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Element-by-Element Full-Rank Optical Wireless
MIMO Systems Using Narrow-Window Angular

Filter Designed Based on One-Dimensional
Photonic Crystal

Shinya Sugiura, Senior Member, IEEE, and Hideo Iizuka, Member, IEEE

Abstract—In the field of radio-frequency (RF) communications,
the multiple-input multiple-output (MIMO) strategy allows us to
attain a higher rate of data transfer due to the multipath-rich
environment. In contrast, it is challenging to achieve the same
rate in a highly correlated channel that is specific to optical wire-
less communications. In this paper, we propose the novel concept
of an element-by-element optical MIMO system that enables the
interference-free reception of parallel symbol streams; it achieves
this by using an angular filter (AF) with a narrow transparent win-
dow. The AF consists of a one-dimensional photonic crystal, and the
angular selectivity is obtained by using the extremely small wave
vector regime. We demonstrate that the capacity of the proposed
system increases linearly with the minimum number of transmit
source elements and receive detectors, which is similar to conven-
tional RF MIMO systems.

Index Terms—Angular filter, capacity, MIMO, optical wire-
less communications, photonic crystal, spatial multiplexing, visible
light communications.

I. INTRODUCTION

WHILE light-emitting diodes (LEDs) are energy-efficient
devices commonly used to illuminate rooms, they can

also be used for wireless signal transmissions; this is known
as visible light communications (VLC) [1]–[3]. Since a wide,
unlicensed bandwidth is available in the optical regime, VLC is
considered a promising complementary approach to future het-
erogeneous high-speed wireless networks [4]. VLC is typically
characterized by a high signal-to-noise ratio (SNR), because it
uses a line-of-sight (LOS) channel and uses a limited modulation
bandwidth that is specific to white LED devices.

Motivated by the success of high-rate multiple-input multiple-
output (MIMO) techniques [5] in radio-frequency (RF)
communications, several VLC-MIMO techniques have been
developed; these use multiple LED sources at the transmitter
and multiple photodetectors at the receiver. One such example,
the spatial-multiplexing MIMO technique has been applied to
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VLC; in this approach, parallel independent symbol streams
are transmitted from different transmit LED elements [6]–[11].
The spatial multiplexing enables the transmission rate to in-
crease linearly with the minimum number of transmit and
receive elements; it is valid in an ideal uncorrelated-channel
scenario that has a full-rank channel matrix. Another approach,
the spatial-modulation MIMO technique [12], [13], is also used
for VLC [14]–[17], aiming to increase the transmission rate in
a manner similar to that of spatial-multiplexing MIMO. An-
other approach [18], [19] to a VLC-MIMO system aims to at-
tain spatial diversity; it was developed to combat atmospheric
turbulence-induced fading in an outdoor free-space optics (FSO)
scenario, rather than in an indoor VLC system.

The receiver structures of high-rate spatial-multiplexing
VLC-MIMO systems can be classified into two categories: non-
imaging [6], [10], [11], [20] and imaging receivers [8], [9].
Non-imaging receivers typically suffer from high correlation in
the channel matrix, and hence the spatial-multiplexing VLC-
MIMO system exhibits a lower performance than does a simple
repetition-coded single-symbol-stream MIMO system [21]. In
previous studies of spatial-modulation-based VLC-MIMO sys-
tems [17], [21], a power allocation scheme was developed for
combating the limitations imposed by a reduced-rank chan-
nel matrix; note that this is specific to the VLC-MIMO tech-
niques that use non-imaging receivers. Although this technique
may somewhat increase the constrained channel capacity of
the spatial-modulation VLC-MIMO, the unconstrained chan-
nel capacity remains low. In contrast, the spatial-multiplexing
VLC-MIMO assisted by a non-imaging receiver is capable of
exploiting an uncorrelated full-rank channel matrix, although
it needs precise alignment to ensure that each LED image is
received by a dedicated detector, as mentioned in [11].

More recently, in order to combat the limitations imposed
by a VLC-specific low-rank MIMO channel matrix, the use of
directive receivers has been proposed for spatial-multiplexing
VLC-MIMO systems [22]–[25]; in this approach, directive
photodetector elements allow the recovery of the rank of the
channel matrix. In one approach [22], [24], a prism is posi-
tioned on the surface of each photodetector, and this results
in a full-rank MIMO channel matrix. The achievable bit error
ratio (BER) is obtained by using zero-forcing and minimum-
mean-square-error detection algorithms in a channel-uncoded
spatial-multiplexing VLC-MIMO scenario, in which a specific
modulation scheme is assumed. The effect of the field of view
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(FOV) on the rank of a MIMO channel matrix has been inves-
tigated [23], [25]. It was shown that when the photodetectors
have different FOVs, the performance is better, as measured by
the BER. In this paper, we consider the use of a non-imaging
receiver in the context of high-rate spatial-multiplexing VLC-
MIMO systems.1

There are various optical components that can be simply im-
plemented into optical systems, and of these, one-dimensional
photonic crystals (PCs), which consist of alternating stacks of
films made of different materials, provide opportunities for ma-
nipulating dispersion diagrams [26]–[28], and this allows the
engineering of various wavelength shapes, polarization
schemes, and angular responses. Although wavelength and
polarization PC filters are commercially available, significant
progress has been made in developing angular PC filters [29]–
[33]. Recently, a polarization-independent angular transmission
PC filter was presented in [34]; this will be our focus.

Against this background, the novel contributions of this paper
are as follows. We propose the novel concept of an element-
by-element optical MIMO system that enables interchannel-
interference- (ICI-) free parallel symbol-stream transmissions
over the VLC-specific LOS channels. Specifically, an angu-
lar filter (AF) with a narrow window is positioned in front of
the photodetector array at the receiver; it is designed to pass
element-wise paths between the transmitter and the receiver,
and hence the undesired ICI paths are reflected by the AF. An-
other explicit benefit of our proposed element-by-element VLC-
MIMO architecture is that since the multiple streams received
at the photodetector array are decoupled without the need to
perform any complicated MIMO detection algorithms, the de-
coding complexity of the parallel streams is significantly lower
than that of a conventional spatial-multiplexing receiver. This
is especially beneficial when the number of parallel symbol
streams is high.

The remainder of this paper is organized as follows. In
Section II, we present the model of our proposed parallel
VLC-MIMO system that uses a narrow-window AF at the re-
ceiver. Then, in Section III, we present the design of a novel
photonic-crystal-based AF for the VLC-MIMO. In Section V,
we evaluate the performance of our proposed system, and in
Section V, we present our conclusions.

II. SYSTEM MODEL

A. Basic Architecture

Fig. 1 shows a schematic of the proposed element-by-element
spatial-multiplexing VLC-MIMO system that has a narrow-
window AF in front of the photodetector array at the non-
imaging receiver. The transmitter is installed in the ceiling of the
room and is equipped with Nt transmit LEDs, while the receiver
has an Nr -element photodetector array. The element spacings
at the transmitter and the receiver are dt and dr , respectively. In
the proposed receiver, a narrow-window AF is situated in front

1In general, the detailed fair performance comparison between the imaging
and non-imaging VLC receivers is a challenging task, and hence it is left for the
future studies.

Fig. 1. Schematic of the proposed AF-aided element-by-element MIMO
transceiver that has a narrow-window AF in front of the photodetector array
at the receiver.

of the photodetector array, and it is used to reduce ICI. The AF
is based on the one-dimensional photonic crystal [34]; details
of the design are discussed in Section III.

At the transmitter, B = Nt log2 L information bits are
mapped to real-valued symbols s = [s1 , · · · , sNt

]T ∈ RNt ,
based on intensity modulation of size L, during each symbol in-
terval. The modulated symbols are then serial-to-parallel (S/P)
converted and transmitted simultaneously from the Nt transmit
LEDs.

Based on previous studies [6], [7], [17], [21], we consider
a simplified LOS channel model that is specific to an indoor
VLC scenario. Hence, the corresponding received signals y =
[y1 , · · · , yNr

]T ∈ RNr are given by

y = Hs + n, (1)

where n = [n1 , · · · , nNr
]T ∈ RNr are the real-valued additive

white Gaussian noise (AWGN) components, which are dis-
tributed as N (0, σ2). The noise variance is the sum of the shot
noise variance and the thermal noise variance. Furthermore,
H ∈ RNr ×Nt represents the channel matrix, where the ith-row
and the jth-column element hij corresponds to the channel coef-
ficient between the jth transmit LED and the ith received photo
detector; for simplicity, we assume frequency-flat channels.

The channel coefficient hij is given by [21]

hij =

⎧
⎪⎨

⎪⎩

(k + 1)A
2πd2

ij

r(ψ) cosk (φ) cos(ψ) 0 ≤ ψ ≤ Ψ/2

0 ψ ≥ Ψ/2
, (2)

where

k =
− ln(2)

ln(cos(Φ/2))
, (3)
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Φ/2 and Ψ/2 are the transmitter semiangle and the receiver’s
FOV angle, respectively, A is the detection area of each pho-
todetector, and r(ψ) represents the attenuation of the AF. In this
paper, we assume that the channel matrix H is accurately ac-
quired at the receiver; this is done with the aid of pilot symbols
that are periodically inserted in the transmitted symbols.

B. Decoding Complexity

Importantly, in our VLC-MIMO scheme, the AF is designed
such that the channel matrix H is nearly diagonal and full rank.
This can be achieved by eliminating the ICI paths and allowing
only element-by-element desirable paths. Hence, at the receiver,
the transmitted symbols are estimated from the received signals
y, the estimated channel matrix H, and the noise variance σ2 ;
there is no need for complicated detection algorithms, unlike
with the classic RF spatial-multiplexing MIMO systems [5].
This is one of the explicit benefits of the proposed scheme.

We also note that the signal search space required for the
conventional spatial-multiplexing MIMO receiver per symbol
duration is as high as LNt , which exponentially increases with
the number of transmit LEDs. Although the high decoding com-
plexity associated with the conventional spatial-multiplexing
VLC-MIMO receiver may be reduced with the aid of sub-
optimal detection algorithms [5], it still imposes a high bur-
den, especially for high-rate scenarios. In contrast, due to the
narrow-window AF, the proposed ICI-free element-by-element
VLC-MIMO does not rely on spatial multiplexing, and hence
there is a substantial reduction in the decoding complexity: from
LNt to NtL.

C. Channel Capacity and Illustrative Example

In this paper, we evaluate the achievable performance of the
VLC-MIMO scheme in terms of the instantaneous channel ca-
pacity; we do this in a way similar to that used in previous
studies [10], [17], [35]. This is because, with the aid of pow-
erful channel-coding schemes, near-capacity performance can
be attained in practice, such as in low-density parity-check and
turbo codes [36], [37]. The instantaneous unconstrained channel
capacity is given by [10]

C = log2

[

det
(

INr
+

P

σ2NtBw
HHT

)]

, (4)

where INr
represents the identity matrix of size Nr , P is the

transmit power of each LED (assumed to be the same for all),
and Bw is the bandwidth. Note that in the previous VLC-
MIMO studies, the BER has typically been used as the met-
ric for evaluating reliability, and it has been assumed that the
channel-uncoded VLC-MIMO system uses a particular modu-
lation scheme. This has been done because the channel model
of an indoor VLC system is deterministic rather than stochastic,
and hence, a statistical evaluation of the ergodic channel capacity
is unavailable. The same limitations hold true for our analysis,
which uses the instantaneous unconstrained channel capacity
given in (5). However, the instantaneous unconstrained channel
capacity (5) allows us to consider a general upper bound for us-
ing a realistic, powerful, near-capacity channel-coding scheme.

This implies that, unlike the conventional BER evaluation, our
instantaneous capacity analysis is not limited to any specific
modulation and channel-encoding schemes.

In order to provide further insight, we consider the scenario
in which Nr = Nt , that is, the number of transmit LEDs equals
the number of receive photodetectors. For the LOS environ-
ment considered here, in the conventional VLC-MIMO scheme
without a narrow-window AF, all the coefficients in the channel
matrix H tend to have similar values. This typically causes the
channel matrix to be low rank, and hence the channel capacity
(5) becomes low, which implies the absence of a multiplexing
gain. In order to combat this limitation, there needs to be suffi-
ciently wide spacing of the elements both at the transmitter and
at the receiver [6].

In contrast to the conventional VCL-MIMO system, in the
proposed architecture, the channel matrix is maintained to be
nearly diagonal, i.e., H = diag[h11 , · · · , hNr Nr

], where diag[•]
is the diagonal operation. Therefore, the channel capacity is
approximated by

C =
Nr∑

i=1

log2

(

1 +
P

σ2NtBw
h2

ii

)

, (5)

implying that the capacity is the sum of the parallel substreams.

III. ANGULAR FILTER

In our proposed architecture for an element-by-element
MIMO, shown in Fig. 1, it is desirable for the AF to have a
transmission of unity in the angular window of width 2ψd and
zero transmission at all other angles; in the ideal case, this is
characterized mathematically by using a step function for the
transmission coefficient. From the engineering viewpoint, the
deviation from the ideal case needs to be carefully investigated.
In particularly, in our MIMO system, any insertion loss in the
angular transmission window would degrade the SNR, and a
gradual change from transmission to suppression would result
in other transmit LEDs, which would result in ICI at the receive
photodetectors. Therefore, we investigate the insertion loss (in
particular, ripples) in the transmission window, and the steep-
ness of the slope from transmission to suppression in an AF. We
present a brief overview of the design of the AF [34], and then
we determine the filter response that is suitable for our MIMO
system.

Fig. 2 shows the configuration of the AF. The AF consists
of an alternating stack of films mate of two different materials.
Here, we assume these materials are TiO2 and SiO2 , which
have refractive indices of nT = 2.4 and nS = 1.45, respectively.
These films are numbered from j = 1 to l, where l is the total
number of layers. This structure can be regarded as a host PC
(j = m to l − m + 1) that has two antireflection PCs (j = 1 to
m and j = l − m + 1 to l). For s-polarization, the electric field is
normal to the incident plane, and for p-polarization, the magnetic
field is normal to that plane. Note that the modulation bandwidth
of the VLC system is typically much narrower than the transmit
LED bandwidth. Hence, the target AF characteristics only have
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Fig. 2. Configuration of an AF consisting of a one-dimensional photonic
crystal; nT = 2.4, nS = 1.45, tT = 224 nm, tS ,h = 96 nm, tS ,a r = 99 nm,
l = 109, m = 15.

Fig. 3. Dispersion diagram of the host PC. The design angle is 2ψd =14◦,
and the design wavelength is λd = 630 nm. The design angle and the light line
are respectively indicated by the inner and outer oblique black dashed lines.

to be satisfied in a specific carrier frequency with a narrow
bandwidth.

In the structure shown in Fig. 2, the angular width of the
transmission window is determined by the host PC. Fig. 3 shows
the dispersion diagram of the host PC; this is obtained by the
plane-wave expansion method [38]. Here, we set the design
angle to 2ψd = 14◦ (inner oblique black dashed lines) at the
design wavelength of λd = 630 nm (horizontal pink solid line).
The thicknesses of tT = 224 nm for the TiO2 films and tS,h

= 96 nm for the SiO2 films in the host PC were selected so

Fig. 4. Angular dependency of the transverse impedance Zh in the host PC
(blue solid line) at the center of the TiO2 layer. The green dashed line repre-
sents Z2

ar /Zair , which comes from the antireflection condition. The transverse
impedance is normalized with respect to the free-space impedance Z0 .

that the region in which propagation is allowed (shaded area) is
within the transmission angular window (2ψd at λd ), and there
is a bandgap (i.e., region in which propagation is inhibited)
at all other angles; here, the light lines (outer oblique black
dashed lines) correspond to the angle of 90◦. Note that for
large angles (ψ > 70◦) of p-polarization, there is a region in
which propagation is allowed and the light leaks out; this will
be discussed below.

Such a narrow angular window requires the operation of a
host PC near the band edge in the dispersion diagram, as shown
in Fig. 3, and thus a large impedance mismatch will occur at the
interface of the host PC and the air structure. An antireflection
PC, in which the thickness is tT = 224 nm for the TiO2 films
and tS,ar = 99 nm for the SiO2 films, enables the reflection to
be sufficiently suppressed, resulting in a highly efficient angu-
lar transmission response. The antireflection PC is designed as
follows. It is well known that the wave impedance of PCs is de-
pendent on local observation points. Thus, the wave impedance,
in general, has complex values. The key observation from Fig. 2
is that for the host PC, the antireflection PC, and the air struc-
ture, the transverse impedance can be made to take a real value
at each interface (denoted by A) if we appropriately select the
center of films; here we let the first layer j = 1 and the last
layer j = l have the same half thickness, tT /2. By ensuring that
the transverse impedances have real values at the interfaces,
we can design the antireflection structure by using a general
impedance-matching methodology.

Fig. 4 shows the angular dependency of the impedance Zh

(blue solid line) of the host PC and compares it with Z2
ar /Zair

(green dashed line), where Zair = Z0/ cos ψ for s-polarization
and Zair = Z0 cos ψ for p-polarization. Also, Z0 is the free
space impedance, and Zar is the impedance of the antireflection
PC. We see that ZairZh ∼ Z2

ar is satisfied within ψd . In addi-
tion, the antireflection PC has m = 15 layers, and thus its length
is equivalent to that of a quarter of a guided wavelength. There-
fore, the antireflection condition is satisfied, and the reflection
at the PC-air interference can be sufficiently suppressed.

For the AF shown in Fig. 2, we used the transfer matrix
method [39] to calculate the transmission coefficient, which is
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Fig. 5. For the filter shown in Fig. 2, angular response for s-polarization (right
panel) and p-polarization (left panel) when the number of layers is l = 109.
Angular ranges: (a) −10◦ to 10◦, and (b) −90◦ to 90◦.

plotted in Fig. 5(a) for an angular range of 0 to 10◦ and in
Fig. 5(b) for the full range of s-polarization and p-polarization.
We assume the lossless model in which T + R = 1, where T
and R are the power transmission and reflection coefficients
of the entire structure shown in Fig. 2. We see that the desired
transmission window is obtained for both polarizations; the half-
power angular width 2ψd is 11.7◦ for s-polarization and 13.8◦

for p-polarization. Note that in p-polarization, light transmis-
sion occurs for large angles (ψ > 70◦). In our MIMO system,
direct light paths between transmitting and receiving elements
have a higher SNR than do indirect light paths, and thus, when
evaluating the communication performance in Section IV, we
will ignore the effect of indirect light from large incident angles.

In the high-transmission filter of Fig. 2, the number of lay-
ers in the host PC can be varied, but the number of layers in
the antireflection PCs needs to be fixed at m = 15. In other
words, we have a design parameter for layer number l for de-
termining the filter response. Figures 6(a) and 6(b) show the
variation in the angular width and ripples, respectively, with
respect to the number of layers. In Fig. 6(a), angular widths at
transmission powers of 0.9 and 0.1 are represented by the blue
solid line and the green dashed line, respectively. Frequency
responses for N = 53 for s-polarization and N = 157 for p-
polarization, which are typical examples, are presented in the
insets of Fig. 6(b). As the number of layers increases, there is a

Fig. 6. Variation in the angular widths as a function of the number of layers
l, where the number of layers (m = 15) in the antireflection PC is fixed. An-
gular widths for transmission coefficients of T0 .9 = 0.9 and T0 .1 = 0.1 (see
Fig. 5(a)) are indicated by the blue solid line and green dashed line, respectively.
(b) Ripples in the transmission window for various values of N . The insets show
typical angular responses when N = 53 for s-polarization (green triangle) and
when N = 157 for p-polarization (pink square). The blue circles indicate where
N = 109 (Fig. 5).

steep angular transition from transmission to suppression, that
is, the small difference between the blue solid line and the green
dashed line in Fig. 6(a), and ripples occur in the transmission
window (Fig. 6(b)). Thus, there exists an optimum range for the
number of layers; we selected a value in this range (l = 109)
for our MIMO system. The current nanofabrication technology
for multilayers of wavelength and polarization filters [30], [31]
can be used for our structure.

IV. PERFORMANCE EVALUATION

In this section, we evaluate the performance of our proposed
AF-aided element-by-element VLC-MIMO system. The param-
eters used in our simulations are listed in Table I. The array
type of the transmitter and the receiver was square, where the
numbers of elements at the transmitter and the receiver were
set to Nt = Nr = 4 × 4 = 16. The modulation bandwidth was
40 MHz. The height of the room was 1.75 m, and the transmitter
semiangle and the photodetector FOV were Φ/2 = Ψ/2 = 60◦.
The photodetector area was 1 × 10−6 m2 , and the photode-
tector responsivity was 1 A/W. The element spacings of the
transmit LED array and the receive photodetector array were
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TABLE I
PARAMETERS USED IN THE SIMULATIONS

Type of transmit and receive arrays Square array
Number of transmit LEDs 16 (4 × 4)
Number of receive photodetectors 16 (4 × 4)
Channels LOS
Bandwidth 40 MHz
Height H 1.75 m
Transmitter semiangle Φ/2 60◦

Field-of-view of photodetectors Ψ/2 60◦

Photodetector area A 1 × 10−6 m2

Photodetector responsivity 1 A/W
Spacing between LEDs d1 0.1 m
Spacing between photodetectors d2 0.1 m
Noise current density of transimpedance amplifier 5 pA/

√
Hz

Fig. 7. Offset model considered in our simulations; the transmitter has an
offset in the x direction, and the receiver is directed toward the transmitter.

set to d1 = d2 = 0.1 m, and the noise current density of the
transimpedance amplifier was 5 pA/

√
Hz.

The offset model considered in our simulations is shown in
Fig. 7; the transmitter has an offset Δ in the x direction, and the
receiver is directed toward the transmitter.

Before performing simulations with the specific photonic-
crystal-based AF designed in Section III, we evaluated the fun-
damental characteristics of our AF-aided element-by-element
VLC-MIMO system. We considered the use of an ideal
step-function AF with a threshold angle ψ0 . The angular
response is

r(ψ) =

{
1 (ψ ≤ ψ0)

0 (ψ > ψ0)
. (6)

Fig. 8 shows the unconstrained instantaneous capacity of this
scheme for threshold angles of ψ0 = 1◦, 7◦, 10◦, 20◦, and 60◦.
The capacity bound (5) of the ICI-free approximation is also
shown. For simplicity, the offset Δ was set to zero. The scenario
of ψ0 = 60◦ corresponds to the conventional VLC-MIMO sys-
tem, which does not rely on the AF, since here, the FOV of the
photodetectors was set to ψ0 = 60◦. Observe in Fig. 8 that when
ψ0 = 1◦, 7◦, and 10◦, the proposed AF-aided MIMO schemes
performed better than the conventional AF-aided VLC-MIMO

Fig. 8. Capacity comparisons of the proposed AF-aided MIMO scheme using
the ideal step-function AF, for threshold angles of ψ0 = 1◦, 7◦, 10◦, 20◦, and
60◦. The ICI-free capacity approximation of (5) is also shown.

Fig. 9. Capacity comparisons of the proposed AF-aided MIMO scheme using
a filter with a window of 15◦, and the ideal step-function AFs for threshold
angles of ψ0 = 4◦, 5◦, 6◦, 7◦, and 8◦.

scheme, while when ψ0 = 20◦, it did not. The best performance
was obtained by the proposed scheme with ψ0 = 7◦, although
the proposed scheme with ψ0 = 1◦ corresponds to the ICI-free
scenario, which is the analytical ICI-free approximation of (5).
This implies that a reduced interference factor increases the
capacity, especially in the low-SNR regime.

In Fig. 9, we show the unconstrained instantaneous capacity
of the proposed AF-aided MIMO scheme using the specific AF
of Fig. 5, with a window of approximately 2ψd = 13◦. The
associated capacity curves of the ideal step-function AFs are
also shown for threshold angles of ψ0 = 4◦, 5◦, 6◦, 7◦, and 8◦.

In Fig. 9, it can be seen that our proposed VLC-MIMO with
an AF achieved the expected gain; this was due to the multi-
ple decoupled parallel streams and the small performance loss
from the ideal-filter counterpart. This occurs because the angu-
lar transmission response of the AF is expressed by the averaged
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Fig. 10. Capacity comparisons between the proposed AF-aided MIMO
scheme and the conventional MIMO arrangements; both systems used a 4 × 4
array at both the transmitter and the receiver.

response of the p-polarization and the s-polarization. Note that
the resultant effective angular transmission response of the AF
designed in Fig. 5 was not as steep as that of the ideal step-
function AF.

Fig. 10 shows the unconstrained instantaneous capacity of
our proposed system. The benchmark schemes were the conven-
tional spatial-multiplexing VLC-MIMO scheme, which does not
rely on an AF at the receiver, a single-input single-output (SISO)
scheme, and a single-input multiple-output (SIMO) scheme. Ob-
serve that in Fig. 10, our proposed scheme achieved the highest
capacity, and the difference between it and the other bench-
mark schemes increased as the transmit power increased. This
occurred primarily because the proposed scheme was able to
exploit the multiplex gain in an effective manner, but none of
the benchmark schemes were able to do so. Note that in the low
SNR region, the proposed VLC-MIMO scheme was slightly out-
performed by the conventional VLC-MIMO scheme, although
it was not substantially high. This is because the total receive
power, rather than the channel rank, plays an important role in
the low SNRs. However, the explicit benefit of the proposed
scheme remained unchanged, since we focused our attention on
the high-SNR scenario, similar to the conventional indoor-VLC
studies [4], [7], [40].

Next, we evaluated the rate scalability of the proposed scheme
with respect to the number of transmit LEDs and the number
of receive photodetectors; the results are shown in Fig. 11. We
varied the number of transmit LEDs from Nt = 1 to 64, with
the same number of receive photodetectors. The total transmit
power was 30 dBm, and the other system parameters remained
unchanged. It can be seen in Fig. 11 that when Nt ≥ 9, our
proposed scheme performed better than did the conventional
method, and the difference increased as the number of transmit
LEDs increased. This occurred due to the effective decoupling
of the parallel symbol streams at the receiver.

Finally, we investigated the effects of the alignment offset Δ
between the transmitter and the receiver, as shown in Fig. 7.

Fig. 11. Unconstrained instantaneous capacity of our proposed scheme and
that of the conventional MIMO scheme (without an AF). The number of transmit
LEDs varied from Nt = 1 to 64, with the same number of receive photodetec-
tors. The total transmit power was 30 dBm.

Fig. 12. Unconstrained instantaneous capacity of our proposed scheme (with
AF) and the conventional MIMO scheme (without AF). The transmit power was
30 dBm.

In Fig. 12, we show the unconstrained instantaneous capacity
of our proposed scheme (with AF) and that of the conventional
MIMO scheme (without AF). The offset was varied from Δ = 0
to 1.0 m, and the total transmit power was 30 dBm. Observe in
Fig. 12 that the alignment offset between the receiver and the
transmitter did not result in any significant loss of performance,
and the capacity was higher than that of the conventional MIMO
scheme, as expected. We assumed that the receiver unit was
aligned to the transmitter in the simulations of Fig. 12. The
same assumption may be made in the conventional imaging
and non-imaging VLC receivers [1], [3], [14], [41]. In order to
satisfy this requirement, the mechanical scan of [42] is readily
applicable to our VLC-MIMO receiver, which is achieved at the
sacrifice of additional cost and complexity.
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V. CONCLUSIONS

In this paper, we have proposed a novel AF-aided element-by-
element VLC-MIMO system that allows parallel transmission
and reception of symbol streams in a practical LOS-channel
scenario. In order to configure the narrow-window AF structure,
we employed a one-dimensional photonic crystal; the design
guidelines are provided herein. Our proposed scheme is a low-
complexity symbol-by-symbol detection scheme, regardless of
the number of parallel symbol streams. Our simulation results
demonstrated that our proposed scheme performs better than
do the conventional VLC-MIMO schemes, and the advantage
increases with the number of transmit LEDs.
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