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Abstract: In the emerging framework of visible light communications, the limitation of
modulation bandwidth of light emitting diodes (LEDs) transmitters is counterbalanced by the use
of red-green-blue (RGB) LEDs since they exhibit higher modulation bandwidth. Using RGB
LEDs allows to exploit the spatial multiplexing aspects, that is obtaining parallel channels for
transmission. In this context, we used at the receiver RGB-tuned photodiodes (PDs). Hence
each PD can, in principle, detect only the information its tuning is matched to. The drawback of
increasing spectral efficiency is the presence of cross-talk at the single PD due to the signals
emitted by the remaining colors when a perfect color filtering is not applied. In this paper we
consider amplitude shift keying (ASK) modulation, investigate the issue of the spatial (color)
interference and we present a blind multichannel adaptive equalizer able to mitigate the temporary
intersymbol interference (ISI) and also the spatial (color) ISI, this latter partially suppressed using
suitable color filters. We analyze also the convergence of the adaptive algorithm and compare its
performance with the literature.
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. Introduction

Visible light communication (VLC) is a complementary technology to radio frequency that is
attracting the international research and industrial community interest [1]. VLC is an optical
wireless technology that provides both illumination and communication services. It has several
distinctive features in comparison to RF, such as, the unregulated and unlicensed channel (THz
of band, visible spectrum), or the opportunity to use indoor LED arrays belonging to the lighting
infrastructure. In order to provide higher data rate densities [Mbit/s/m2] one can resort to spatial
reuse or, thanks to the transmitting sources directivity, create very small cells (called atto-cells),
both approaches presenting drawbacks like high densification and offloading of the network [2].

In the lighting infrastructure, phospore-based LEDs, also known as white light LEDs (WLEDs),
are used; such LEDs are composed by only one LED chip or multi-colored transmitters, e.g. Red-
Green-Blue (RGB) LEDs, which are more complex and expensive but have better illumination
quality and higher modulation bandwidth in comparison with WLEDs. Another benefit in the
adoption of RGB LEDs for VLC is the opportunity to use Wavelength Division Multiplexing
(WDM) techniques, in order to improve the system data rate by using the spatial (color) domain
as a multiplexing gain [3].
The above reasons have inspired research activities on modulation and system design using

multi-colored LEDs, starting by color shift keying that is a flicker-free multicolor VLC scheme
specified in the IEEE 802.15.7 physical layer III standard [4] [5] [6], in which the information is
mapped into the instantaneous output color of trichromatic LEDs.
However, in WDM multichannel systems the imperfect suppression of the color cross-talk

interference can lead to severe bit error rate (BER) degradation. Consequently, as recently
presented [7], employing an equalization technique in order to reduce the spatial intersymbol
interference is of paramount importance [8].
In the VLC literature, adaptive channel equalization schemes [9] and [10], or channel

estimation schemes [11], are implemented in the time-domain only and do not address the issues
of color cross-talk. Furthermore, signal pre-equalization and carrierless amplitude phase (CAP)
modulation allow the achievement of a 4.5 Gb/s rate by using commercial RGB LEDs and
photodiodes [10]. High performance in terms of BER are guaranteed by a Volterra nonlinear
equalizer implemented at receiver side in order to compensate the nonlinear behavior of the LED.
Another field in the framework of VLC is the camera communication case. There the spatial

aspect is more critical since, due to low frame rate, the space dimension becomes crucial. So
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space-time equalization usually aims at taking into account the spatial dimension by avoiding to
manage the time aspect due to the relationship between signaling time and delay spread of the
channel [12].

As it appears clear after a deep literature review, some contributions aim at considering channel
equalization techniques that exploit the spatial diversity using WLEDs or the color diversity using
RGB LEDs. On the other hand, when WLED are used in Single-Input-Single-Output (SISO)
configuration, time equalization is taken into account. While space-time coding has been tackled
by the literature [13], it is worth noting that space (color) and time aspects, considered as a whole
and joint framework, are substantially unexplored from the equalization point of view.
For the above reason, in this work we study and test the use of a multichannel (space-time)

equalization in a RGB multiple-input-multiple-output (MIMO) VLC transmission, in order to
address the issue raised in [7].

The adoption of multichannel equalizers has a relatively old history, which traces back to the
sixties in geophysics field [14] and later on in the acoustic field [15], where typically a high
number of receiver arrays are used. However, the here described equalization scheme aims at
solving the issues of residual cross-talk and temporal ISI, where the term residual cross-talk has
to be intended as the color interference not suppressed by the optical filters. Hence we propose an
adaptive 3×3 MIMO finite impulse response (FIR) equalizer that acts after the optical (analog)
filtering provided by colored lenses placed in front of the PDs. More in detail, each optical filter
ideally passes only the contribution coming from the corresponding LED; in such a way, the first
PD receives only the contribution from the first LED and so forth. The filter impulse responses
belonging to different colors are, in principle, designed with different lengths, i.e. shorter impulse
response equalizers are applied to the cross-talk channels where the impulse response is more
attenuated by optical filters thus reducing the equalization effort.

We provide simulation results under different VLC channel conditions, highlighting the benefit
provided by using a multichannel adaptive filtering scheme. An interesting outcome is that
short equalizer filters, which reduces computational complexity, do not degrade the equalization
performance especially when the optical filters sufficiently mitigate cross-talk. The reminder of
paper is organized as follows: in Sect.2 we introduce the system model of the 3x3 MIMO system,
in Sect.3 the equalizer is presented and the three equivalent 3×1 MISO system is reported in
Sect.3.1 with the discussion of the filter support design. The numerical results are given in Sect.4.
Last, the concluding remarks are provided.

2. System model

We consider a VLC system with 3 transmitting colored LEDs and 3 receiving PDs. The discrete
signal transmitted from the l-th LED is al[n], which represents the transmitted real valued
equiprobable and statistically independent (both in time and space) symbols of an M-ary, ASK
constellation. Moreover, the symbol period is Ts so the transmission data rate is (3/Ts) log2 M ,
that is, three times the data rate of the single branch (1/Ts) log2 M . A brief schematic description
is reported in Fig. 1.
The channel impulse response between the l-th LED and p-th PD is denoted as glp[n]. At discrete
time n, the description of the signal filtered by the channel and receiving optical filters can be
described as follows: 

b1[n]
b2[n]
b3[n]

 = G[n] ∗


a1[n]
a2[n]
a3[n]

 (1)

where ∗ denotes the discrete convolution operator and we have

G[n] = C � H[n] (2)
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Fig. 1. Equivalent discrete MIMO system block diagram.

where � denotes the Hadamard product. The 3 × 3 matrix C collects in the generic element clp
the effect of the responsivity of photodiode and transmission of the optical filter tuned on p-th
color with respect to the l-th LED. This can be evaluated as

clp =

λ
(Tl )
max∫

λ
(Tl )
min

Pl(λ)Tp(ψ, λ)Rp(λ)dλ

λ
(Pl )
max∫

λ
(Pl )
min

Pl(λ)dλ

, (3)

where, Pl(λ) is the power emitted at λ wavelength centered spectrum, Tl(ψ, λ) is the transmission
coefficient of filters and Rp(λ) is the responsivity of the PDs. Hence, the best case is when
clp = 1, l = p and clp = 0, l , p, thus meaning that each PD is able to collect only the light
coming from the reference LED and cross-talk is completely suppressed. Still related to (2), the
generic element hlp[n] of the matrix H[n] represents time dispersion effects, that is, the memory
of the channel. The well known channel model provided by Khan and Barry [16] describes the
generic path that links any LED-PD pair and hence can be retained in our 3x3 MIMO channel, so
that we can describe the behavior of the propagation with the superposition of a line-of-sight
(LOS) component and a diffusive one. In particular hlp[n] is given by

hlp[n] = ηδ[n − ∆LOS/Ts] +
ζ

τc
exp

(
−

n − ∆Di f f /Ts

τc

)
u(n − ∆Di f f /Ts) (4)

where the term η depends on the LOS component that is given by

η =
(s + 1)Ap

2πd2
lp

coss(φl) cos(ψp) (5)

In (5), s is the Lambertian emission order, given as − log2[cos(φ 1
2
)], where φ 1

2
is the LED’s

semi-angle at half-power. In (5), dlp is the physical distance between the l-th LED and p-th PD,
Ap is the physical area of the p − th detector, φl is the angle of irradiance of the l-th LEDr,
ψp is the angle of incidence to the p-th PD. Still related to (4), ∆LOS/Ts is the Ts-sampled
delay (we recall that Ts is the symbol period), of the LOS component, τc is the time-constant
of the exponentially decaying diffuse channel, while ζ is the diffuse channel gain given by
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ζ = (Ap/Aroom)ρ/(1 − ρ) and Aroom the area of the room while ρ is the average reflectivity of
the room surfaces. Last, u(.) is the Heaviside function.
Hence, in (2) the {l, p}-th discrete channel impulse response is:

glp[n] =
L−1∑
i=0

clphlp[n]δ[(n − i)Ts] (6)

where L is the length of the finite impulse response filter. Using a more compact notation, (1)
becomes:

b[n] = C � (H ∗ a)[n] (7)

where H[n] is the matrix of MIMO channel impulse responses. The ideal case of absence of
cross-talk is described by C equal to the identity matrix, while in the most general case, C is not
diagonal due to the imperfect optical color filtering applied at receiver side. This last aspect can
be a result of low cost optical filters employment, and/or a color shift in the transmitted signal,
which can happen when analog dimming is used or when the light beam reflects over colored
surfaces, and/or LEDs with high wavelength occupancy leading to overlapping spectra and/or
LEDs non-linearities. All these aspects can lead to cross-color (cross-talk) interference increase.
At the receiver, the signal is impaired also by the thermal noise as:

x[n] = b[n] + v[n] (8)

where vp[n] is the Additive White Gaussian Noise (AWGN) with zero mean and variance equal
to σ2

p and statistically independent of the symbols.

3. Space-time equalizer

An estimate of the transmitted symbols is performed by filtering the received discrete signals:

â[n] = (F ∗ x)[n] (9)

where F[n] is the matrix of equalizer impulse responses, with 3 × 3 FIR filters, where the rows
span all the LEDS, for l = 1, 2, 3, and the columns span all the PDs, for p = 1, 2, 3:

F[n] =


f11[n] f12[n] f13[n]
f21[n] f22[n] f23[n]
f31[n] f32[n] f33[n]

 (10)

The estimation error is defined as:

el[n] = al[n] − âl[n] = al[n] −
3∑

p=1

∑
k∈Sl p

flp[k]xp[n − k] (11)

where Slp is the finite set that collects the indexes of the equalizer coefficients for the estimation
of the symbol emitted by the l − th LED at time n, for p ∈ {1, 2, 3}. In order to find the optimal
equalizer we minimize the mean-square error (MSE) J(F):

J(F) = E
{
eT [n]e[n]

}
=

3∑
l=1

E
{
el[n]2

}
=

3∑
l=1

Jl(fl) (12)

where fl is the vector representing the l-th row of the F matrix.
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We have that it is possible to either minimize J(F) or minimize each Jl(fl), independently. To
find the optimal Wiener filters coefficients the gradient of every Jl(fl) should be imposed to zero:

∂Jl(fl)
∂ flq[m]

= −2E
{
el[n]xq[n − m]

}
= 0, ∀q ∈ Slp, ∀l = 1, 2, 3 (13)

Let us rewrite the normal equations (13) as follows:

E
{
el[n]xq[n − m]

}
= E


(
al[n] −

3∑
p=1

∑
k∈Sl p

flp[k]xp[n − k]
)
xq[n − m]


= E

{
al[n]xq[n − m]

}
− E


3∑

p=1

∑
k∈Sl p

flp[k]xp[n − k]xq[n − m]


= Ral,xq [m] −
3∑

p=1

∑
k∈Sl p

flp[k]Rxp,xq [m − k] = 0

(14)

Finally, let us rewrite (14) in the classical Wiener form:

3∑
p=1

∑
k∈Sl p

flp[k]Rxp,xq [m − k] = Ral,xq [m]. (15)

3.1. Adaptive MISO equalizer

Let us observe that the 3 × 3 MIMO system can be analyzed as three equivalent 3 × 1 multiple-
input-single-output (MISO) systems, thus the estimation of the signal emitted by the l − th LED
can be treated independently from the other two branches.In Fig. 2 the block diagram of the
adaptive equalization scheme is shown.
The simplest adaptive algorithm for calculation of the Wiener filter when the statistics of the

signals (e.g. Ral,xq [m]) are unknown is the Least Mean Squares (LMS) algorithm that belongs to
the stochastic gradient methods [18]. The way used to update the filters’ coefficients at the i-th
step is described by the following relationship:

f (i)
lp
[n] = f (i−1)

lp
[n] − µlp el[n]xp[n], ∀l = 1, 2, 3, ∀p = 1, 2, 3 (16)

where the generic term µlp is the learning factor of the equalizer and f (0)
lp
[n] = δ[n] .

In this regard, when symbols al[n] reported in Fig. 2 are not known at receiver, the adaptive
algorithm is blind if the Decision Directed (DD) technique is used and the reference al[n] is
obtained through hard detection of the equalized signal âl[n]. Alternatively, the equalizer is
semiblind when, before applying the DD technique, initial synchronization symbols are used to
train the LMS algorithm (16).

3.2. Filter support design

When the channel cross-talk interference is present, equipping each branch after the PD with
of a time-based equalizer may not be able to counterbalance the residual interference due to
possible imperfect color interference suppression acted by optical filters. For this reason in this
contribution we investigate the use of a multichannel equalizer. The adoption of a space-time
equalizer can of course increase the computational complexity; however, in this work we explore
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Fig. 2. Equivalent MISO model for the equalizer.

the opportunity of having an equalizer flp that presents impulse responses of different length,
depending on the value of l, trying to reduce the computational complexity. Specifically, when
l , p, Slp can have a significantly shorter length, because, due to the color optical filters, the
interference attenuation is higher. In other words, the delayed pulses that produce time intersymbol
interference are more attenuated. As will be shown in the numerical result section, this filter
design choice will also lead to have an equalizer that reaches convergence even when transmitted
symbols references are not available at the receiver, and reduce the convergence time.

4. Numerical results

In order to validate our spatial-temporal MIMO equalizer we consider VLC channel impulse
responses as those presented in [19], which are reported as example of VLC-to-PD channel in
Figs. 3 and 4. The channel FIR considered in the simulations are highlighted with red circle stem.
To evaluate the spatial intersymbol interference of the system, we use two different settings for
the cross channel interference that are related to the case of using two different optical filters.
The first one we consider presents very small transient bandwidth (C1) while the second one has
worse out of band filtering performances (C2), which is the case of having optical filters with
different quality [7] as we report in the following:

C1 =


0.85 0.15 0
0.15 0.7 0.15

0 0.15 0.85

 (17)

C2 =


0.7 0.2 0.1
0.25 0.65 0.1
0.05 0.15 0.8

 (18)

However both color filtering are far from being ideal since, for example, the out-of-diagonal
elements describe the amount of cross-talk, hence the ratio between main path (diagonal) and
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Fig. 3. Channel impulse response in the case of an open office room with human bodies [19].

Fig. 4. Channel impulse response in the case of a factory environment, higher multipath [19].

out-of-diagonal, can represent the signal to interference ratio. This latter does not exceed 7.5dB
(for C1) and 6dB (for C2). The 3 LEDs we considered present a modulation bandwidth of
160MHz that is the same bandwidth of the 3 PDs. The symbol time is 5ns and modulation
format is 4-ASK so the whole transmission rate is 960Mb/s. The transmitter and receiver pitch
is 3cm while the full width at half maximum of the transmitter is 60°and the field of view of
the detector is 90°, the lenses concentrate the light within a 60°beam. If not different specified,
the SNR in the simulations is equal to 23 dB corresponding to an emitting power of 1 W and
distance between transmitter and receiver of 2.9 m. To explain better, the distance we reported is
that from green LED, in the middle between red and blue, and the central PD having a green
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filter in front of it. We refer for modeling moth LEDs and PDS to the ones used in [8], Luxeon
Star Rebel for LEDs and Vishay BPW34. Moreover, 5 synchronization symbols are used for
training the semiblind equalizer and the µlp learning factor is set to 10−3. The next figures report
Symbol Error Rate (SER), averaged over 5000 MonteCarlo runs. In Fig. 5 and 6 we show SER
performance comparison between the single channel equalizer (Time Equalizer (TE)), and the
multichannel equalizer (Space-Time Equalizer (STE)).

 
S

E
R

no. of symbols

50 100 150 200 250 300

 TE, FT
 FS-STE, FT
 RS-STE, FT

Fig. 5. Evolution of SER in the first 300 symbols received when the FT is used. The optical
channel scenario is given by C2 as the effective responsivity, and H1 for the impulse response.

In this latter case we distinguish between Full Size-STE (FS-STE), in which the filter support
Slp has the same size for every p = {1, 2, 3} (p = 1 means red, p = 2 means green and p = 3
means blue), over Reduced Size-STE (RS-STE) where Slp has fewer elements when p , l.
Specifically, the number of coefficients of RS-STE is 2 × 4 lower than FS-STE.
In order to highlight the effect of filters’ coefficients update and how it impacts on detection

errors, we plotted SER over symbols received so as to emphasize the convergence properties
of the proposed equalizer. The obtained SER curves are compared with the ideal Fully Trained
(FT) equalizer. Since all the symbols are used for training [21], the FT equalizer has not practical
relevance; nevertheless, its accuracy (SER) constitutes a lower bound for this family of equalizers
so that it can be correctly employed in benchmarking and performance comparison.
Fig. 5 refers to to the case of C2 and channel impulse response as in Fig. 3, TE, FS-STE and

RS-STE are compared when reference symbols are available at the receiver side (FT case). It
is worth noting that both FS-STE and RS-STE have better performance than TE. Moreover the
difference between FS-STE and RS-STE is minimal and both equalizers converge to the same
SER values. Specifically, after receiving 300 symbols the TE reaches SER of 2.5 × 10−2, instead
RS-STE and FS-STE are close to reach 10−3. Thus, it is fundamental noting that applying a STE
allows the use of space dimension (color in this case) so the decision is based on a bi-dimensional
space rather than a single one as in the TE case and this leads to a SER decrease. In fact, the STEs
utilize spatial dimension in order to tackle the residual crosstalk while for TE cross-talk is noise
that cannot be mitigated. Furthermore the reduction of coefficients in the multichannel equalizer
(RS-STE), when l , p, leads to a reduction in computational complexity without compromise
the communication performances.
Under the same optical channel conditions of Fig. 5, in Fig. 6 we consider the case of blind
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S
E

R

no. of symbols

50 100 150 200 250 300

 FS-STE, Blind
 RS-STE, Blind
 TE, FT
 TE, Blind
 RS-STE, FT
 ZF

Fig. 6. Evolution of SER in the first 300 symbols received. The optical channel scenario is
given by C2 as the effective responsivity, and H1 for the impulse response. In the figure the
Blind equalizers are compared with the FT cases and the ZF equalizer.

equalization. The FT case (red curve) is shown as a performance reference. As in the previous
figure, STE outperforms TE. In this case it is possible to see that having reduced the number of
coefficients in RS-STE, slightly increases the algorithm speed of convergence without compromise
the SER reached after 300 symbols, equal to 10−3. In this scenario, without training symbols the
convergence is reached at the 80-th symbol instead of the 60-th of the FT case, in particular the
blind FS-STE is slighting slower than the blind RS-STE.

 

S
E

R

no. of symbols

200 400 600 800 1,000

 FS-STE, Semiblind
 RS-STE, Semiblind
 FS-STE, FT
 RS-STE, FT

Fig. 7. Evolution of SER in the first 1000 symbols received. The optical channel scenario is
given by C2 as the effective responsivity, and H2 for the impulse response. In the figure the
Semiblind equalizers are compared with the FT cases.
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Moreover, in Fig. 7 a scenario with higher temporal intersymbol interference is evaluated,
namely the case of C2 and propagation environment as for Fig. 4. Semiblind RS-STE and FS-STE
are compared and it is shown that in this case SER performance gap between FT and semiblind
equalizers is substantial. In fact, FT FS-STE reached SER of 9 × 10−3 after 1000 symbols,
semiblind RS-STE 5 × 10−3 and FS-STE 5 × 10−2. Thus it is possible to infer that the RS-STE
has a more robust behavior over FS-STE when few reference symbols are available and the
interference is high, along with the benefit of being less computational complex. Last, both TE
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Fig. 8. Evolution of SER in the first 1000 symbols received when the FT is used. The
optical channel scenario is given by C1 as the effective responsivity, and H2 for the impulse
response.

and STE are compared with the zero-forcing (ZF) equalizer developed for ASK modulation in
RGB transmission in [8]. In order to provide an unfair comparison for our technique, only for
ZF, we assume to be in the case of perfect channel knowledge at the receiver. The simulation
scenario considered in Fig. 8 is H2 and C1. It is possible to see that the STE reaches lower SER
than TE and ZF. Moreover, when the channel cross talk interference is higher, the advantage
in the use of STE is even more evident, as is the case of Fig. 6 where ZF reaches SER of only
0.5 × 10−2 in comparison with 10−3 of FT STE. Last, in Fig. 9 we report the performance of
RS-STE, TE and ZF have been reported. We take into account the SER achieved after a transitory
of 800 symbols so as to show the limit performance. We change the transmitting power in order
to increase the SNR and this can be considered as having different distances between transmitter
and receiver. We refer to the channel characterized by channel impulse response as in the case
of H2 with color filtering characterized by C2. It is important noting that the ZF equalizer can
achieve a SER of the order of 2.6 × 10−2 at a SNR of 23dB. On the other hand the TE presents
performances that are a bit better since at 23dB achieves 1.9 × 10−2. The SER obtained with
RS-STE is one order of magnitude lower and this gain can be also seen in a horizontal sense.
This means that RS-STE is able to obtain the same SER of TE wth a 5dB lower that corresponds
to move the receiver 2 more meters far from the transmitter. Although the asymptotical BER is
around 10−3 we need to remark two important aspects. First, the performance we evaluated refers
to low signal-to-interference-noise ratio and this can be inferred by looking at the coefficients of
color filter matrices. Second, the achieved BER for the uncoded case allows to achieve error-free
communications when, for example, polar codes are used as in [22].

                                                                                                   Vol. 26, No. 16 | 6 Aug 2018 | OPTICS EXPRESS 19760 



 

S
E

R

SNR (dB)

10 12 14 16 18 20 22 24

 TE

 ZF

 RS-STE

Fig. 9. SER-vs.-SNR when the optical channel scenario is given by C2 and H2

5. Conclusion

In this paper we addressed the issue of channel cross-talk interference in color-based VLC
diversity transmission schemes. We evaluated the VLC channel equalization when ISI is present
in both color (space) and time domain, showing that using a multichannel equalizer leads to
better interference suppression with respect to a time-domain only equalizer. We investigated a
blind adaptive equalization with a flexible filter’s coefficients complexity, whose computational
complexity changes in regards to the quality of the optical front-ends used, e.g. it requires more
filters coefficients only when high cross-channel interference is present.
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