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Receiyg Algorithms for Single-Carrier OSM
Based High-Rate Indoor Visible Light

Communications

Liang Wu, Member, |EEE, Yiting Shen, Zaichen Zhandgenior Member, |EEE,
Jian DangMember, |IEEE, Huaping Liu, Senior Member, IEEE, and Jiangzhou
Wang, Fellow, |IEEE

Abstract

In intensity-modulation and direct-detection (IM/DD) rtiple-input and multiple-output (MIMO)
visible light communication (VLC) systems, spatial subuhels are usually correlated, and spatial
modulation is a good choice to achieve the advantages of Mistthnology. Peak-to-average power
ratio (PAPR) is a key issue in VLCs due to the limited lineandmwic range of light emitting diodes
(LEDs). Single-carrier communication systems have a |oR&PR than orthogonal frequency division
multiplexing (OFDM) communication systems. However, itcisallenging to design a single-carrier
spatial modulation for high-rate transmissions becaus¢theftime domain intersymbol interference.
This paper develops an optical spatial modulation (OSM)esth based on bipolar pulse amplitude
modulation (PAM) and spatial elements for high-rate indgbC systems. Multiple data streams can
be transmitted simultaneously in the proposed scheme.dBasehe transmit strategy, we develop a
low-complexity receive algorithm that achieves betterdsior rate performance than reference schemes,
and the proposed OSM scheme has a much lower PAPR than OFDM Qe8M schemes. When the

spatial subchannels are highly correlated, a spatial arésiah strategy is applied, and the receive
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algorithm is investigated. The symbol-error rate expmssf the proposed OSM scheme is derived,

and the computational complexity is analyzed.

Index Terms

High rate, optical spatial modulation (OSM), pulse-amyaé modulation (PAM), visible light

communication (VLC).

I. INTRODUCTION

Visible light communication (VLC) has received increasiatjention in both academia and
industry due to the low cost and long lifetime of light enmgidiodes (LEDs) [1], [2]. Large
unregulated spectrum, high data rate, and high data searatthe main advantages of VLCs.
The most commonly used scheme for VLC systems is intensitgiutation paired with direct
detection (IM/DD) [3], [4]. With IM/DD, the transmitted sigals must be nonnegative. Conse-
guently, most RF modulation schemes cannot be directly faeldl/DD VLCs. DC-biased and
non-DC-biased modulation schemes have been proposed f@DOMNLCs [5], [6].

Although there is a large amount of unregulated visibletligfectrum, the 3-dB modulation
bandwidth of LED is only tens of MHz. Therefore, there existersymbol interference (I1SI) in
high-rate transmissions. To achieve a high data rate anthabl8l, researchers have investigated
multicarrier modulation schemes for VLCs. DC-biased aitiorthogonal frequency division
multiplexing (DCO-OFDM) is a multicarrier modulation sche, where the frequency domain
signals are hermitian symmetric and a DC bias is added taniteedomain signal to satisfy the
IM/DD constraint [7]. Asymmetrically clipped optical OFDKACO-OFDM) is an unipolar form
of OFDM, where no DC bias is needed and only odd subcarrierased [8]. The performance of
ACO-OFDM was evaluated in [9], and the power efficiency of ACBDM is higher than that
of DCO-OFDM [10]. Pulse amplitude modulation modulatedcdite multitone (PAM-DMT)
modulates only the imaginary parts of the subcarriers, aedthie entire negative excursion is
clipped [11]. The performances of the three OFDM schemeg apalyzed in [12]. PAM-DMT
and flip-OFDM [13] achieve the same optical power and spkeffeciencies as ACO-OFDM.
Beside, the single carrier modulation based frequency doegualization (FDE) schemes can
also be employed to combat ISI. A DC-biased PAM based fregqudomain equalization (FDE)

scheme for VLCs was evaluated in [5].



To further improve the data rate of VLCs, multiple-input tiple-output (MIMO) technology
is employed. MIMO technology can efficiently improve the ojpal efficiency and mitigate
the bandwidth limitation set mainly by the LED. The schemedl4], [15] investigated the
multiplexing gain of MIMO optical wireless communicatiogséems. Modified Alamouti code
employing ACO-OFDM was proposed in [16], which showed tlnat performance of Alamouti
code in optical wireless systems is independent of the ddifégrence between the two paths.
The use of Alamouti code with DCO-OFDM was investigated ii][IThe schemes in [16] and
[17] investigated the methods to exploit diversity gain ofMD systems. Spatial modulation is
another form to exploit the gain of multiple spatial elensefi8]. The spatial subchannels in
MIMO VLC systems employing a non-imaging receiver are uisuabrrelated [15], and spatial
modulation is more robust to high channel correlation [23].optical spatial modulation scheme
(OSM) was proposed in [20], [21]. The transmit scheme of OSMimple, but the optimal
detection is complicated. A quad LED scheme and a dual-LEi2ree were proposed for the
IM/DD VLCs [22], [23]. These two schemes are the forms of OSIMe maximum likelihood
(ML) detection algorithm with a high computational comptgxvas applied in [22] and [23] to
achieve good performance. A low complexity optical spati@ldulation was proposed in [24].
High-rate transmission is a key advantage of VLCs. In thentigge transmission, ISI exits.
However, the effect of ISI was not taken into account in theseks [22]-[24].

OFDM based spatial modulation schemes are used to comhaan8Iithe optimal detector
can be applied in the frequency domain [25], [26]. Our prasievork [27] has investigated a
low complexity OFDM VLC system, where an OFDM based spatiabdoiation was proposed
for diffuse environments. The system achieves the same perdormance as ACO-OFDM or
PAM-DMT schemes, but with a lower computational complexitiie principle in [27] was also
studied independently in [28], where a non-DC-biased OFOMcal wireless system with a
zero-forcing (ZF) receiver was used. Compared with muitieasystems, single carrier systems
have a lower peak-to-average power ratio (PAPR). PAPR ismgroitant indicator in VLCs, as
the linear dynamic range of LED is limited. However, it is taaging to efficiently combine the
single carrier modulation with the time-domain spatial miation in high-rate transmissions,
because ISI exists in the time domain [29].

In this paper, by employing spatial elements, we proposegesicarrier OSM scheme named
biploar PAM based OSM for the high-rate IM/DD VLC, and spbsiaift keying is applied based



on the polarity information of the PAM symbols. An equivalehannel is formed according to
the properties of the transmitted signal, and a novel recaigorithm with a low computational
complexity is proposed to combat ISI. When the spatial sabobkls are highly correlated, a
spatial area division strategy is applied to reduce theceftdé the high correlation, and the
receive algorithm is investigated. Compared with refeeepchemes, the proposed bipolar PAM
based OSM scheme achieves better bit error rate (BER) peafoze. Besides, the PAPR of the
proposed bipolar PAM based OSM scheme is much lower thanofiidie OFDM based OSM
scheme. The advantages of the proposed scheme are vahdatadalytical symbol error rate
(SER) as well as the simulated SER and BER results.

The main contributions of this paper include:

1) By employing bipolar PAM based OSM scheme, we considerga-hate VLCs, where
multiple data streams can be transmitted at the same timtharedfect of ISl is considered.
The constellation diagram of PAM is redesigned to improwe BER performance.

2) Based on the transmit strategy, a novel low complexitalgorithm is proposed for
the high-rate transmission. The SER and the computaticoraptexity of the proposed
bipolar PAM based OSM scheme are analyzed in detail.

3) When the correlation of spatial subchannels is high, diaparea division strategy is
applied and the r@ive algorithm is investigated. We complae BER performance of
the schemes with and without the spatial area divisionesiyat

4) Simulation results are provided, which show that the psep bipolar PAM based OSM
scheme can achieve better BER performanc@an referenemss. Besides, the proposed
scheme has a low PAPR.

The rest of the paper is organized as follows. In Sectionhi, ¢hannel model is presented.
Section Il presents the transmit strategy of the proposedldr PAM based OSM scheme.
In Section 1V, a low-complexity receive algorithm is propds and SER and computational
complexity are analyzed. In Section V, the spatial areasthvi strategy is applied for the highly
correlated environment, and the receive algorithm is itigated. Simulation results are provided

in Section VI to validate the proposed schemes, and the pamancluded in Section VII.
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II. CHANNEL MODEL

In the proposed bipolar PAM based OSM scheme, a point-totjpadoor MIMO VLC channel
with n; (n, is an even integer) transmit LEDs ang receive PDs is considered. The LEDs are
divided into several groups, and each LED group can have thare two LEDs. To achieve a
high data rate, the transmit LEDs are divided im{g2 groups, and each group has two LEDs.
Then, /2 independent data streams can be transmitted at the samé&timéndoor VLC channel
consists of a LOS component and a diffuse component. Theigahyghannel impulse response
from the/-th LED of the j-th group to thek-th PD can be expressed as [30]

Qi) (1) = prniose, ()0 (t) + rGditusetk, (,0)) (E — AT, (1)

whereyu, is the responsivity of thé-th PD,§(¢) is the dirac delta functiongisusex,j,) (t) is the
diffuse component of the physical channel from tié LED of the j-th group to thek-th PD,
ATy (5, 1s the delay between the LOS signal and the onset of the diffignal, and) os, ;1))

is the LOS component from theth LED of the j-th group to thet-th PD and can be calculated
according to the properties and the positions of LED and P[Lps

(mjn+1) Ak cos(pr (5,1) mei
2n Dl ) cos™ 0D (¢ (1))

NLOS(k,(j,1) = 0 < or,y < Vi ()

0 Pk, > Vs
wherem,;, is the order of Lambertian emission, which is relatedbtg, ;; as

mgy = —In2/In(cos @19, 31), 3)

where®, /, ;) is the semiangle at half-power of tii¢h transmit LED in thej-th group, ;. ;)

is the angle of irradiance from theth LED of the j-th group to thek-th PD, 4, is the receive
area of thek-th PD, Dy (;;) and ¢ ;) are, respectively, the distance and angle of incidence
from thel-th LED of the j-th group to thek-th PD, U, is the field of view (FOV) of thet-th

PD.

In the frequency domain, the diffuse component is [30]

difuse(k () (4)

: f
14y fo,(k,(,0)

where fo 1, 1S the 3-dB cut off frequency, angliusex, ;1)) IS expressed as

Quifiuse(k,(5,0)) (f) =

Ak P1k G
Ndiffuse(k,(,1)) = ml(%jp))’ ()



where Aoom is the area of the room surface, (.,(;)) is the reflectivity of the region initially
illuminated by thel-th LED of the j-th group, and is the average reflectivity of the walls. As
adopted in [30],01,k,(j,)) = p IS assumed in this paper.

The channel frequency selectivity of indoor VLCs was inigeged in [31], which showed
that the channel frequency selectivity arises mainly fréva multiple LOS paths rather than
diffuse propagation. In the high-rate transmission, thieisScaused mainly due to the limited
modulation bandwidth of LEDs. The normalized impulse resgoof the LED is [32]

u(t) = ge 2™t (6)

where f, is the 3-dB modulation bandwidth of the LED ands a normalized coefficient such
that [ (u(t))’dt = 1. The equivalent channel from tHeth LED of the j-th group to thek-th
PD is defined as

Ok, i) (1) = @,y (1) @ u(t), (7)

where® stands for convolution. As the 3-dB bandwidth of the LED iuaibtens of MHz, the
3-dB bandwidth of the equivalent channel is also tens of MHerefore, the equivalent channel

will be frequency selective when the transmission rate g lfhundreds of Mega symbol/s).

IIl. TRANSMISSION STRATEGY ANDPAM CONSTELLATION DESIGN

The block diagram of the proposed bipolar PAM based OSM sehesrshown in Fig. 1. In the
proposed bipolar PAM based OSM schemg/2 data streams can be transmitted simultaneously,
and only one LED of each group is active at any given time ms#aAs the bipolar PAM signal
cannot be transmitted directly in the IM/DD VLCs, the pdfainformation of the bipolar PAM
signal is mapped to the index of LED in each group, and the latesswalue of the bipolar
PAM signal is transmitted through the corresponding LED:. &ample, when the bipolar PAM
signal is positive, the absolute value of the signal is tmatted through the first LED of the
corresponding group; when the bipolar PAM signal is negatikie absolute value of the signal
is transmitted through the second LED of the correspondiogim

In Fig. 1 (a), the un-clipped bipolar signal(¢) of the j-th data stream is

+o0

zi(t) = Y a;(n)g(t —nTy), 8)

n=—oo
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Fig. 1. The block diagram of the proposed PAM based OSM schémélransmitter; (b) Receiver.

wherea;(n) is then-th modulated bipolar PAM symbol; is the symbol intervalg(¢) is the

impulse response of the pulse-shaping filter and normakzefl(¢(¢))?dt = 1 and a Gaussian

pulse-shaping filter is employed [33].
The signal fed to the first LED of thg-th group is expressed as

where z; 1)(n)

s ()

= (2;(0)" = (2;(0) + |2;(0)])/2
= > (ay(n))"g(t = nTy)

> 2y (n)g(t —nTy),

n=—oo

(9)

(aj(n))* = (a;(n) + |oj(n)])/2, (a)* = max{0,a}, anda is a real number.



The signal fed to the second LED of theh group is expressed as

sga)(t) = (=2;(1)" = (=z;(t) + |=;(1)]) /2

= Y (~a;(n) gt —nTy)

n=—oo

+oo
= Z Z(4,2) (n)g(t - TlTs), (10)

wherez;2)(n) = (—a;(n))" = (—a;(n) + |a;(n)])/2. Through the oprations of (9) and (10),
the polarity information of the bipolar PAM signal;(n) is mapped to the index of LED of the
j-th group.

As the original positive signals and negative signals aesmitted by the first and the second
LED in each group, respectively, the detection of the ptlais very important for the data
recovering in the proposed bipolar PAM based OSM schemegeldre, the constellation diagram
of PAM is redesigned. Let the minimum distance between twacaht points in the constellation
of the traditional bipolarn//-PAM signals be2d. With the traditional constellation, the modulated
signal & yraditional (1) 1S

Qj traditional (1) € {(=M + 1)d, (=M +3)d, - - - , —d, 1)
d,--+, (M —3)d,(M —1)d}.
The minimal distance between the positive signals and tigative signals is als@d.

In the proposed bipolar PAM based OSM scheme, the modulajedlss redesigned as
aj (TL) = aj,traditional(n) + B Sign{@j,traditional(n)} ' d7 (12)

wheresign{-} is the sign function. The parametBris introduced to control the distance between

the positive signals and the negative signals, and it affdue estimation performance of the

polarity information. The constellation of the modified biar //-PAM can be expressed as
{(-M+1-B)d,(—-M +3—B)d,---,(—1— B)d, 13)

(1+B)d,---,(M -3+ B)d,(M — 1+ B)d}.

It is easy to show that the minimal distance between the igesignals and the negative signals

in the redesigned bipolar PAM scheme(is+ 2B)d, while the minimal distance between the

adjacent points is stilkd. Note that under the optical transmission power constrainwill

decrease a® increases, and there is an optimal valueothat minimizes SER.



IV. RECEIVE ALGORITHM OF THE PROPOSEDOSM SCHEME

The received signal of the-th PD in the time domain is

TLt/Q 2

=)D s () @ vk (t) + Ne(b), (14)

Jj=1 =1
where N, (t) is the noise component at tiheth PD, and the variance df(¢) can be expressed
as [6], [34]

2 2 2
ON = Oghot + Othermal s (15)

wherec? . is the variance of shot-noise, which is related to the aweogdical power of ambient
light, ando?,.,..., is the variance of thermal-noise. These noises can be aeturaodeled as
an additive white Gaussian noise (AWGN) [6] [35].

The matched filter is a part of the receiver [36], and the adugfithe matched filter in the
proposed bipolar PAM based OSM scheme is given by

yk(t) = re(t) @ B(t)

ne/2 2

=YD s () ® vk () @ B(E) + Ni(t) @ B(t)

7j=1 =1
TLf/QQ

=>> Z 2y ()g(t = nTy) @ vy () (1) © B(E) + wi(t)

j=1 =1 n=—0
TLf/Q 2

=>.> Z 2, ()0t — nT)@hu, (5, (£) + wi(t), (16)

j=1 =1 n=—c0
wherej(t) = g(T,—t) is the impulse response of the matched filkgr,; (1) = g(t) vk ;1 (1) ®
B(t), wi(t) is the noise component with varianeg, andc? = o3%. The received signal of the

k-th PD at then-th sampling instance can be expressed as

nt/2 2

=2 20 () @ higy(n) +wi(n). (17)

7j=1 Il=1

In the following analysis and derivation, perfect symbaohifig in the receiver is assumed.
Symbol timing estimation processes developed for RF systéon example, the early-late gate
scheme, can be used in VLCs.

According to (17), after discrete Fourier transform (DR@hich can be implemented by using

the fast Fourier transform (FFT) algorithm, the receiveghal at theK-th frequency point is



written as

Za1)(K)
Z9)(K)
Y (K) = C(K) : + W(K), (18)
Znes21)(K)
| Zni/2.2) (K) |
whereY (K) = [Vi(K), ..., Y, (K)]", Ya(K) = DFT{yx(n)}, and whereDFT{-} denotes DFT
operation;C(K) = [cu1)(K), ..., €m,/2,2 (K)] is the frequency domain channel matrix at the

K-th frequency pointc ) (K) = [c1,)(K), ... ,cn7,7(j71)(K)]T, C, (1) (K) = DFET{hy j(n)},
and (-)” denotes transposéj; ) (K) = DFT{z;,(n)}; W(K) is the frequency domain noise
component, each element ¥ (K) is with varianceo?, = No?, K € {0,1,...,N — 1}, and
N is the length of DFT.

A. MMSE FDE receive algorithm

The MMSE FDE receive algorithm is a straightforward schemedtect the information in
the PAM based OSM scheme [28], and it is as a benchmark digorior the performance
comparison. By applying MMSE FDE algorithm, according t8)(lthe estimates of; ,)(K)
and Z(; 2)(K') can be expressed as [37]

Za.1)(K) ,

= (C’(K)HC(K) + U—WIW> C(K)"Y (K), (19)

O(K)

A~

Zinf2.2)(K)
where (-) stands for conjugate-transpode, is an identity matrix with ranka,, andag(K) is
the variance ofZ(;, (K). Becausen;(n) = z;1)(n) — 2;2)(n), the estimate of the frequency
domain signal oiv;(n), A;(K), is given by

A

Aj(K)MMSE = Zin(K) — Z(j,2)(K)> (20)

whereA;(K) = DFT{q;(n)}. The estimate ofi,(n) can be derived by transferringy; (K )nse

into the time domain as
dj,MMSE(n) = IDFT{AJ'(K>MMSE}7 (21)

whereIDFT{-} stands for inverse DFT (IDFT) operation.



B. Proposed novel receive algorithm

Although the MMSE FDE receive algorithm is simple and stnéfigrward, the SER perfor-
mance of the MMSE FDE receive algorithm is not good. Besidles, maximum likelihood
receive algorithm is prohibitively complicated and notgiieal, as ISI exists in the high-rate
transmission. Therefore, we propose a novel receive dtgonwvith the affordable computational
complexity, and the proposed receive algorithm achievesl BER performance.

According to (9) and (10), the transmitted signals of jheh data stream in the frequency

domain can be expressed as
Z5(K) = (4(K) + D;(K))/2 )
Zi2)(K) = (=A;(K) + D;(K)) /2

where D;(K) = DFT{|c;(n)|}. Therefore, Eq. (18) can be rewritten as

ng/2

Y(K)=Y" cyn(K) ;F C(j,Q)(K)Dj(K) L Con ) . C(j,2>(K)Aj(K) WK

Jj=1
ny/2

=>_ 2o (K)D(K) + & (K) A;(K) + W (K)
=C1(K)D(K) + Co(K)A(K) + W (K), (29)

where ;1) (K) = (e (K) + ¢i9(K))/2; €G)(K) = (egn(K) = e2)(K))/2 Ci(K) =

[C) (K), €01y (K), - s €2y (K)]; Ca(K) = [€01,2)(K)E@a)(K), .+, €2 (K)]; A(K) =

[AUK), ..., An o (K)]T; D(K) = [Dy(K), ..., Dy, 2(K)]". DefineC(K) = [C,(K), Ca(K)].
Becausec(; 1) (K) andc; 2 (K) are usually correlated in VLCs, the angle betwegn(K)

andc;2)(K) is less than 90 degrees. Thus,
e (K) = e (K13 < [lega (K) + e (K|l (24)

Therefore, we will recoveD(K) first.
By using the linear MMSE criterion, the estimate bfi(K) (7 = 1,...
as [38]

,ny/2) is expressed

- &g (K) R (K)™
D](K) = - C(JJ)]S ) J,(1~)
¢y (K) 7R (K) €1 (K)
where R;(K) is a covariance matrix and is given by

ng/2 ng/2

R;(K) —UWIn,+ Z ) (K) e ( UDK)+ZC(11 )€ )HUEX(KP (26)

i=1,i#7]

Y (K) (25)



whereo?, ) = E[A;(K)*A;j(K)], 0} = E[D;(K)*D;(K)], and wherg-)* denotes conjugate

operation.

)

We detecta,(n)| by transferringD; (K) into the time domain. Because;(n)| is the absolute
value of anM-PAM constellation pointh| is quantized to the nearest constellation point of
M-PAM, which is denoted byn;(n). The estimate oD,(K) is updated by transferring:;(n)
into the frequency domain, and the updated estimat®,¢f<) is denoted byD; (k). Assuming

D(K) is correctly estimated, we define a new veclofk) as
P(K)=Y (K) - C\(K)D(K)
=C,(K)A(K) + W (K), (27)

where D(K) = [Dy(K),..., Dy, 2(K)]".
The estimate ofA(K') can be derived according to the MMSE criterion as
—1
~ ~ ~ 0‘2 ~
A(K) = (CQ(K)HCQ(K) + 02—W1m/2> Cy(K)"P(K), (28)
A(K)
where A(K) = [A;(K),... ,Am/g(K)]T.

After IDFT, the sign ofa;(n) can be estimated as

sg;(n) = sign{IDFT{A;(K)}}. (29)

Therefore, the estimate of;(n) is

aj(n) = sg;(n) - ag(n)]. (30)
The proposed receive algorithm for the bipolar PAM based Gskleme is summarized in
Table | (Algorithm 1).
The achieved data rate of the proposed bipolar PAM based GBkh® is

ng/2

N .
Rosy = ) N Nglogz(Mj,OSM) (bits/s/Hz), (31)

j=1

where NV, is the length of cyclic prefix, and/; osm is the PAM modulation order of thg-th

data stream.



TABLE |

ALGORITHM 1

Step 1: Estimatd;(K) (j = 1,...,n:/2) by employing the
linear MMSE algorithm

Step 2:  Derive the estimate ff; (n)| by transferringD; (K)
into time domain, and the estimate ¢f;(n)| is
denoted bwm|

Step 3: Quantizm| to the nearesd/-PAM constellation
point m;(n)

Step 4:  Transfern;(n) into the frequency domain, and up-
date the estimate ab;(K)

Step 5:  Cancel the effect adD(K) on the received vector
Y (K)

Step 6: Employ the linear MMSE algorithm in the frequency
domain to estimatel; (K)

Step 7:  Estimate the sign ef;(n) by transferring the esti-
mate of A;(K) into time domain, and the estimated
the sign ofa;(n) is denoted byg; (n)

Step 8: Derive the estimate @f;(n) according t0|m|
andsg;(n)

Step 9: PAM demodulation

C. SER performance of the proposed receive algorithm

In this subsection, we analyze the SER of the proposed eedgorithm. As the estimate of
a;(n) is derived according tm| andsg;(n), the estimation performances pf;(n)| and
the polarity information are analyzed in detail. The ariagjitexpression of SER lower bound
is derived for the proposed receive algorithm. Besidesgedas the derived SER lower bound,
the suboptimalB can be calculated numerically.

The output electrical signal-to-noise ratio (eSNR)®f( /) in the proposed receive algorithm

can be expressed as [38]
SNRup, (k) = &(.1) (K)" R (K) ™ &1 (K)o i), (32)

The statistical properties of;(K) and D;(K) are derived in Appendix A. The output eSNR of



o (n)] is

SNR|a;(m) = - : (33)

D(K)
]\/2 Z SNRD( K)

where E[|a;(n)|?] = Ela;(n)? = o2 denotes the electrical power ¢f;(n)| and E[-| stands
for the expectation of a random variable. The modulatioresh of |;(n)| is equivalent to
M /2-PAM, as there are only///2 constellation points fota;(n)|. The minimum Euclidean

distance between the adjacent constellation points is

3Mo?
i || = 2 —~ : 34
o \/<M+Bj><<M+Bj>2—1> .
where B; is the value of parametées for the j-th data stream.
Therefore, the SER ofv;(n)| can be calculated as [36]
2(M/2 1) Aimin,|a] /2
PSia;(n) = ’ 35
la (n)| M2 Q ( p— (35)

_2(M/2-1) SMSNR|a; ()
= e YWoresyr+Br-1) )

whereQ(-) is the Q-function.
If D(K) is correctly estimated, the eSNR with respectdd KX') in (28) is written as [37]

g (K)/Ulz/l/

. A
o -1
[(CQ(K)HCQ(K) + 0%1% /2) ]

)
where|[-]; ; is the j-th diagonal element of a matrix. After IDFT, the eSNRcwf(n) is

SNR4, () —1, (36)

1
SNRq, (n) T (37)
1 1
N KZZO SNR4; ()
Therefore, if all|o;(n)| (n = 0,1,---, N — 1) are estimated correctly, the error probability

of sg;(n) is expressed as

M/2
3MSNR,, (n
Ssg; (n) oy (n)] ZQ ( A j)\/(M+ Bj)((M + B;)* — 1) ) )

In the proposed receive algorithm, the estimateagfn) is derived based om]( )| and

sg;(n), that is, the estimate af;(n) is correct if and only If|m| andsg;(n) are estimated



correctly. Therefore, when employing the proposed recalgerithm, the SER performance of
the j-th data stream is
SERJ' =1- (1 — Ps\aj(n)\><1 — Pssgj(n)) (39)

wherePs,, (,,) is the error rate ofg;(n). Note that

Pssg.(n) > PSsg; (n)la; (n)]- (40)

Because the detection and interference cancellation ibedpin the estimation of the polarity
informationsg;(n), the estimation performance ef;(n) is relied on the estimates of;(n)|
. When some ofa;(n)| are incorrectly estimated, the derivation of the error @fteg;(n) is
prohibitively complicated that is the analytical expresspf Ps,, () is difficult to be derived.

Therefore, we derive the SER lower bound of the proposeduwe@tgorithm as
SER; > 1 — (1 = Psja; () ) (1 = PSsg; () o (m)])- (41)

When the transmit power is normalized, there is an optiathat minimizes the SER of

the proposed scheme, that is, the optifBalshould satisfy
Boptimal ; = arg Hllgi,n{SERj} (42)

However, it is challenging to derive the analytical expi@sof the optimalB;, as the exact
SER expression is hard to be derived. It can be seen from f&it)the lower bound SER is
dominated by the maximum one & ;) and Psy (n)(a,(n) - We derive a suboptimal value

of B;, and the suboptimal value d#; is designed such that

PSja;(m)| = PSsg;(n)lja;(n)] - (43)

The suboptimal value oB can be derived numerically.

D. Complexity Analysis

In the high-rate IM/DD VLCs, DCO-OFDM or ACO-OFDM based OSMNircbe applied
to combat ISI [18]. In the complexity analysis, we will takeCD-OFDM based OSM as an
example. For fair comparison, it is assumed that there a@ra)2 data streams transmitted in
the DCO-OFDM based OSM scheme. Therefore, in each modudatszhrrier, the computational
complexity isO(M™/?) when the ML detector is applied. In DCO-OFDM, the number ofino
lated subcarriers i8//2—1. Besides, the DCO-OFDM based OSM involvgg2 IDFT operations
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Fig. 2. Coverage area of different LED groups.

at the transmitter and, DFT operations at the receiver. Therefore, the computatioomplexity
of the DCO-OFDM based OSM i® ((N/2 — 1)M"/%) + O ((ny/2 + n, )N logy(N)).

For the MMSE FDE receive algorithm, the computational caripy of (19) is O(n?). The
signals are Hermitian symmetric in the frequency domaire dbmputational complexity of the
linear MMSE algorithm in the frequency domain@® (N/2—1)n}). In addition, the MMSE FDE
receive algorithm involves, DFT andn,/2 IDFT operations. Therefore, the computational com-
plexity of the MMSE FDE receive algorithm @ ((N/2 — 1)n?) + O ((ny/2 + n, )N logy(N)).

For the proposed receive algorithm, the computational dexity of (25) is O(n}); the
computational complexity of (28) i®((n;/2)?). The proposed receive algorithm involves. +
n¢/2) DFT andn, IDFT operations. Therefore, the computational complegitythe proposed
receive algorithm isO ((N/2 — 1)n}) + O ((n, + 3n,/2)Nlog,(N)). It is concluded that the
computational complexity of the proposed receive algarithill be much lower than that of the
ML detector for the DCO-OFDM based OSM, when the modulatioeoM increases.

V. PROPOSEDSPATIAL AREA DIVISION STRATEGY

The factors including the positions, orientations, andgntal parameters of LEDs and PDs
govern the correlation of spatial subchannels. The spstilathannels are highly correlated that
is the condition number of the channel matrix is much gre#dtan one. When the spatial
subchannels of MIMO VLC systems are highly correlated, thistesn performance of the
proposed OSM scheme with multiple independent data stregithbe degraded. In this case,

we can deploy the LEDs carefully such that each group of LEDsesponsible for a specific



area, and the coverage areas of different LED groups ar@alpadverlapped with each other.
In the overlapped area, the proposed receive algorithm atid®elV.B can be applied. In the
non-overlapped area, the receiver only receives the sigoal one LED group. In this section,
we focus on analyzing the receive algorithm for the non-aygred coverage area.

The illustration of the coverage areas of different LED greis shown in Fig. 2. In the central
area of one hotspot, there is only one LED group coveringdhes, and the channel correlation
of different LED groups is reduced. For example, when a usan the central covering area of

the j-th LED group, the received signal of tliieth PD of the user can be expressed as

rik(t) = Z () (1) @ v,y (1) + Njw(t), (44)

=1
where N, ,(t) is the noise component.
After passing through the match filtgi(¢), the received signal of thé-th PD at then-th

sampling instance can be expressed as

Yin(n) = 20)(n) ® iy (n) +w;k(n). (45)

=1
wherew; x(t) = N;(t) ® B(t).
In the frequency domain, the received signal at #wh frequency point is written as

Zj1(K)

Y;(K) = [eg)(K), e (K)] Zj2)(K)

+ W, (K), (46)

where Y ;(K) = [Y;1(K),..., Y. (K)]", Y;1(K) = DFT{y,x(n)}, and W,(K) is the fre-
guency domain noise component.

According to (23), the frequency domain signal can be réamigs
Y (K)=¢(1)(K)D;(K) + €2 (K)A;(K) + W;(K). (47)

Therefore, the proposed novel receive algorithm can bdehnd detection procedure is same
as that in Table I. Note that a user clustering strategy wasstigated in [39]. The purpose of
user clustering in [39] is to mitigate the intercell intedace and improve the cell edge users’
performance. Different from [39], the purpose of the pragbspatial division strategy is to
reduce the effect of the high correlation of spatial subaoe#and improve the performance of
the proposed bipolar PAM based OSM scheme.
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TABLE Il

SYSTEM PARAMETERS

Semiangle at half power 60 deg
FOV at receiver 60 deg
Detector area 1.0 em?
Optical filter gain 0.33
Refractive index of optical concentratgr 1.5
Photodiode responsivity 0.7
Walls average reflectivity 0.43

VI. PERFORMANCE EVALUATION

In the simulation, the configuration of the system is showfim 3, where multiple transmit
LEDs and multiple receive PDs are equipped at the transmattd receiver, respectively. To
reduce the correlation of spatial subchannels, the PDsarput towards the roof, but with an
angle in the(z-z) plane as illustrated in Fig. 3. The odd-indexed PDs have gteaof ¢, and
the even-indexed PDs have an anglg/afOther system parameters are given in Table II. It is

assumed that all LEDs and all PDs have the same propertyeasgly. In the simulation, SNR



is defined according to the optical transmission power as [6]

SNR = 2 (48)

ON
nie/2 2
wherep, = > >~ E[s(;;)(t)] is the average optical transmission power.

In the sinjwzullé?ilon, the 3-dB bandwidth of the equivalent aiedns set at 10 MHz, while the
used modulated signal bandwidth is 100 MHz, which meanstti@PAM symbol rate is 100
Mega symbol/s. Therefore, the equivalent channel will legdilency selective and ISI exists in
this system. The delay spread of the indoor optical wiretdsmnel is usually in the range of
tens of nano-seconds [6], and it is assumed that the del@admf the equivalent channel is
less than 80 ns. In the simulation, both the LOS componenttiaadliffuse component of the
channel are considered. The LOS component is calculateatding to the positions of LEDs
and PDs, the parameters given in the Table Il, and (2). THes#ifcomponent is calculated
according to (4) and (5), the 3-dB bandwidth, and the pararseagiven in Table II. The length
of cyclic prefix is set to be 8 in the proposed scheme, and thgtheof cyclic prefix is greater
than the delay spread of the equivalent channel. The size=atfiB N = 1024.

First, we evaluate the system performance wher= n, = 2, that is, two LEDs and two
PDs are equipped at the transmitter and the receiver, regggcThe coordinates of the LEDs
are (1.5, 3, 6) and (4.5, 3, 6), respectively. Fig. 4 shows3BE& performance of the proposed
bipolar PAM based OSM scheme, where the two PDs are locatégliat3, 1) and (2.6, 3, 1),
respectively, and, = 0, = /8.

As expected, the SER performance of 16-PAM is better thanahé4-PAM, and 64-PAM is
better than 256-PAM. The analytical lower bounds match thrikation results very well. The
estimation ofa;(n) in the proposed receive algorithm is related/(?)| andsg;(n). It can be
seen from Fig. 4 that aB; increases fron) to 2, the SER performance improves significantly
at SER = 10~*, which means that whe®; = 0, sg;(n) dominates the SER in the high-SNR
region. AsB; increases, the estimation performancegfn) improves, resulting in an improved
SER performance of the proposed bipolar PAM based OSM schéfhen B; = 0, the square
and triangular curves in Fig. 4 (a) show a deviation behatiecausag;(n) dominates the SER
in the middle of the simulated SNR region. The achieved datiesrwith 16-PAM, 64-PAM, and

256-PAM based proposed schemes are 400 Mbps, 600 Mbps, &nilligs, respectively.
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Note that for a specific modulation order, there is an optivadéle of B to minimize the SER
under the SNR constraint. However, it is very difficult to tiaally derive the optimal value
of B. To further characterize the effect of the paramebeto the system performance, Fig. 5
shows the simulated SER of the proposed scheme versus thegtar5. It can be seen from
Fig. 5 that the optimal value aB depends on the SNR, the modulation order, and the channel
environment. Besides, the analytical results of the SERx¢fn)| and the error probability of
sg;(n) are plotted in Fig. 5. When the value Bfincreases, the SER af;(n)| increases, and the
error probability ofsg;(n) decreases. That is because when the transmission powemslized
and the value of3 increases, the minimum Euclidean distance between théyeosignals and
the negative signals increases, but the minimum Euclidestarcte between the adjacent points
of the redesigned bipolar PAM decreases. It can be seen fignbRhat the suboptimal value
of B, which makes (35) and (38) equal, is approximately equah¢odptimal value ofB3. Note
that the optimal value oB is to minimize the SER, and the suboptimal valuefbfs designed
such that (35) and (38) equal. For simplicity, when the psggloscheme is employed in the
following evaluations, we seB equal to 2.

In Fig. 6, six schemes are employed for BER comparison. Byguie proposed transmission
strategy, where bipolat6-PAM is employed, the proposed receive algorithm and the MMS

FDE receive algorithm are carried out, respectively. Theltecheme is thé28-ary quadrature
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amplitude modulation (QAM) DCO-OFDM based OSM scheme withoatimal detector (ML
detector), wheré bit information is mapped to the index of LED and 128-QAM ispmayed at
each modulated subcarrier. The unipcladPAM MIMO scheme with FDE is the fourth scheme.
The fifth scheme is the unipold6-PAM diversity scheme with FDE. The sixth scheme is the
256-QAM flip-OFDM 2 x 2 MIMO scheme. In the flip-OFDM2 x 2 MIMO scheme and the
unipolar4-PAM MIMO scheme scheme, two independent data streams amsritted through
two LEDs, and a linear MMSE receiver is applied in the freqriyedomain.
The achieved data rate of the DCO-OFDM based OSM scheme Jis[#18

N/2 -1 .
RDC0-0FDM OSM — /T{logQ(MDco) + 10g2 (nt)} (bltS/S/HZ), (49)

where Mpco is the modulation order of each modulated subcarrier in tRE®OBDFDM based
OSM scheme.

The achieved data rate of the flip-OFDM based 2 MIMO system is [13]

1 .
Rfiip-orom = 5 logy (Mpip) ~ (bits/s/Hz), (50)
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whereMyg;, is the modulation order of each modulated subcarrier in thedFDM 2 x 2 MIMO

system. To maintain the same achieved data rates, the ntiodudaders of the six systems must

satisfy the following relationship:

log, (Mosm) = 10gs(Mpe—piversity) = 210gs(Mpe_mivo)

1 1
= 5 logy(Maip) = 5 (logy(Mpco) +1)

where MDCfDiversity and Mpo_vimvo are the

(51)

modulation orders of the unipolar PAM diversity

scheme and the unipolar PAM MIMO scheme, respectively.

In Fig. 6, all the six schemes achieve the same data rate3an@ is employed in the proposed



scheme. It is observed from Fig. 6 (a) that when the cormidbetween the spatial subchannels
is high ¢1 = 6, = 7/16), the BER performance of proposed scheme is better thar thiothe
unipolar PAM MIMO scheme and the flip-OFDM based MIMO schemkile the DCO-OFDM
based OSM scheme achieves the best BER performance wher BN\RIB, and the unipolar
PAM diversity scheme achieves the best BER performance \8NR>72.5dB. That is because
the spatial subchannels are highly correlated and the degréeeedom of the MIMO channel
is approximately equal to one. When the correlation becolmws(f; = 6, = 7/8 as shown
in Fig. 6 (b)), the proposed scheme achieves the best BERrpahce when SNR72.5dB.
Under a lower correlation condition @&f = 6, = 7/6 as shown in Fig. 6 (c), the proposed
scheme achieves the best BER performance when>&§REdB, and the SNR gain increases.
It can be seen from Fig. 6 (c) that the proposed scheme regthieslowest transmit power at
BER = 10~ When compared with the unipolar 4-PARIx 2 MIMO scheme, the proposed
16-PAM based OSM scheme gains about 2 dB3&R = 10~*. With the same BER target,
the proposed scheme gains about 7 dB over the 256-QAM basge®FDM 2 x 2 MIMO
scheme. Compared with the unipolar 16-PAM diversity scheme the 16-PAM based OSM
with a MMSE based detector, the proposed scheme gains atsdB Bnd 7 dB, respectively.
Besides, when compared with the 128-QAM DCO-OFDM based OStH an optimal detector,
the proposed scheme gains about 3 dB, and has a lower compatatomplexity when the
modulation order increases.

In general, the unipolar diversity scheme achieves the pedgbrmance in the high SNR
region (required to achieve a practical BER value), when gpatial subchannels are highly
correlated. The proposed scheme achieves better perfoeritaan other schemes in high SNR
region (required to achieve a practical BER value), whendbeelation between the spatial
subchannels is moderate to low.

PAPR is the ratio between the maximum power and the averagerpaf the transmit signal,

that is,

max{|s (¢)[*}
Elsgn®P]

The complementary cumulative distribution function (CQRF PAPR{s(;;(t)} is defined as

PAPR{s(;,(t)} = (52)

FPAPR(Th) = PI’(PAPR{S(]'J) (t)} > Th) (53)

wherePr(-) is the probability function.
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Fig. 7. The CCDFs of the proposed bipolar PAM based OSM sctemethe DCO-OFDM based OSM scheme.

It can be seen from Fig. 7 that when the same data rate is &chithe PAPR of the proposed
bipolar PAM based OSM scheme is much lower that of the DCO-RHAiased OSM scheme.
The PARP of the proposed bipolar PAM based OSM decreases) wWhacreases. The PARP
of the DCO-OFDM based OSM increases, when the IDFT sizecreasesPAPR is related to
instantaneous envelopes. When the instantaneous envadgplarge fluctuations, the PAPR of
the signal will be high. When the instantaneous envelopeshaal fluctuations, the PAPR of
the signal will be low.The instantaneous envelopes of the modulated signals ashoa in
Fig. 8, where the peak magnitudes have been normalized toTteeinstantaneous envelopes in
Fig. 8 confirms the conclusion that the PAPR of the propospdlar PAM based OSM scheme
is much lower than that of the DCO-OFDM based OSM scheme.

Fig. 9 shows the BER of the proposed scheme when the recaivelaced around, where
SNR = 75dB, B = 2, 6, = 0y = 7/8, Mosm = 16, the two PDs are parallel to the x-axis, and
the receiver is placed horizontally in the room at a height oh above the ground. It can be
seen from Fig. 9 that the BER is beloM—* in all places of the room.

When four LEDs and four PDs are employed, the SER performahtiee proposed bipolar
PAM based OSM scheme is shown in Fig. 10, whére= 0, = =/8. The four LEDs are
located at (0.6, 3, 6), (1.0, 3, 6), (5.0, 3, 6), and (5.4, 3,ré¥pectively. The first and the
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Fig. 9. BER of the proposed PAM based OSM scheme when thevezdsiplaced around the room. SNR=75dBpsn=16,
B =2, 0; =0, = /8, the two PDs are parallel to the x-axis, and the receiverasad horizontally in the room at height of

1 meter above ground.

second LEDs are in the first group, and the third and the fougs are in the second group.
The coordinates of the four PDs are (2.5,3,1), (2.6,3,1),821) and (2.8,3,1), respectively.
The same conclusion can be drawn as in Fig. 4 that low ordemfabdn outperforms high

order modulation. Fig. 10 (a) shows the SER performance @fptioposed scheme when two
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data streams are transmitted. Fig. 10 (b) shows the SERrpwfce of the proposed OSM
with the spatial area division strategy, where the spatibteannel correlation between the two
LED groups is reduced through controlling the semi-angléhathalf power of the LED, and
the receiver is located at the coverage area of the first LEID@yrin the proposed spatial area
division strategy, only one data stream is transmitted ipexsic coverage area. Under the same
data rate, the SER performance of the spatial area dividiategy is better than that of the
multiple data stream scheme when the data rate is 400Mbp6QMIiéps. That is because the
spatial subchannels of the MIMO VLCs are correlated, andddgree of freedom of the MIMO
channel is low. However, when the data rate increases to 8p8Mhe multiple data stream
scheme achieves better performance because of the highHatiodwrder (256-PAM) employed
in the spatial area division strategy. Therefore, we campiaddy adjust the alignment angle and

the semiangle at the half power of the LED, and control theecaye area of different LED
groups, according to the data rate requirements.

VIlI. CONCLUSION
This paper proposed a low-complexity OSM scheme based oolabi’AM for high-rate
indoor VLC systems. Under the nonnegative constraint of0OBI/VLCs, the polarity of the

signal is mapped to the index of LEDs, and a new PAM consteﬂaﬂiagram@ designed by
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making use of the spatial elements. Based on the transmaiegy, a novel r@ve algorithm
was proposed. Simulation results showed that the propageshse performs the best with SNR
gains ovference schemes ranging from 1.5 to 7 dB at a BBR @, when the correlation

between the spatial subchannels is low. Especially, coatpaith the DCO-OFDM based OSM
employing the optimal detector, the proposed scheme pesfdretter in the high SNR region,
and has a lower computational complexity and PAPR. When pagad subchannels are highly
correlated, a spatial division strategy was applied to cedhe effect of the high correlation of

spatial subchannels, and it achieves good BER performance.

APPENDIX A
STATISTIC PROPERTIES OFA(K') AND D(K)

It is assumed that;(n) is a random variable with zero mean and variamgeand the expected

value of |a;(n)| is Ef|c;(n)|] = pja. Therefore,

E((la;(n)))*] = El(;(n))?] = ag. (A1)

«

According to the definition of IDFTA;(K) and D;(K) can be expressed as

N—-1

Aj(K) = X ay(n)e IR
| L (A.2)
Dj(K) = 2, | (n)]e 7N

According to the law of large numbers [40},;(K) is a zero mean Gaussian random variable

with varianceNo2. The mean ofD;(K) is

Np‘od, K=0

: (A.3)
0, K=1,2..,N~-1

E[D;(K)| =

The variance ofD;(K) (K =0,1,....N —1) is
var{ D;(K)}=Nvar{|a;(n)]}

=N (0% — pf,). (A.4)
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