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Abstract
In intensity-modulation and direct-detection (IM/DD) multiple-input and multiple-output (MIMO)
visible light communication (VLC) systems, spatial subchannels are usually correlated, and spatial
modulation is a good choice to achieve the advantages of MIMO technology. Peak-to-average power
ratio (PAPR) is a key issue in VLCs due to the limited linear dynamic range of light emitting diodes
(LEDs). Single-carrier communication systems have a lower PAPR than orthogonal frequency division
multiplexing (OFDM) communication systems. However, it is challenging to design a single-carrier
spatial modulation for high-rate transmissions because of the time domain intersymbol interference.
This paper develops an optical spatial modulation (OSM) scheme based on bipolar pulse amplitude
modulation (PAM) and spatial elements for high-rate indoor VLC systems. Multiple data streams can
be transmitted simultaneously in the proposed scheme. Based on the transmit strategy, we develop a
low-complexity receive algorithm that achieves better bit-error rate performance than reference schemes,
and the proposed OSM scheme has a much lower PAPR than OFDM based OSM schemes. When the
spatial subchannels are highly correlated, a spatial area division strategy is applied, and the receive
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algorithm is investigated. The symbol-error rate expression of the proposed OSM scheme is derived,
and the computational complexity is analyzed.

Index Terms
High rate, optical spatial modulation (OSM), pulse-amplitude modulation (PAM), visible light
communication (VLC).

I. I NTRODUCTION
Visible light communication (VLC) has received increasing attention in both academia and
industry due to the low cost and long lifetime of light emitting diodes (LEDs) [1], [2]. Large
unregulated spectrum, high data rate, and high data security are the main advantages of VLCs.
The most commonly used scheme for VLC systems is intensity modulation paired with direct
detection (IM/DD) [3], [4]. With IM/DD, the transmitted signals must be nonnegative. Consequently, most RF modulation schemes cannot be directly used for IM/DD VLCs. DC-biased and
non-DC-biased modulation schemes have been proposed for IM/DD VLCs [5], [6].
Although there is a large amount of unregulated visible light spectrum, the 3-dB modulation
bandwidth of LED is only tens of MHz. Therefore, there exists intersymbol interference (ISI) in
high-rate transmissions. To achieve a high data rate and combat ISI, researchers have investigated
multicarrier modulation schemes for VLCs. DC-biased optical orthogonal frequency division
multiplexing (DCO-OFDM) is a multicarrier modulation scheme, where the frequency domain
signals are hermitian symmetric and a DC bias is added to the time domain signal to satisfy the
IM/DD constraint [7]. Asymmetrically clipped optical OFDM (ACO-OFDM) is an unipolar form
of OFDM, where no DC bias is needed and only odd subcarriers are used [8]. The performance of
ACO-OFDM was evaluated in [9], and the power efficiency of ACO-OFDM is higher than that
of DCO-OFDM [10]. Pulse amplitude modulation modulated discrete multitone (PAM-DMT)
modulates only the imaginary parts of the subcarriers, and the the entire negative excursion is
clipped [11]. The performances of the three OFDM schemes were analyzed in [12]. PAM-DMT
and flip-OFDM [13] achieve the same optical power and spectral efficiencies as ACO-OFDM.
Beside, the single carrier modulation based frequency domain equalization (FDE) schemes can
also be employed to combat ISI. A DC-biased PAM based frequency domain equalization (FDE)
scheme for VLCs was evaluated in [5].

To further improve the data rate of VLCs, multiple-input multiple-output (MIMO) technology
is employed. MIMO technology can efficiently improve the spectral efficiency and mitigate
the bandwidth limitation set mainly by the LED. The schemes in [14], [15] investigated the
multiplexing gain of MIMO optical wireless communication systems. Modified Alamouti code
employing ACO-OFDM was proposed in [16], which showed that the performance of Alamouti
code in optical wireless systems is independent of the delay difference between the two paths.
The use of Alamouti code with DCO-OFDM was investigated in [17]. The schemes in [16] and
[17] investigated the methods to exploit diversity gain of MIMO systems. Spatial modulation is
another form to exploit the gain of multiple spatial elements [18]. The spatial subchannels in
MIMO VLC systems employing a non-imaging receiver are usually correlated [15], and spatial
modulation is more robust to high channel correlation [19]. An optical spatial modulation scheme
(OSM) was proposed in [20], [21]. The transmit scheme of OSM is simple, but the optimal
detection is complicated. A quad LED scheme and a dual-LED scheme were proposed for the
IM/DD VLCs [22], [23]. These two schemes are the forms of OSM. The maximum likelihood
(ML) detection algorithm with a high computational complexity was applied in [22] and [23] to
achieve good performance. A low complexity optical spatial modulation was proposed in [24].
High-rate transmission is a key advantage of VLCs. In the high-rate transmission, ISI exits.
However, the effect of ISI was not taken into account in these works [22]–[24].
OFDM based spatial modulation schemes are used to combat ISI, and the optimal detector
can be applied in the frequency domain [25], [26]. Our previous work [27] has investigated a
low complexity OFDM VLC system, where an OFDM based spatial modulation was proposed
for diffuse environments. The system achieves the same error performance as ACO-OFDM or
PAM-DMT schemes, but with a lower computational complexity. The principle in [27] was also
studied independently in [28], where a non-DC-biased OFDM optical wireless system with a
zero-forcing (ZF) receiver was used. Compared with multicarrier systems, single carrier systems
have a lower peak-to-average power ratio (PAPR). PAPR is an important indicator in VLCs, as
the linear dynamic range of LED is limited. However, it is challenging to efficiently combine the
single carrier modulation with the time-domain spatial modulation in high-rate transmissions,
because ISI exists in the time domain [29].
In this paper, by employing spatial elements, we propose a single-carrier OSM scheme named
biploar PAM based OSM for the high-rate IM/DD VLC, and spatial shift keying is applied based

on the polarity information of the PAM symbols. An equivalent channel is formed according to
the properties of the transmitted signal, and a novel receive algorithm with a low computational
complexity is proposed to combat ISI. When the spatial subchannels are highly correlated, a
spatial area division strategy is applied to reduce the effect of the high correlation, and the
receive algorithm is investigated. Compared with reference schemes, the proposed bipolar PAM
based OSM scheme achieves better bit error rate (BER) performance. Besides, the PAPR of the
proposed bipolar PAM based OSM scheme is much lower than that of the OFDM based OSM
scheme. The advantages of the proposed scheme are validated via analytical 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 consider a high-rate VLCs, where
multiple data streams can be transmitted at the same time and the effect of ISI is considered.
The constellation diagram of PAM is redesigned to improve the BER performance.
2) Based on the transmit strategy, a novel low complexity receive algorithm is proposed for
the high-rate transmission. The SER and the computational complexity of the proposed
bipolar PAM based OSM scheme are analyzed in detail.
3) When the correlation of spatial subchannels is high, a spatial area division strategy is
applied and the receive algorithm is investigated. We compare the BER performance of
the schemes with and without the spatial area division strategy.
4) Simulation results are provided, which show that the proposed bipolar PAM based OSM
scheme can achieve better BER performance than reference schemes. Besides, the proposed
scheme has a low PAPR.
The rest of the paper is organized as follows. In Section II, the channel model is presented.
Section III presents the transmit strategy of the proposed bipolar PAM based OSM scheme.
In Section IV, a low-complexity receive algorithm is proposed, and SER and computational
complexity are analyzed. In Section V, the spatial area division strategy is applied for the highly
correlated environment, and the receive algorithm is investigated. Simulation results are provided
in Section VI to validate the proposed schemes, and the paper is concluded in Section VII.

II. C HANNEL

MODEL

In the proposed bipolar PAM based OSM scheme, a point-to-point indoor MIMO VLC channel
with nt (nt is an even integer) transmit LEDs and nr receive PDs is considered. The LEDs are
divided into several groups, and each LED group can have more than two LEDs. To achieve a
high data rate, the transmit LEDs are divided into nt /2 groups, and each group has two LEDs.
The nt /2 independent data streams can be transmitted at the same time. The indoor VLC channel
consists of a LOS component and a diffuse component. The physical channel impulse response
from the l-th LED of the j-th group to the k-th PD can be expressed as [30]
qk,(j,l)(t) = µk ηLOS(k,(j,l)) δ(t) + µk qdiffuse(k,(j,l)) (t − ∆τk,(j,l) ),

(1)

where µk is the responsivity of the k-th PD, δ(t) is the dirac delta function, qdiffuse(k,(j,l)) (t) is the
diffuse component of the physical channel from the l-th LED of the j-th group to the k-th PD,
∆τk,(j,l) is the delay between the LOS signal and the onset of the diffuse signal, and ηLOS(k,(j,l))
is the LOS component from the l-th LED of the j-th group to the k-th PD and can be calculated
according to the properties and the positions of LED and PD as [1]

(m(j,l) +1)Ar,k cos(ϕk,(j,l) )

cosm(j,l) (φk,(j,l))

2

2πDk,(j,l)

ηLOS(k,(j,l)) =
0 ≤ ϕk,(j,l) ≤ Ψk



0
ϕk,(j,l) > Ψk ,

(2)

where m(j,l) is the order of Lambertian emission, which is related to Φ1/2,(j,l) as
m(j,l) = − ln 2/ ln(cos Φ1/2,(j,l) ),

(3)

where Φ1/2,(j,l) is the semiangle at half-power of the l-th transmit LED in the j-th group, φk,(j,l)
is the angle of irradiance from the l-th LED of the j-th group to the k-th PD, Ar,k is the receive
area of the k-th PD, Dk,(j,l) and ϕk,(j,l) are, respectively, the distance and angle of incidence
from the l-th LED of the j-th group to the k-th PD, Ψk is the field of view (FOV) of the k-th
PD.
In the frequency domain, the diffuse component is [30]
Qdiffuse(k,(j,l)) (f ) =

ηdiffuse(k,(j,l))
f
1 + j f0,(k,(j,l))

,

(4)

where f0,(k,(j,l)) is the 3-dB cut off frequency, and ηdiffuse(k,(j,l)) is expressed as
ηdiffuse(k,(j,l)) =

Ar,k ρ1,(k,(j,l))
,
Aroom 1 − ρ

(5)

where Aroom is the area of the room surface, ρ1,(k,(j,l)) is the reflectivity of the region initially
illuminated by the l-th LED of the j-th group, and ρ is the average reflectivity of the walls. As
adopted in [30], ρ1,(k,(j,l)) = ρ is assumed in this paper.
The channel frequency selectivity of indoor VLCs was investigated in [31], which showed
that the channel frequency selectivity arises mainly from the multiple LOS paths rather than
diffuse propagation. In the high-rate transmission, the ISI is caused mainly due to the limited
modulation bandwidth of LEDs. The normalized impulse response of the LED is [32]
u(t) = εe−2πfb t ,

(6)

where fb is the 3-dB modulation bandwidth of the LED and ε is a normalized coefficient such
R
that (u(t))2 dt = 1. The equivalent channel from the l-th LED of the j-th group to the k-th

PD is defined as

vk,(j,l) (t) = qk,(j,l)(t) ⊗ u(t),

(7)

where ⊗ stands for convolution. As the 3-dB bandwidth of the LED is about tens of MHz, the
3-dB bandwidth of the equivalent channel is also tens of MHz. Therefore, the equivalent channel
will be frequency selective when the transmission rate is high (hundreds of Mega symbol/s).
III. T RANSMISSION

STRATEGY AND

PAM

CONSTELLATION DESIGN

The block diagram of the proposed bipolar PAM based OSM scheme is shown in Fig. 1. In the
proposed bipolar PAM based OSM scheme, nt /2 data streams can be transmitted simultaneously,
and only one LED of each group is active at any given time instance. As the bipolar PAM signal
cannot be transmitted directly in the IM/DD VLCs, the polarity information of the bipolar PAM
signal is mapped to the index of LED in each group, and the absolute value of the bipolar
PAM signal is transmitted through the corresponding LED. For example, when the bipolar PAM
signal is positive, the absolute value of the signal is transmitted through the first LED of the
corresponding group; when the bipolar PAM signal is negative, the absolute value of the signal
is transmitted through the second LED of the corresponding group.
In Fig. 1 (a), the un-clipped bipolar signal xj (t) of the j-th data stream is
xj (t) =

+∞
X

n=−∞

αj (n)g(t − nTs ),

(8)
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The block diagram of the proposed PAM based OSM scheme. (a) Transmitter; (b) Receiver.

where αj (n) is the n-th modulated bipolar PAM symbol, Ts is the symbol interval, g(t) is the
R
impulse response of the pulse-shaping filter and normalized as (g(t))2 dt = 1 and a Gaussian

pulse-shaping filter is employed [33].

The signal fed to the first LED of the j-th group is expressed as
s(j,1) (t) = (xj (t))+ = (xj (t) + |xj (t)|)/2
=

+∞
X

(αj (n))+ g(t − nTs )

n=−∞

=

+∞
X

z(j,1) (n)g(t − nTs ),

(9)

n=−∞

where z(j,1) (n) = (αj (n))+ = (αj (n) + |αj (n)|)/2, (a)+ = max{0, a}, and a is a real number.

6DP
J

The signal fed to the second LED of the j-th group is expressed as
s(j,2) (t) = (−xj (t))+ = (−xj (t) + |xj (t)|)/2
=

+∞
X

(−αj (n))+ g(t − nTs )

n=−∞

=

+∞
X

z(j,2) (n)g(t − nTs ),

(10)

n=−∞

where z(j,2) (n) = (−αj (n))+ = (−αj (n) + |αj (n)|)/2. Through the oprations of (9) and (10),
the polarity information of the bipolar PAM signal αj (n) is mapped to the index of LED of the
j-th group.
As the original positive signals and negative signals are transmitted by the first and the second
LED in each group, respectively, the detection of the polarity is very important for the data
recovering in the proposed bipolar PAM based OSM scheme. Therefore, the constellation diagram
of PAM is redesigned. Let the minimum distance between two adjacent points in the constellation
of the traditional bipolar M-PAM signals be 2d. With the traditional constellation, the modulated
signal αj,traditional (n) is
αj,traditional (n) ∈ {(−M + 1)d, (−M + 3)d, · · · , −d,
d, · · · , (M − 3)d, (M − 1)d}.

(11)

The minimal distance between the positive signals and the negative signals is also 2d.
In the proposed bipolar PAM based OSM scheme, the modulated signal is redesigned as
αj (n) = αj,traditional (n) + B · sign{αj,traditional (n)} · d,

(12)

where sign{·} is the sign function. The parameter B is introduced to control the distance between
the positive signals and the negative signals, and it affects the estimation performance of the
polarity information. The constellation of the modified bipolar M-PAM can be expressed as
{(−M + 1 − B)d, (−M + 3 − B)d, · · · , (−1 − B)d,
(1 + B)d, · · · , (M − 3 + B)d, (M − 1 + B)d}.

(13)

It is easy to show that the minimal distance between the positive signals and the negative signals
in the redesigned bipolar PAM scheme is (2 + 2B)d, while the minimal distance between the
adjacent points is still 2d. Note that under the optical transmission power constraint, d will
decrease as B increases, and there is an optimal value of B that minimizes SER.

IV. R ECEIVE A LGORITHM

OF THE

P ROPOSED OSM S CHEME

The received signal of the k-th PD in the time domain is
rk (t) =

nt /2 2
X
X

s(j,l) (t) ⊗ vk,(j,l)(t) + Nk (t),

(14)

j=1 l=1

where Nk (t) is the noise component at the k-th PD, and the variance of Nk (t) can be expressed
as [6], [34]
2
2
2
σN
= σshot
+ σthermal
,

(15)

2
where σshot
is the variance of shot-noise, which is related to the average optical power of ambient
2
light, and σthermal
is the variance of thermal-noise. These noises can be accurately modeled as

an additive white Gaussian noise (AWGN) [6] [35].
The matched filter is a part of the receiver [36], and the output of the matched filter in the
proposed bipolar PAM based OSM scheme is given by
yk (t) = rk (t) ⊗ β(t)
=

nt /2 2
X
X

s(j,l) (t) ⊗ vk,(j,l)(t) ⊗ β(t) + Nk (t) ⊗ β(t)

j=1 l=1

=

nt /2 2
+∞
X
X X

z(j,l) (n)g(t − nTs ) ⊗ vk,(j,l)(t) ⊗ β(t) + wk (t)

j=1 l=1 n=−∞

nt /2

=

2
+∞
XX
X

z(j,l) (n)δ(t − nTs )⊗hk,(j,l)(t) + wk (t),

(16)

j=1 l=1 n=−∞

where β(t) = g(Ts −t) is the impulse response of the matched filter, hk,(j,l)(t) = g(t)⊗vk,(j,l)(t)⊗
2
β(t), wk (t) is the noise component with variance σw2 , and σw2 = σN
. The received signal of the

k-th PD at the n-th sampling instance can be expressed as
yk (n) =

nt /2 2
X
X

z(j,l) (n) ⊗ hk,(j,l)(n) + wk (n).

(17)

j=1 l=1

In the following analysis and derivation, perfect symbol timing in the receiver is assumed.
Symbol timing estimation processes developed for RF systems, for example, the early-late gate
scheme, can be used in VLCs.
According to (17), after discrete Fourier transform (DFT), which can be implemented by using
the fast Fourier transform (FFT) algorithm, the received signal at the K-th frequency point is

written as



Z(1,1) (K)





 Z (K) 

 (1,2)


.
 + W (K),
..
Y (K) = C(K) 




Z(n /2,1) (K)

 t
Z(nt /2,2) (K)

(18)

where Y (K) = [Y1 (K), . . . , Ynr (K)]T , Yk (K) = DFT{yk (n)}, and where DFT{·} denotes DFT
operation; C(K) = [c(1,1) (K), . . . , c(nt /2,2) (K)] is the frequency domain channel matrix at the
K-th frequency point, c(j,l) (K) = [c1,(j,l) (K), . . . , cnr ,(j,l) (K)]T , ck,(j,l)(K) = DFT{hk,(j,l)(n)},
and (·)T denotes transpose; Z(j,l)(K) = DFT{z(j,l) (n)}; W (K) is the frequency domain noise
2
component, each element of W (K) is with variance σW
= Nσw2 , 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 scheme to detect the information in
the PAM based OSM scheme [28], and it is as a benchmark algorithm for the performance
comparison. By applying MMSE FDE algorithm, according to (18), the estimates of Z(j,1) (K)
and Z(j,2) (K) can be expressed as [37]


!−1
Ẑ (K)
 (1,1)

2
σW


..
H
C(K)H Y (K),

 = C(K) C(K) + 2 I nt
.
σZ(K)


Ẑ(nt /2,2) (K)

(19)

2
is
where (·)H stands for conjugate-transpose, I nt is an identity matrix with rank nt , and σZ(K)

the variance of Z(j,l)(K). Because αj (n) = z(j,1) (n) − z(j,2) (n), the estimate of the frequency
domain signal of αj (n), Aj (K), is given by
Âj (K)MMSE = Ẑ(j,1) (K) − Ẑ(j,2) (K),

(20)

where Aj (K) = DFT{αj (n)}. The estimate of αj (n) can be derived by transferring Âj (K)MMSE
into the time domain as
α̂j,MMSE(n) = IDFT{Âj (K)MMSE },
where IDFT{·} stands for inverse DFT (IDFT) operation.

(21)

B. Proposed novel receive algorithm
Although the MMSE FDE receive algorithm is simple and straightforward, the SER performance of the MMSE FDE receive algorithm is not good. Besides, the maximum likelihood
receive algorithm is prohibitively complicated and not practical, as ISI exists in the high-rate
transmission. Therefore, we propose a novel receive algorithm with the affordable computational
complexity, and the proposed receive algorithm achieves good SER performance.
According to (9) and (10), the transmitted signals of the j-th data stream in the frequency
domain can be expressed as

Z (K) = (A (K) + D (K))/2
(j,1)
j
j
,
Z(j,2) (K) = (−Aj (K) + Dj (K))/2

(22)

where Dj (K) = DFT{|αj (n)|}. Therefore, Eq. (18) can be rewritten as
Y (K)=

nt /2
X
c(j,1) (K) + c(j,2) (K)

2

j=1

=

nt /2
X

Dj (K) +

c(j,1) (K) − c(j,2) (K)
Aj (K) + W (K)
2

c̃(j,1) (K)Dj (K) + c̃(j,2) (K)Aj (K) + W (K)

j=1

=C̃ 1 (K)D(K) + C̃ 2 (K)A(K) + W (K),

(23)

where c̃(j,1) (K) = (c(j,1) (K) + c(j,2) (K))/2; c̃(j,2) (K) = (c(j,1) (K) − c(j,2) (K))/2; C̃ 1 (K) =
[c̃(1,1) (K), c̃(2,1) (K), . . . , c̃(nt /2,1) (K)]; C̃ 2 (K) = [c̃(1,2) (K)c̃(2,2) (K), . . . , c̃(nt /2,2) (K)]; A(K) =
[A1 (K), . . . , Ant /2 (K)]T ; D(K) = [D1 (K), . . . , Dnt /2 (K)]T . Define C̃(K) = [C̃ 1 (K), C̃ 2 (K)].
Because c(j,1) (K) and c(j,2) (K) are usually correlated in VLCs, the angle between c(j,1) (K)
and c(j,2) (K) is less than 90 degrees. Thus,
||c(j,1) (K) − c(j,2) (K)||22 < ||c(j,1) (K) + c(j,2) (K)||22 .

(24)

Therefore, we will recover D(K) first.
By using the linear MMSE criterion, the estimate of Dj (K) (j = 1, . . . , nt /2) is expressed
as [38]
D̂j (K) =

c̃(j,1) (K)H Rj (K)−1
c̃(j,1) (K)H Rj (K)−1 c̃(j,1) (K)

Y (K)

(25)

where Rj (K) is a covariance matrix and is given by
Rj (K) =

2
σW
I nr

+

nt /2
X

i=1,i6=j

c̃(i,1) (K)c̃(i,1) (K)

H

2
σD(K)

+

nt /2
X
i=1

2
c̃(i,1) (K)c̃(i,1) (K)H σA(K)
,

(26)

2
2
where σA(K)
= E[Aj (K)∗ Aj (K)], σD(K)
= E[Dj (K)∗ Dj (K)], and where (·)∗ denotes conjugate

operation.
We detect |αj (n)| by transferring D̂j (K) into the time domain. Because |αj (n)| is the absolute
\
value of an M-PAM constellation point, |α
j (n)| is quantized to the nearest constellation point of
M-PAM, which is denoted by mj (n). The estimate of Dj (K) is updated by transferring mj (n)
into the frequency domain, and the updated estimate of Dj (K) is denoted by D̃j (K). Assuming
D(K) is correctly estimated, we define a new vector P (K) as
P (K)=Y (K) − C̃ 1 (K)D̃(K)
=C̃ 2 (K)A(K) + W (K),

(27)

where D̃(K) = [D̃1 (K), . . . , D̃nt /2 (K)]T .
The estimate of A(K) can be derived according to the MMSE criterion as
!−1
2
σ
C̃ 2 (K)H P (K),
Â(K) = C̃ 2 (K)H C̃ 2 (K) + 2 W I nt /2
σA(K)

(28)

where Â(K) = [Â1 (K), . . . , Ânt /2 (K)]T .
After IDFT, the sign of αj (n) can be estimated as
sgj (n) = sign{IDFT{Âj (K)}}.

(29)

Therefore, the estimate of αj (n) is
\
α̂j (n) = sgj (n) · |α
j (n)|.

(30)

The proposed receive algorithm for the bipolar PAM based OSM scheme is summarized in
Table I (Algorithm 1).
The achieved data rate of the proposed bipolar PAM based OSM scheme is
ROSM =

nt /2
X
j=1

N
log (Mj,OSM ) (bits/s/Hz),
N + Ng 2

(31)

where Ng is the length of cyclic prefix, and Mj,OSM is the PAM modulation order of the j-th
data stream.

TABLE I
A LGORITHM 1

Step 1:

Estimate Dj (K) (j = 1, . . . , nt /2) by employing the
linear MMSE algorithm

Step 2:

Derive the estimate of |αj (n)| by transferring D̂j (K)
into time domain, and the estimate of |αj (n)| is
\
denoted by |α
j (n)|

Step 3:

\
Quantize |α
j (n)| to the nearest M -PAM constellation
point mj (n)

Step 4:

Transfer mj (n) into the frequency domain, and update the estimate of Dj (K)

Step 5:

Cancel the effect of D(K) on the received vector
Y (K)

Step 6:

Employ the linear MMSE algorithm in the frequency

Step 7:

Estimate the sign of αj (n) by transferring the esti-

domain to estimate Aj (K)
mate of Aj (K) into time domain, and the estimated
the sign of αj (n) is denoted by sgj (n)
Step 8:

\
Derive the estimate of αj (n) according to |α
j (n)|
and sgj (n)

Step 9:

PAM demodulation

C. SER performance of the proposed receive algorithm
In this subsection, we analyze the SER of the proposed receive algorithm. As the estimate of
\
αj (n) is derived according to |α
j (n)| and sg j (n), the estimation performances of |αj (n)| and
the polarity information are analyzed in detail. The analytical expression of SER lower bound
is derived for the proposed receive algorithm. Besides, based on the derived SER lower bound,
the suboptimal B can be calculated numerically.
The output electrical signal-to-noise ratio (eSNR) of Dj (K) in the proposed receive algorithm
can be expressed as [38]
2
,
SNRDj (K) = c̃(j,1) (K)H Rj (K)−1 c̃(j,1) (K)σD(K)

(32)

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

|αj (n)| is

σα2

SNR|αj (n)| =
1
N2

NP
−1

K=0

,

2
σD(K)

(33)

SNRDj (K)

where E[|αj (n)|2 ] = E[αj (n)2 ] = σα2 denotes the electrical power of |αj (n)| and E[·] stands
for the expectation of a random variable. The modulation scheme of |αj (n)| is equivalent to
M/2-PAM, as there are only M/2 constellation points for |αj (n)|. The minimum Euclidean
distance between the adjacent constellation points is
s
3Mσα2
.
dmin,|αj | = 2
(M + Bj )((M + Bj )2 − 1)

(34)

where Bj is the value of parameter B for the j-th data stream.
Therefore, the SER of |αj (n)| can be calculated as [36]


dmin,|α| /2
2(M/2 − 1)
Ps|αj (n)| =
Q
M/2
σnoise
s
!
3MSNR|αj (n)|
2(M/2 − 1)
,
Q
=
M/2
(M + Bj )((M + Bj )2 − 1)

(35)

where Q(·) is the Q-function.
If D(K) is correctly estimated, the eSNR with respect to Aj (K) in (28) is written as [37]
SNRAj (K)

2
2
σA(K)
/σW
"
= 
−1 #
2
σ
C 2 (K)H C 2 (K) + σ2 W I nt /2

− 1,

(36)

A(K)

j,j

where [·]j,j is the j-th diagonal element of a matrix. After IDFT, the eSNR of αj (n) is
1

SNRαj (n) =
1
N

NP
−1

K=0

.

(37)

1
SNRAj (K)

Therefore, if all |αj (n)| (n = 0, 1, · · · , N − 1) are estimated correctly, the error probability
of sgj (n) is expressed as
Pssgj (n)||αj (n)|

M/2
2 X
Q (2i − 1 + Bj )
=
M i=1

s

3MSNRαj (n)
(M + Bj )((M + Bj )2 − 1)

!

.

(38)

\
In the proposed receive algorithm, the estimate of αj (n) is derived based on |α
j (n)| and
\
sgj (n), that is, the estimate of αj (n) is correct if and only if |α
j (n)| and sgj (n) are estimated

correctly. Therefore, when employing the proposed receive algorithm, the SER performance of
the j-th data stream is
SERj = 1 − (1 − Ps|αj (n)| )(1 − Pssgj (n) )

(39)

where Pssgj (n) is the error rate of sgj (n). Note that
Pssgj (n) ≥ Pssgj (n)||αj (n)| .

(40)

Because the detection and interference cancellation is applied in the estimation of the polarity
information sgj (n), the estimation performance of sgj (n) is relied on the estimates of |αj (n)|
. When some of |αj (n)| are incorrectly estimated, the derivation of the error rate of sgj (n) is
prohibitively complicated that is the analytical expression of Pssgj (n) is difficult to be derived.
Therefore, we derive the SER lower bound of the proposed receive algorithm as
SERj ≥ 1 − (1 − Ps|αj (n)| )(1 − Pssgj (n)||αj (n)| ).

(41)

When the transmit power is normalized, there is an optimal Bj that minimizes the SER of
the proposed scheme, that is, the optimal Bj should satisfy
Boptimal,j = arg min{SERj }
Bj

(42)

However, it is challenging to derive the analytical expression of the optimal Bj , as the exact
SER expression is hard to be derived. It can be seen from (41) that the lower bound SER is
dominated by the maximum one of Ps|αj (n)| and Pssgj (n)||αj (n)| . We derive a suboptimal value
of Bj , and the suboptimal value of Bj is designed such that
Ps|αj (n)| = Pssgj (n)||αj (n)| .

(43)

The suboptimal value of B can be derived numerically.
D. Complexity Analysis
In the high-rate IM/DD VLCs, DCO-OFDM or ACO-OFDM based OSM can be applied
to combat ISI [18]. In the complexity analysis, we will take DCO-OFDM based OSM as an
example. For fair comparison, it is assumed that there are also nt /2 data streams transmitted in
the DCO-OFDM based OSM scheme. Therefore, in each modulated subcarrier, the computational
complexity is O(M nt /2 ) when the ML detector is applied. In DCO-OFDM, the number of modulated subcarriers is N/2−1. Besides, the DCO-OFDM based OSM involves nt /2 IDFT operations
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at the transmitter and nr DFT operations at the receiver. Therefore, the computational complexity

of the DCO-OFDM based OSM is O (N/2 − 1)M nt /2 + O ((nt /2 + nr )N log2 (N)).
For the MMSE FDE receive algorithm, the computational complexity of (19) is O(n3t ). The

signals are Hermitian symmetric in the frequency domain. The computational complexity of the
linear MMSE algorithm in the frequency domain is O((N/2−1)n3t ). In addition, the MMSE FDE
receive algorithm involves nr DFT and nt /2 IDFT operations. Therefore, the computational complexity of the MMSE FDE receive algorithm is O ((N/2 − 1)n3t ) + O ((nt /2 + nr )N log2 (N)).
For the proposed receive algorithm, the computational complexity of (25) is O(n3t ); the
computational complexity of (28) is O((nt /2)3 ). The proposed receive algorithm involves (nr +
nt /2) DFT and nt IDFT operations. Therefore, the computational complexity of the proposed
receive algorithm is O ((N/2 − 1)n3t ) + O ((nr + 3nt /2)N log2 (N)). It is concluded that the
computational complexity of the proposed receive algorithm will be much lower than that of the
ML detector for the DCO-OFDM based OSM, when the modulation order M increases.
V. P ROPOSED S PATIAL A REA D IVISION S TRATEGY
The factors including the positions, orientations, and physical parameters of LEDs and PDs
govern the correlation of spatial subchannels. The spatial subchannels are highly correlated that
is the condition number of the channel matrix is much greater than one. When the spatial
subchannels of MIMO VLC systems are highly correlated, the system performance of the
proposed OSM scheme with multiple independent data streams will be degraded. In this case,
we can deploy the LEDs carefully such that each group of LEDs is responsible for a specific

area, and the coverage areas of different LED groups are partially overlapped with each other.
In the overlapped area, the proposed receive algorithm in Section IV.B can be applied. In the
non-overlapped area, the receiver only receives the signal from one LED group. In this section,
we focus on analyzing the receive algorithm for the non-overlapped coverage area.
The illustration of the coverage areas of different LED groups is shown in Fig. 2. In the central
area of one hotspot, there is only one LED group covering this area, and the channel correlation
of different LED groups is reduced. For example, when a user is in the central covering area of
the j-th LED group, the received signal of the k-th PD of the user can be expressed as
rj,k (t) =

2
X

s(j,l) (t) ⊗ vk,(j,l) (t) + Nj,k (t),

(44)

l=1

where Nj,k (t) is the noise component.

After passing through the match filter β(t), the received signal of the k-th PD at the n-th
sampling instance can be expressed as
yj,k (n) =

2
X

z(j,l) (n) ⊗ hk,(j,l)(n) + wj,k (n).

(45)

l=1

where wj,k (t) = Nj,k (t) ⊗ β(t).

In the frequency domain, the received signal at the K-th frequency point is written as



 Z(j,1) (K)
 + W j (K),
Y j (K) = c(j,1) (K), c(j,2) (K) 
Z(j,2) (K)

(46)

where Y j (K) = [Yj,1(K), . . . , Yj,nr (K)]T , Yj,k (K) = DFT{yj,k (n)}, and W j (K) is the frequency domain noise component.
According to (23), the frequency domain signal can be rewritten as
Y j (K)=c̃(j,1) (K)Dj (K) + c̃(j,2) (K)Aj (K) + W j (K).

(47)

Therefore, the proposed novel receive algorithm can be applied, and detection procedure is same
as that in Table I. Note that a user clustering strategy was investigated in [39]. The purpose of
user clustering in [39] is to mitigate the intercell interference and improve the cell edge users’
performance. Different from [39], the purpose of the proposed spatial division strategy is to
reduce the effect of the high correlation of spatial subchannels and improve the performance of
the proposed bipolar PAM based OSM scheme.
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Semiangle at half power

60 deg

FOV at receiver

60 deg

Detector area
Optical filter gain
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Photodiode responsivity

0.7

Walls average reflectivity ρ

0.43

VI. P ERFORMANCE E VALUATION
In the simulation, the configuration of the system is shown in Fig. 3, where multiple transmit
LEDs and multiple receive PDs are equipped at the transmitter and receiver, respectively. To
reduce the correlation of spatial subchannels, the PDs are not put towards the roof, but with an
angle in the (x-z) plane as illustrated in Fig. 3. The odd-indexed PDs have an angle of θ1 and
the even-indexed PDs have an angle of θ2 . Other system parameters are given in Table II. It is
assumed that all LEDs and all PDs have the same property, respectively. In the simulation, SNR

is defined according to the optical transmission power as [6]
SNR =
where pt =

nP
t /2 P
2

pt
,
σN

(48)

E[s(j,l) (t)] is the average optical transmission power.

j=1 l=1

In the simulation, the 3-dB bandwidth of the equivalent channel is set at 10 MHz, while the
used modulated signal bandwidth is 100 MHz, which means that the PAM symbol rate is 100
Mega symbol/s. Therefore, the equivalent channel will be frequency selective and ISI exists in
this system. The delay spread of the indoor optical wireless channel is usually in the range of
tens of nano-seconds [6], and it is assumed that the delay spread of the equivalent channel is
less than 80 ns. In the simulation, both the LOS component and the diffuse component of the
channel are considered. The LOS component is calculated according to the positions of LEDs
and PDs, the parameters given in the Table II, and (2). The diffuse component is calculated
according to (4) and (5), the 3-dB bandwidth, and the parameters given in Table II. The length
of cyclic prefix is set to be 8 in the proposed scheme, and the length of cyclic prefix is greater
than the delay spread of the equivalent channel. The size of DFT is N = 1024.
First, we evaluate the system performance when nt = nr = 2, that is, two LEDs and two
PDs are equipped at the transmitter and the receiver, respectively. The coordinates of the LEDs
are (1.5, 3, 6) and (4.5, 3, 6), respectively. Fig. 4 shows the SER performance of the proposed
bipolar PAM based OSM scheme, where the two PDs are located at (2.5, 3, 1) and (2.6, 3, 1),
respectively, and θ1 = θ2 = π/8.
As expected, the SER performance of 16-PAM is better than that of 64-PAM, and 64-PAM is
better than 256-PAM. The analytical lower bounds match the simulation results very well. The
\
estimation of αj (n) in the proposed receive algorithm is related to |α
j (n)| and sg (n). It can be
j

seen from Fig. 4 that as Bj increases from 0 to 2, the SER performance improves significantly
at SER = 10−3, which means that when Bj = 0, sgj (n) dominates the SER in the high-SNR
region. As Bj increases, the estimation performance of sgj (n) improves, resulting in an improved
SER performance of the proposed bipolar PAM based OSM scheme. When Bj = 0, the square
and triangular curves in Fig. 4 (a) show a deviation behavior, because sgj (n) dominates the SER
in the middle of the simulated SNR region. The achieved data rates with 16-PAM, 64-PAM, and
256-PAM based proposed schemes are 400 Mbps, 600 Mbps, and 800 Mbps, respectively.
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Fig. 4. SER performance of the proposed PAM based OSM scheme ( the coordinates of the two LEDs are (1.5, 3, 6) and (4.5,
3, 6), respectively; two PDs are located at (2.5, 3, 1) and (2.6, 3, 1), respectively), and θ1 = θ2 = π/8. (a) B = 0; (b) B = 2.

Note that for a specific modulation order, there is an optimal value of B to minimize the SER
under the SNR constraint. However, it is very difficult to analytically derive the optimal value
of B. To further characterize the effect of the parameter B to the system performance, Fig. 5
shows the simulated SER of the proposed scheme versus the parameter B. It can be seen from
Fig. 5 that the optimal value of B depends on the SNR, the modulation order, and the channel
environment. Besides, the analytical results of the SER of |αj (n)| and the error probability of
sgj (n) are plotted in Fig. 5. When the value of B increases, the SER of |αj (n)| increases, and the
error probability of sgj (n) decreases. That is because when the transmission power is normalized
and the value of B increases, the minimum Euclidean distance between the positive signals and
the negative signals increases, but the minimum Euclidean distance between the adjacent points
of the redesigned bipolar PAM decreases. It can be seen from Fig. 5 that the suboptimal value
of B, which makes (35) and (38) equal, is approximately equal to the optimal value of B. Note
that the optimal value of B is to minimize the SER, and the suboptimal value of B is designed
such that (35) and (38) equal. For simplicity, when the proposed scheme is employed in the
following evaluations, we set B equal to 2.
In Fig. 6, six schemes are employed for BER comparison. By using the proposed transmission
strategy, where bipolar 16-PAM is employed, the proposed receive algorithm and the MMSE
FDE receive algorithm are carried out, respectively. The third scheme is the 128-ary quadrature
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SER versus the parameter B in different setups.

amplitude modulation (QAM) DCO-OFDM based OSM scheme with an optimal detector (ML
detector), where 1 bit information is mapped to the index of LED and 128-QAM is employed at
each modulated subcarrier. The unipolar 4-PAM MIMO scheme with FDE is the fourth scheme.
The fifth scheme is the unipolar 16-PAM diversity scheme with FDE. The sixth scheme is the
256-QAM flip-OFDM 2 × 2 MIMO scheme. In the flip-OFDM 2 × 2 MIMO scheme and the
unipolar 4-PAM MIMO scheme scheme, two independent data streams are transmitted through
two LEDs, and a linear MMSE receiver is applied in the frequency domain.
The achieved data rate of the DCO-OFDM based OSM scheme is [18], [40]
RDCO-OFDM OSM =

N/2 − 1
{log2 (MDCO ) + log2 (nt )} (bits/s/Hz),
N

(49)

where MDCO is the modulation order of each modulated subcarrier in the DCO-OFDM based
OSM scheme.
The achieved data rate of the flip-OFDM based 2 × 2 MIMO system is [13]
Rflip-OFDM =

1
log2 (Mflip ) (bits/s/Hz),
2
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Fig. 6. BER comparison among different schemes ( the coordinates of the two LEDs are (1.5, 3, 6) and (4.5, 3, 6), respectively;
two PDs are located at (2.5,3,1) and (2.6,3,1), respectively). (a) θ1 = θ2 = π/16; (b) θ1 = θ2 = π/8; (c) θ1 = θ2 = π/6.

where Mflip is the modulation order of each modulated subcarrier in the flip-OFDM 2 ×2 MIMO
system. To maintain the same achieved data rates, the modulation orders of the six systems must
satisfy the following relationship:
log2 (MOSM ) = log2 (MDC−Diversity ) = 2 log2 (MDC−MIMO )
=

1
1
log2 (Mflip ) = (log2 (MDCO ) + 1)
2
2

(51)

where MDC−Diversity and MDC−MIMO are the 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 rate, and B = 2 is employed in the proposed

scheme. It is observed from Fig. 6 (a) that when the correlation between the spatial subchannels
is high (θ1 = θ2 = π/16), the BER performance of proposed scheme is better than those of the
unipolar PAM MIMO scheme and the flip-OFDM based MIMO scheme, while the DCO-OFDM
based OSM scheme achieves the best BER performance when SNR<72.5dB, and the unipolar
PAM diversity scheme achieves the best BER performance when SNR>72.5dB. That is because
the spatial subchannels are highly correlated and the degree of freedom of the MIMO channel
is approximately equal to one. When the correlation becomes low (θ1 = θ2 = π/8 as shown
in Fig. 6 (b)), the proposed scheme achieves the best BER performance when SNR>72.5dB.
Under a lower correlation condition of θ1 = θ2 = π/6 as shown in Fig. 6 (c), the proposed
scheme achieves the best BER performance when SNR>72.5dB, and the SNR gain increases.
It can be seen from Fig. 6 (c) that the proposed scheme requires the lowest transmit power at
BER = 10−4 . When compared with the unipolar 4-PAM 2 × 2 MIMO scheme, the proposed
16-PAM based OSM scheme gains about 2 dB at BER = 10−4. With the same BER target,
the proposed scheme gains about 7 dB over the 256-QAM based flip-OFDM 2 × 2 MIMO
scheme. Compared with the unipolar 16-PAM diversity scheme and the 16-PAM based OSM
with a MMSE based detector, the proposed scheme gains about 1.5dB and 7 dB, respectively.
Besides, when compared with the 128-QAM DCO-OFDM based OSM with an optimal detector,
the proposed scheme gains about 3 dB, and has a lower computational complexity when the
modulation order increases.
In general, the unipolar diversity scheme achieves the best performance in the high SNR
region (required to achieve a practical BER value), when the spatial subchannels are highly
correlated. The proposed scheme achieves better performance than other schemes in high SNR
region (required to achieve a practical BER value), when the correlation between the spatial
subchannels is moderate to low.
PAPR is the ratio between the maximum power and the average power of the transmit signal,
that is,

max{|s(j,l) (t)|2 }

 .
PAPR{s(j,l) (t)} =
E |s(j,l)(t)|2

(52)

The complementary cumulative distribution function (CCDF) of PAPR{s(j,l) (t)} is defined as
FPAPR (Th) = Pr(PAPR{s(j,l) (t)} > Th)
where Pr(·) is the probability function.

(53)
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The CCDFs of the proposed bipolar PAM based OSM scheme and the DCO-OFDM based OSM scheme.

It can be seen from Fig. 7 that when the same data rate is achieved, the PAPR of the proposed
bipolar PAM based OSM scheme is much lower that of the DCO-OFDM based OSM scheme.
The PARP of the proposed bipolar PAM based OSM decreases, when B increases. The PARP
of the DCO-OFDM based OSM increases, when the IDFT size N increases. PAPR is related to
instantaneous envelopes. When the instantaneous envelope has large fluctuations, the PAPR of
the signal will be high. When the instantaneous envelope has small fluctuations, the PAPR of
the signal will be low. The instantaneous envelopes of the modulated signals are as shown in
Fig. 8, where the peak magnitudes have been normalized to one. The instantaneous envelopes in
Fig. 8 confirms the conclusion that the PAPR of the proposed bipolar 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 receiver is placed around, where
SNR = 75dB, B = 2, θ1 = θ2 = π/8, MOSM = 16, the two PDs are parallel to the x-axis, and
the receiver is placed horizontally in the room at a height of 1 m above the ground. It can be
seen from Fig. 9 that the BER is below 10−4 in all places of the room.
When four LEDs and four PDs are employed, the SER performance of the proposed bipolar
PAM based OSM scheme is shown in Fig. 10, where θ1 = θ2 = π/8. The four LEDs are
located at (0.6, 3, 6), (1.0, 3, 6), (5.0, 3, 6), and (5.4, 3, 6), respectively. The first and the

(a) Proposed 16−PAM based OSM scheme with B=4
PAPR=6.08 dB
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Fig. 9. BER of the proposed PAM based OSM scheme when the receiver is placed around the room. SNR=75dB, MOSM =16,
B = 2, θ1 = θ2 = π/8, the two PDs are parallel to the x-axis, and the receiver is placed horizontally in the room at height of
1 meter above ground.

second LEDs are in the first group, and the third and the fourth LEDs are in the second group.
The coordinates of the four PDs are (2.5,3,1), (2.6,3,1), (2.7,3,1) and (2.8,3,1), respectively.
The same conclusion can be drawn as in Fig. 4 that low order modulation outperforms high
order modulation. Fig. 10 (a) shows the SER performance of the proposed scheme when two
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data streams are transmitted. Fig. 10 (b) shows the SER performance of the proposed OSM
with the spatial area division strategy, where the spatial subchannel correlation between the two
LED groups is reduced through controlling the semi-angle at the half power of the LED, and
the receiver is located at the coverage area of the first LED group. In the proposed spatial area
division strategy, only one data stream is transmitted in a specific coverage area. Under the same
data rate, the SER performance of the spatial area division strategy is better than that of the
multiple data stream scheme when the data rate is 400Mbps or 600Mbps. That is because the
spatial subchannels of the MIMO VLCs are correlated, and the degree of freedom of the MIMO
channel is low. However, when the data rate increases to 800Mbps, the multiple data stream
scheme achieves better performance because of the high modulation order (256-PAM) employed
in the spatial area division strategy. Therefore, we can adaptively adjust the alignment angle and
the semiangle at the half power of the LED, and control the coverage area of different LED
groups, according to the data rate requirements.
VII. C ONCLUSION
This paper proposed a low-complexity OSM scheme based on bipolar PAM for high-rate
indoor VLC systems. Under the nonnegative constraint of IM/DD VLCs, the polarity of the
signal is mapped to the index of LEDs, and a new PAM constellation diagram are designed by

making use of the spatial elements. Based on the transmit strategy, a novel receive algorithm
was proposed. Simulation results showed that the proposed scheme performs the best with SNR
gains over reference schemes ranging from 1.5 to 7 dB at a BER of 10−4 , when the correlation
between the spatial subchannels is low. Especially, compared with the DCO-OFDM based OSM
employing the optimal detector, the proposed scheme performs better in the high SNR region,
and has a lower computational complexity and PAPR. When the spatial subchannels are highly
correlated, a spatial division strategy was applied to reduce the effect of the high correlation of
spatial subchannels, and it achieves good BER performance.
A PPENDIX A
S TATISTIC

PROPERTIES OF

A(K) AND D(K)

It is assumed that αj (n) is a random variable with zero mean and variance σα2 , and the expected
value of |αj (n)| is E[|αj (n)|] = p|α| . Therefore,
E[(|αj (n)|)2 ] = E[(αj (n))2 ] = σα2 .

(A.1)

According to the definition of IDFT, Aj (K) and Dj (K) can be expressed as

NP
−1
2π


αj (n)e−j N Kn
Aj (K) =
n=0
.
NP
−1

−j 2π
Kn

N
|αj (n)|e
Dj (K) =

(A.2)

with variance Nσα2 . The mean of Dj (K) is

Np , K = 0
|α|
E[Dj (K)] =
.
0, K = 1, 2, ..., N − 1

(A.3)

n=0

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

The variance of Dj (K) (K = 0, 1, ..., N − 1) is

var{Dj (K)}=Nvar{|αj (n)|}
=N(σα2 − p2|α| ).

(A.4)
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