as a novel optical spatial-temporal signaling scheme. In this paper, the proposed SM-
PAWM optical signaling scheme is applied in a multi-input multi-output (MIMO) visible
light communication (VLC) system. Employing optimal maximum likelihood (ML)
algorithm to extract the spatial and temporal symbols is computationally prohibitive;
hence, we develop a novel low-complexity detection scheme that converts the joint
optimization problem separately to decode the spatial and temporal symbols. Moreo-
ver, theoretical results in terms of the successful identification probability of activated
LED as well as the overall symbol error rate are derived. Extensive computer simulations
are performed to validate the analytical results. It is shown that the proposed detection
scheme is a feasible alternative to the ML detector in the VLC-MIMO system employing
SM-PAWM.

Keywords: Spatial modulation (SM), Multi-input multi-output (MIMO), Visible
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1 Introduction

Spatial modulation (SM) is a new promising MIMO technology that carries the informa-
tion simultaneously over both the spatial and temporal domains [1-5]. Compared with
conventional MIMO scheme, SM avoids the Inter-Channel Interference (ICI), requires
no Inter-Antennas Synchronization (IAS), and needs one or only a few RF chains for
data transmission. Hence, low-complexity implementation can be achieved in SM
MIMO scheme. Moreover, one of the major advantages of SM is the increase in bits
per channel use (bpcu) by a factor equal to the logarithm of the number of antennas
at the transmitter. Recently, it has also been shown that SM technique can be applied

. ©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits
@ Sprlnger O pen use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
— author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://

creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13638-024-02335-x&domain=pdf
http://orcid.org/0000-0001-5351-4214

Wu J Wireless Com Network (2024) 2024:8 Page 2 of 17

for optical wireless communication systems [6—10], particularly for indoor visible light
communication (VLC) system. The reason is due mainly to the static and line-of-sight
(LoS) characteristic of indoor VLC channel. Therefore, the location-dependent spatial
constellation is plausible to be further utilized to boost the overall spectral efficiency
[11-15].

In optical space-shift keying (SSK) [6], the input bits are used to select only single laser
source or light-emitting diode (LED) while the rest are idle to send an optical pulse over
an indoor channel at each transmission instant. In the work of [16], optical generalized
space shift keying (GSSK) is proposed and analyzed in which multiple LEDs are acti-
vated simultaneously. Notice that no temporal modulated symbol is transmitted by the
activated LED for SSK or GSSK. To increase the bpcu, the transmitted bits stream of
the SM scheme is composed of two information-carrying blocks, in terms of spatial and
temporal symbols. Like SSK scheme, spatial symbol determines one from the array of
LED at the transmitter. The chosen LED is obliged for temporal data transmission. In the
scheme proposed in [9], the temporal symbol is mapped to the pulse position modula-
tion (PPM) signal constellation diagram, which is named spatial pulse position modula-
tion (SPPM), e.g., a single PPM symbol is sent from an active transmit antenna at each
signaling period, while in the work of [10], SM employing pulse amplitude modulation
(PAM) is shown to outperform repetition coding (RC) when high spectral efficiencies
are desired. SM (GSM) technique in which an unipolar M-ary PAM (MPAM) optical
signal is transmitted by the active LEDs at each time instance is applied for MIMO VLC
system [12, 15, 17, 18].

To further achieve a higher spectral efficiency in optical SM systems, we joint use of
multiple optical pulse amplitudes as well as widths for temporal symbol modulation.
Hence, we propose a novel optical SM system, denoted as a (N;, M, N)-ary spatial pulse
amplitude width modulation (SM-PAWM). We apply the SM-PAWM scheme in a VLC
MIMO system. Most past works for optical SM scheme employs maximum likelihood
(ML) decision rule to jointly demodulate the temporal and spatial symbols. However,
since ML detection requires exhaustive searches on the parameters embedded in the
SM-PAWM signal, the computation load is prohibitive in general scenario. For this rea-
son, one of the contributions of this paper is to propose a novel low-complexity detec-
tion scheme. Rather than jointly optimization, the received vector signal at the output
of photodetectors (PDs) is first linearly transformed by spatial matched filtering (SMF).
Since the optical PAWM signal is intensity modulated and channel vector is location
dependent, hence, energy detection is utilized at the output of SMF to identify the index
of the active LED. In what follows, the (M, N)-ary PAWM signal is then demodulated
separately by M-ary PAM and N-ary pulse width modulation (PWM) multi-levels cir-
cuits with modified minimum distance between the signal constellation points. Perfor-
mance in terms of the average overall symbol error rate (SER) is extensively analyzed.
All theoretical derivations are validated by Monte Carlo simulations which are in good
agreement.

Major contributions of this work are summarized as follows:

(1) We propose a novel (N, M, N)-ary SM-PAWM spatial-temporal modulation and
demodulation scheme that increases the bpcu of conventional SM.
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(2) Typical ML-based receiver relies on joint optimization of multiple parameters. We
propose a simple detection algorithm that separates the joint optimization into
individually sequential optimization problems.

(3) The overall average SER of the proposed detection scheme is comprehensively ana-
lyzed. We first derive the spatial domain SER, i.e., the probability of misidentifying
the index of the active LED. There then, we devise the (M, N)-ary PAWM temporal
domain SER given that the index of active LED has been correctly identified. Based
on the two probabilities, the theoretical expression of the overall average SER is
derived.

(4) Extensive computer simulations are performed to demonstrate the analytical
results.

Notation: We use upper and lower case boldface letters to denote matrices and vec-
tors, respectively. (] T 11" stand for matrix or vector transpose and complex transpose,
respectively. lal denotes the /,—norm of vector a. We use E{} for expectation (ensem-
ble average). I denotes an identity matrix of size K. ei denotes the kth column vector
of an identity matrix of size L. A Gaussian distributed random variable with mean y
variance o2 reads as N(u, 02). X means the estimate of x. x({) denotes the ith element

of vector x. A|(;;y denotes the element of the ith row and jth column of matrix A.

tr(V) denotes the trace of matrix \éo ||C||12_~ means the Frobenius norm of matrix C. The

tail function reads as Q(x) = \/% f exp (—%)dt.
X

2 Methods/experimental

2.1 Channel model

In this work, we consider a VLC indoor line-of-sight (LoS) MIMO channel [19, 20],
in which Ny LEDs are deployed at the transmitter and N, PDs are equipped at the
receiving front end. A schematic illustration of the system is depicted in Fig. 1, where
the dashed lines represent the LEDs are active and the solid lines denote the LEDs are
inactive to every receiving PDs at user terminal. In VLC channel, only the (dominant)
component of the channel gain is considered. The MIMO channel with dimension
N, x N; considered in this paper is

Joint
Spatial
and
temporal
data
detector

Spatial
data symbol

(M, N)-ary
"| PAWM symbol

transmitted bit stream
—

Serial to parallel
conversion

Fig. 1 Block diagram of the VLC system using GSM
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hy hip ..
H = h21 h22 e tht = [hl h2 e hNt} (1)

thl thz thNt N, xN;

where h; = [hy; hyi ... hy,i | T denotes the N, x 1 channel vector seen by the array of
PDs as signal is emitted from the ith LED. /;; represents the channel gain of the VLC link
between the jth LED and the ith PD in indoor LoS environment. We adopt the channel
model as suggested in [21]

nk+1hHA k(4. - ..
hy = { 2nd] cos (‘»bz/) cos (‘Pz;), 0<g@j <V @
0; wij > Y170
where k is the Lambertian emission order given as k = _ln(c];l%m/z)’ ¢1,2 is the semi-

angle at half-power of the LED, dij is the transmission distance between the jth LED and
the ith PD, ¢;; and ¢;; are the angle of emission and incidence from the jth LED to the ith
PD. A, i and ¥y, represent the PD physical area, PD responsivity and half-power field-
of-view (FOV) angle of the PD, respectively.

2.2 Signal model
As shown in Fig. 1, the bit stream of the proposed SM based PAWM scheme is divided
into two blocks at each transmission time interval: The first block of bit stream with
length &, [bl by ... b, ], is referred to as “spatial symbol” The spatial symbol is used
to activate a particular LED, while the other (N;— 1) LEDs are kept silent. The second
block of bit stream with length I4+q, [ b,y biyo - biyys Pryigr Pryrgn = biying ) is
referred to as “temporal symbol” According to the nature of optical signals, intensity
modulation and direct detection are usually employed. A PWM waveform consists of
a sequence of pulses with each pulse having a width proportional to the symbol to be
transmitted. Likewise, a PAM waveform consists of a sequence of pulses with each pulse
having an amplitude proportional to the symbol to be transmitted. In this paper, the
optical pulses with pulse width nt; n € {1,...,N} and amplitude mﬁpf; m € {1,..., M} are
used to represent the N-ary PWM (NPWM) and M-ary PAM (MPAM) signals, respec-
tively. P is the optical emission intensity of the activated LED, m is determined by the
first [-bits subblock, [bk 41 brgo o by }, while 7 is determined by the second g-bits
subblock, [ &5 141 byyrio -+ Proyrg ] M =2" and N = 21. Hence, the optical signal
to be transmitted by the active LED belongs to a two-dimensional (M, N)-ary PAWM
alphabet. An example of (2, 4)-ary PAWM transmitted pulse waveform is depicted in
Fig. 2.

The spectral efficiency (measured by bpcu) of SM-PAWM scheme can be calculated as

n=1log, Ny+log, M +log, N = (k + [+ g) bpcu (3)
Define the rectangular function with unit height and width 7 as

1;0<t<rt
pe(t) = {0; elsewhere (4)
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Fig. 2 (2, 4)-ary PAWM transmitted pulse waveforms

Then the PAWM temporal symbol carried by the active LED can be expressed as

P
Sn(t) = %pm(t); 0<t<Nr,me{l,.,M)nell,., N} (5)

3 Detection algorithm description
As shown in Fig. 1, at the front end of the receiver, N, PDs receive the optical PAWM
signal and convert them into electrical signals. If the uth LED is activated and the

temporal signal s,,,,,(¢) is emitted, then the received N, x 1 vector can be written as

r(£) = HXyp,n,u (8)+V(2)
= He) s,,n()+v(t); 0 <t <Nt (6)
= hySpu()+v(t)

where H is the MIMO channel matrix as defined in (1). X,uu(t) = [0 ... 0 $pu(2) O ... O]T

is the Ny-dimensional vector with single non-zero element at the uth element, which is
Smn(t). e],yf is the uth column vector of N;-dimensional identity matrix. Each element in
v(t) represents the sum of the thermal noise and the high intensity ambient light shot
noise at the PD. We model each element in v(¢) as independent and identically distrib-
uted real valued additive white Gaussian noise (AWGN) having zero mean and power
spectral density o2,
Integ‘gating the receiyred signal within ¢ € [(j — 1)7,j7];j =1,..,N and defining

I = ]f r(t)de,v; = L]f v(t)d¢, then we may convert (6) into matrix form

G—Dr G-t

R = HX, nu+V )

where R,V € RNVN X, ., e RNN R = [rl ry .. Iy ],V = [vl Vo .. VN ] Since

Jt jt
mPy mPr.if j<n
= —_— = M ’ -
/ Smn(t)dt / M P ()t { 0; ifj>n (8)
(-1t (-1t
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There then, the observation matrix can be rewritten as

mPt
R=——th,[1..1 0..0 14V
n elements N —n elements
Based on the assumption that channel state information (CSI) is available at the
receiver, we aim to estimate the index of the active LED and demodulate the (M, N)-ary
PAWM temporal symbol carried by the activated LED.

3.1 Maximum likelihood (ML) detection

Assuming equal a priori probability for both spatial and temporal symbols, the maxi-
mum a posteriori (MAP) decision rule is equivalent to the maximum likelihood (ML)
criterion. Under AWGN, the ML detector computes the Euclidean distance between the
received vector signal, r(¢), and the set of all possible received signals, and selects the
minimum one. Based on (7), the active LED indices and the corresponding (M, N)-ary
PAWM temporal symbol carried by the activated LED can be extracted by

(ﬁz, 1, it) = arg %ﬁﬁf(r(t) [H)

= arg min ||R - me,n,u”?:

m,n,u
2 (10)
. mPy
—_ —— U o XY
=arg min R M‘L’h[l 1 0..0 ]

n elements N —# elements ||

The ML detection procedure requires the joint exhausting searches over all the pos-
sible sets of the activated LEDs as well as all the possible (M, N)-ary PAWM constella-
tion-point sets, e.g., to perform (10), it requires MNN; trials. The load of computations
required to implement (10) is to be evaluated in Sect. 5.1.

3.2 Proposed detection scheme

3.2.1 Spatial symbol detection algorithm

To make the detector feasible, we separate the joint optimization problem of (10) into
sequential detection processes. The schematic diagram of the proposed detector is shown

1 PD of user terminal

2™ PD of user terminal (1) YO [~ Yy,

~ Choose the i Spatial data
H" j dt =] largest Inverse mapper |—»

N-level
decision

circuit
| Temporal data
T Y, - A 2
Nr th PD of user I di Choose the M-level A

terminal uth element def:lslf)n
Zﬁ L circuit

Fig. 3 Block diagram of the proposed SM-PAWM detector in VLC MIMO system

n




Wu J Wireless Com Network (2024) 2024:8 Page 7 of 17

in Fig. 3. As shown in Fig. 3, the observation vector r(¢) is first sent to a bank of N; spatial
MF (SMF) that matches to the spatial signature vector of each LED. Let the normalized
N, x 1 channel vector be defined as h; = HE::H ,i = 1,.., Ny, then the weight vector of each

of the SMF is designed as
Wi MF = fl,';j =1,..,N; (11)
Upon defining W = [wl,Mp WoMFE -+ WN;,MF] = [fn h .. ﬁNt ], then the outputs

of N; spatial SMFs are y(t) = W7r(t). Le} the correlation between kth and jth normalized

channel vectors be defined as ay; = (flk) ﬁj, hence we have

-~ o~ ~ T~
W'h, = [hy hy ... hy, | hyhy]|

Aly
a2y

=1 1 |l = oulhyl

L Ny |

where o, = [alu 02y o 1 o ANy ] T is the uth column vector of WI'W in which the
uth element of o, being 1. Giving that the uth LED is activated and the temporal PAWM
signal s,,,,(¢) is emitted, i.e., r(t)=hysy,,(t) + v(¢), then the N; x 1 SMF output vector
can be obtained as

YO=WThys,,(t) + WIv(E) = atyllhyllsy,(£) +¥(); ;0 <t <Nt (13)

where v(t) = WTv(¢t). To collect the energy in temporal domain within the observation
interval, we integrate the output of each SMF over N t, which yields

Nt Nt Nt
n= [ yod =adhi [smede+ [vod (14)
0 0 0
Nt Nt Nt
Since [ $,u(t)dt= of mﬁptpm(t)dtz%, and let v = Offf(t)dt, then (14) can be
0
reformulated as
|lhy, || Pymnt -
= %au + vy (15)

In what follows, the uth element of y is

) = ”h“”% +vi(u); if the uth LED is activated
i = O‘k”nh’}ww + v1(u); if the kth LED is activated ’

It is evident that v is still Gaussian with zero-mean and covariance matrix
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Nt Nf Nt Nt
C =E{\71\71T } .y / F(t)dt / (s = E / wlv()de / vI (ywd),
0 0 0 0

Nt Nt Nt Nt
= / / WTE{v(t)vT(/l)}Wd/ldt=02 / / W5t — Iy, Wdidt
0 0 0 0

Nt
= oZWTW/dt =o’NtWwIw
0

(16)

As depicted in (16), the noise term vi(u) is a Gaussian random variable with zero-
mean and variance 0 2N't.

In the considered SM-PAWM scheme, only single LED is activated during the obser-
vation interval and the optical signal is intensity modulated. Hence, as depicted in Fig. 3,
the index of active LED is determined by choosing the largest among the outputs of N;
SMFs. The spatial information bits, [ b; b, ... b, ], can then be decoded by the following
SM inverse mapper.

3.2.2 (M, N)-ary PAWM temporal symbol detection algorithm
As shown in Fig. 3, to demodulate the M-ary PAM (MPAM) symbol, we integrate the
output of each SMF over ¢ € [0, t], which yields

T

v2= [yt =auib) [suod+ [vod 17)
0

0 0

T

T T T
Since [ sy, (t)dt= [ mﬁp‘pm (t)dt=%, and let Vo = [ V(¢)d¢, then we arrive at
0 0 0

Ilh, || PymT .
) = %au + (18)

Similar to the derivation of (16), we have that v, is still Gaussian with zero-mean and

covariance matrix

T T

C, :E{GZVZT } —E / V(t)dt / VTds = / / WTE{v(t)vT(z)}Wdﬂ,dt
0 0

0 0

T
=o*wiw / dt=c?tWIw
0

(19)
As depicted in (18), the uth element of y; is
() = hy || Pemz )
Y2 M 2 e (1., M) (20)

= mdy + Vo (u)

It is evident from (20) that given the uth LED is active, the distance between M-ary
PAM adjacent signal constellation points is

Page 8 of 17
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_ Iy PT

du,2 M

(21)

Under AWGN and equal a priori probability, the optimum M-ary PAM demodulator is
a multi-level decision circuit according to the following decision rule.

m=1; ifys(u) < %du_g

decide{ A1 =1[; if %<y2(u) < % (22)

= M; if D% oy, )

As derived in (15), given that the uth LED is active, the uth element of y; is

_ h,||Pymnt

7 +v1() (23)

y1(u)

As shown in Fig. 3, to demodulate the N-ary PWM (NPWM) symbol, the information

of /1 obtained from (22) should be exploited. Therefore, the spacing between any two
adjacent NPWM constellation points at the uth element of y; is

|lhy, || Pyt
dyy=—"— (24)
Substituting (24) into (23), we have
y1(u) = ndy,1 + vi(u) (25)

There then, a multi-level decision circuit with the following decision rule can be imple-
mented to demodulate the N-ary PWM symbol.

n=1, ifyi(u) < %du,l

. A g, . (Zl—l)du'l (2[+1)du,1
decideq nn=1; if == e

<y1(u) <

fi=N; if QD

<y1(u)

4 Average symbol error rate (SER) analysis

4.1 SER of the ML detector

In general, deriving the exact SER of the optimum ML detector is intractable. Neverthe-
less, the union bound technique can be applied to express the upper bound of the aver-
age SER of a point to point optical SM MIMO VLS system as

N N M M N N

Posit = 5 D03 30 30 DS Pelmna®) > Xia(®) o)

u=1 =1 m=1m=1n=1 n=1
(ut,m,m) 7 (1,11, 71)

Page 9 of 17
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where Pe (X, (£) = X;,,7,7(£)) denotes the pairwise error probability (PEP) of transmit-
ting X4 (¢) and detecting erroneously as x;;, ;5 (£). The event of a symbol error occurs
in which the ML estimate x;, ; ;(¢) is different from the actual data vector X ., (f).
Based on the ML algorithm as depicted in (10), we have

E (Xmnat(0) %) = |R = HXmna||7 > |R = HX;550] 7 (28)
Substituting (7) into (28), we have that a symbol error occurs when
IVIZ > [Hm i — Xpia) + V|7 (29)

Let C = X,y — Xji,5,i» and exploit the fact that ||A||%: = tr(ATA), (29) can be reformu-
lated as

1
—tr(CTHTV) > §||HC||1% (30)

Let random variable Z be defined as Z = —tr(CTHTV), we can derive that
Z~N (0, o2 ||HC||%). Therefore, the PEP of transmitting X,,, ., (¢£) and erroneously detect-

ing as X, ;7 (¢) can be calculated as

(31)

Peommar(£) = X () = P(Z o ;IIHCII%> _ Q(”HC”F)

20

Substituting (31) into (27), the upper bound of P, 511 can be obtained.

4.2 SER of the proposed algorithm
Let P, be the SER when the uth LED is selected to transmit information, then under equal
a priori probability assumption, the average overall SER can be expressed as

Pe:ﬁt Zpe,u (32)

Let Pe |y » Pe,MPAM|u » Pe,nPwat|n denote the probability of making error decision of spatial
symbol, MPAM and NPWM temporal symbols, respectively. We may separate the error
types of P, ;, into the following parts:

(a) Active LED is erroneously detected (spatial symbol error); both MPAM and
NPWM temporal symbols are error.

b) Both spatial and MPAM symbols are error, while NPWM symbols are correct.

¢) Both spatial and NPWM symbols are error, while MPAM symbols are correct.

d) Spatial symbol is error, while both temporal symbols are correct.

f) Spatial and NPWM symbols are correct, while MPAM symbol is error.

(

(

(

(e) Spatial symbol is correct, while both temporal symbols are error.

(

(g) Spatial and MPAM symbols are correct, while NPWM symbol is error.
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In what follows, we have

Pe oy =P 51y Pe mpamiu PeNewt|u + Pe,siu Pe,mpant|u (1 — Penpw|u )
+ Pe s (1 — Peptpastiu YPenewu + Pesiu (1 — Pervtpam|u ) (1 — Penpwt|u )
+ (1 — Pesju )Peppastu Penpwatiu + (1 — Pegsju )Pepipamiu (1 — PeNpw|u )
+ (1 - Pe,slu)(l - Pe,MPAM\u )Pe,NPWMlu
=Les|u + (1 - Pe,s\u )(Pe,MPAM\u + Pe,NPWMlu — Le, MPAM|u Pe,NPWMIu)
(33)
At high SNR, the term Pea1pan|u Pe,Newat|u is usually small compared with the other
terms and thus can be neglected. Hence, (33) can be approximately as

Poy ~ Pegy + (1 — Pegjy) (Peppamiu + PeNPwMiu) (34)

To derive Pe ), we should base on the spatial symbol detection algorithm as described in
Sect. 3.2.1. Given that uth LED is activated and the symbol being s, ,,(£), the correct detec-
tion probability of activated LED can be derived as

Py glusny = P(y1(w) > max {y1(1), ., y1(s — 1), y10 + 1), YN } |50 (2) )
=P(y1(u) > y1(1), y1(t) > y1(2), ., y1 (1) > y1(N) [$y,n(2))

[e%e) N¢

= / S (¢smn®) T PO1G) < t]smn(e))dt
- i=1
i#u

N, ¢ — ay, MulPomne 1 t — ”“”1’#)
H 1-Q M exp | ——— 5 |dt
ey o+/Nt v2nrNto 20°Nt

i;a:éu

]

Under equal a priori probability assumption, the average correct detection probability of

(35)

active LED can then be obtained as

1 M N
Pc,slu = m Z ZPC,SW,SW,M():) (36)
m=1 n=1
Therefore
1 M N
Pesiy =1 —Pesjy =1 — MN Z ZP &ss|wsimn (©) 37)
m=1 n=1

Based on the decision rule of (22), the average SER of M-ary PAM can be derived as

M N WZP[ Wlpt
Pe,MPAMlu: Z P<m # M8y u(t) = Pt(t)>P<sm,n(t) =Pt (t))

— M M
1 du,Z du,Z du,2
ilo() e ) ()]
_2M-1) dus )
M Q(zoﬁ

_ 2 1)Q<||hu||Ptﬁ)

M 20M
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Similarly, according to the decision rule of (26), the average SER of N-ary PWM can be
derived as

NoMo P, P,
PoxpwMmu=Y_ P(” # lsmn(t) = — =P (t))P<sm,,,(t) = Mpm(t)>

n=1m=1

- @[Q(J‘ﬁ) +2M — Z)Q(zi/—> +Q<2adj;zlﬁ>}
M
2(]\]\[[1\7[ 2 2:1 (20«/_)

_2N-1D i Q(nhunptmﬁ )

NM - =~ 20 M/N
(39)
Toward this end, P, can then be obtained by substituting (37)—(39) into (34).
Peu—l_ ZZ cs|usmn(t)
m=1n=1
] M N
+ <MN Z ZP C:S|M:5m,n(t)> (40)
m=1n=1
o |21 o (IhalPTY 20N = 1) % o MallPimy/T
M 20M NM  “= 7\ 20MJN

Finally substituting (40) into (32), the theoretical expression of the average SER of the
proposed scheme can be derived.

5 Results and discussion

5.1 Complexity analysis

In this subsection, we evaluate and compare the complexity of the proposed MF-based
scheme with the ML detector. The computation load is measured using the total number
of floating-point operations (flops) [22] required at the SM receiver, e.g., one flop is car-
ried out for real addition and multiplication. Therefore, the multiplication of m x n and
n X p real matrices requires m x n x p flops.

Based on the ML algorithm as depicted in (10), we can obtain that the number of
flops required to implement the ML detector is MNN;(N,N;N + N2N,) flops (in which
totally MNN; trials required with N.N;N + N 2N, flops for each trial). Alternatively, as
depicted in Eqgs. (13-14, 17), only N;N,+N;N flops are required to realize the proposed
algorithm. Taking a general parameters’ setting as a working example: N, = 10, N; = 8,
M=16, N=8, the number of flops required for the proposed, and ML algorithms are
144 and 1,310,720, respectively. It is shown that the computation load of the proposed
algorithm is extensively reduced compared to the ML algorithm.

5.2 Performance comparison of the ML and proposed detection algorithms
In this subsection, we will validate the theoretical derivation in previous section by
computer simulation. Moreover, we will compare the performance of the optimum
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—*—: Nr=8, simulatiom (proposed algorithm),

— T ":Nr=16, simulatiom (proposed algorithm
* :Nr=24, simulatiom (proposed algorithm

— + -:Nr=8, theoretical (proposed algorithm)

—+—:Nr=16, theoretical (proposed algorithm)
+ :Nr=24, theoretical (proposed algorithm)|

:Nr=8, ML algorithm

— — -:Nr=16, ML algorithm

— - —:Nr=24, ML algorithm

Probability of successful identification

2% 2% 28 30 3 3 36
SNR
Fig. 4 Probability of successful identification of the activated LED with respect to SNR, where
(Ne, M,N) = (8,4,8)

— * = Nt=8, simulatiom (proposed algorithm)
T :Nt=16, simulatiom (proposed algorithm)
* :Nr=32, simulatiom (proposed algorithm)
— =+ -:Nt=8, theoretical (proposed algorithm)
+ :Nt=16, theoretical (proposed algorithm)
—+—:Nt=32, theoretical (proposed algorithm)
— — - :Nr=8, ML algorithm
—— :Nt=16, ML algorithm
— - — :Nt=32, ML algorithm

Probability of successful identification

24 26 3 30 2 34 36
SNR

Fig. 5 Probability of successful identification of the activated LED with respect to SNR, where
(N, M,N) = (12,4,8)

ML and the proposed detection scheme. The parameters setting of the indoor MIMO
VLC channel follow those parameters given in [22]: n=0.53, ¢1/2 =37.5°,
Wyi/9 =90° A =50 mm?, and dij is set to be uniformly distributed within 2~3 m.
Note that the signal-to-noise power ratio (SNR) exploited for simulation is defined
as SNR = 10log;, f—g(dB) and the simulation result is obtained from the average of
100,000 independent trials.

Since identification of the index of active LED at the transmitter is essential for the
proposed algorithm, hence, we aim to evaluate the performance of the correct iden-
tification probability of the proposed algorithm. Figure 4 presents the simulation and
theoretical [we use (35) and (36) to evaluate P.g,] results of the probability of suc-
cessful identification with respect to SNR, where the spatial-temporal modulation
order is set as (N, M,N) = (8,4, 8), respectively. The scenarios for different receiver
array size, N, =8,16,24, are provided for comparison. Alternatively, we fix the
receiver array size as N, = 12, and the results for different spatial modulation order



Wu J Wireless Com Network (2024) 2024:8 Page 14 of 17

N; = 8,16,32 are presented in Fig. 5. From the results depicted in Figs. 4 and 5, we
have the following observations:

(1) As SNR increases, the correct identification probability of the index of activated
LED increases as well.

(2) Theoretical results are slightly better than the simulation results, whereas ML
detection significantly outperforms the proposed detection algorithm. Neverthe-
less, as described in the previous subsection, the price for ML algorithm is higher
and thus impractical computation load.

(3) Performance degrades for larger N;. It is as expected since it is more probable to
misidentify the index of the activated LED for larger N;. On the other hand, larger
N, leads to better performance. This is due mainly to the fact that as receive array
size increases, larger degrees of freedom enhance the separability of the active LED
from the inactive ones.

In the second part of simulations, we aim to evaluate the overall average SER
(P((u,m,n) # (,m,m); u,u=1,...,N,mym=1,..,M,n,n=1,..,N) of the optimal
ML and the proposed detection algorithms. Moreover, the performances of simulation
and theoretical [we use (40), (35) and (32) to evaluate P,] results of the proposed algo-
rithm are also provided for comparison. As we set (N, M,N) = (8,4, 8), Fig. 6 presents
the overall SER with respect to SNR for the cases of N, =8, 16, and 24, respectively, while
in Fig. 7, we set (N, M,N) = (12,4, 8) and evaluate the overall SER for N; = 8, 16,32.
Based on the results depicted in Figs. 6 and 7, we have

(1) Figures 6 and 7 demonstrate that the ML detector outperforms the proposed detec-
tion scheme. However, the benefits of the proposed algorithm are that the com-
plexity reduction overwhelms slightly degradation in SER performance.

(2) Figures 6 and 7 verify that the SER performance of the theoretical and computer

simulation results is in good agreement.

—*—: Nr=8, theoretical (proposed algorithm)

— ™ ":Nr=16, theoretical (proposed algorithm)
* :Nr=24, theoretical (proposed algorithm)

—+ :Nr=8, simulation (proposed algorithm)

— = -:Nr=16, simulation (proposed algorithm)
+ :Nr=24, simulation (proposed algorithm)

:Nr=8, ML algorithm

— - —:Nr=16, ML algorithm

— — -:Nr=24, ML algorithm

Overall average SER

10'; 1 1 1 1 1
pZ 26 8 30 3 34 36
SNR

Fig. 6 Overall average SER with respect to SNR, where (N¢, M, N) = (8,4, 8)
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—*=: Nr=8, theoretical (proposed algorithm)

— 7" ":Nr=16, theoretical (proposed algorithm)
* :Nt=32, theoretical (proposed algorithm)

—— :Nr=8, simulation (proposed algorithm)

— =+ -:Nt=16, simulation (proposed algorithm)

5 \ + :Nr=32, simulation (proposed algorithm)

UM : :Nt=8, ML algorithm

— - —:Nr=16, ML algorithm

— — -:N=32, ML algorithm

Overall average SER

24 26 28 30 32 34 36
SNR

Fig. 7 Overall average SER with respect to SNR, where (N, M, N) = (12,4, 8)

Overall average SER

— (N1, N)=(8, 32) SM-PWM .
——: (N1, M)=(8, 32) SM-PAM
—+— (N1, M, N)=(8.,4,8) SM-PAWM

3

10° L L L L L

24 26 28 32 34 36

30
SNR
Fig. 8 Overall average SER with respect to SNR for SM-PAWM, SM-PWM, and SM-PAM systems

(3) Figures 6 and 7, respectively, demonstrate that larger N, and/or smaller N; yields
better SER performance. The reasons are as we have claimed that as N, is large, the

spatial signatures of {h;};,_; _x, are more separable and larger N; corresponds to
larger spatial SER.

Finally, we compare the overall SER performance between the proposed SM-
PAWM and conventional optical spatial modulations, such as SM-PAM or SM-PWM.
To make the comparison fair, the SER of the three schemes should be evaluated
under the same bpcu. For example, a (N, M, N)=(8,4,8) SM-PAWM system should
be compared with (Ny, M) = (8,32) SM-PAM or (N, N) = (8,32) SM-PWM system
since their bpcu are all equal to 8 (n=log, 8+ log, 4 + log, 8 = log, 8+ log, 32 = 8).
Figure 8 presents the overall SER with respect to SNR for the (N, M,N)=(8,4,8)
SM-PAWM,(Ny, M) = (8,32) SM-PAM, and (N;,N) = (8,32) SM-PWM systems in
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which the number of PDs at the receiving end is set as N, =16. As verified by the
results presented in the figure, the proposed SM-PAWM scheme outperforms the
conventional SM-PAM and SM-PWM schemes.

6 Conclusions

In this paper, we have proposed a novel optical modulation and signaling scheme,
named SM-PAWM, operating in VLC MIMO communication system. The proposed
SM-PAWM scheme has higher spectral efficiency or bpcu over conventional SM
based optical communication systems. Moreover, we have developed a novel detec-
tion scheme that are computationally efficient compared to the existing optimum ML
detector. The theoretical analysis of the overall average SER has been comprehensively
derived. Through extensive computer simulations, we have verified that the analytical
and numerical results of the proposed algorithm are closely matched. It has been veri-
fied that the proposed detector can work reliably in VLC MIMO channel as the number
of receiver array size is large and/or the number of LEDs is small. Therefore, with a much
lower computational complexity, the proposed detection scheme is a feasible alternative
to the existing ML detector for SM MIMO VLC system.
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