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Abstract. In this paper, we compare the performance of non-imaging receiver (NImR),
imaging receiver (ImR) and imaging angle diversity receiver (ImADR) in an indoor
multiple-input multiple-output visible light communication (MIMO-VLC) system, in
terms of area spectral efficiency (ASE). Analytical ASE expressions of MIMO-VLC
systems using different types of receivers are derived and our analysis show that the
MIMO-VLC system using an ImR or an ImnADR achieves significantly improved ASE
performance compared with the system using a NImR.

Introduction

As a promising alternative and complementary technology to RF technology, white
light-emitting diodes (LEDs) enabled visible light communication (VLC) has attracted
great interest for providing high-speed and electromagnetic interference-free wireless
communication in indoor environments [1]. In order to provide sufficient illumination,
multiple LEDs are commonly mounted in the ceiling. By leveraging the existing LED
lighting fixtures, it is very natural to employ multiple-input multiple-output (MIMO)
transmission to increase the capacity of VLC systems [2,3]. Three types of receivers
can be applied in indoor MIMO-VLC systems, including non-imaging receiver
(NImR), imaging receiver (ImR) and imaging angle diversity receiver (ImADR) [2-4].

So far, a few comparisons between NImR and ImR in indoor MIMO-VLC systems
have been reported in the literature [2,5]. However, the comparisons are performed in
terms of bit error rate (BER) for a specific link. Considering that a MIMO-VLC system
always covers a certain area in an indoor environment, it is necessary and of great
significance to investigate the system performance over its coverage. The area spectral
efficiency (ASE), which was previously proposed for cellular mobile radio system as a
suitable measure of spectral efficiency over a certain area [6], can be an effective
performance metric for comparing different receivers in indoor MIMO-VLC systems.

In this paper, we compare the ASE performance of NImR, ImR and ImADR in an
indoor 4x4 MIMO-VLC system. Analytical ASE expressions of an indoor
MIMO-VLC system using NImR, ImR, and ImADR are derived. The obtained
analytical results show that the ASE performance of the 4x4 MIMO-VLC system can
be significantly enhanced when an ImR or an ImADR is used instead of a NImR. The
impact of different spacings between two adjacent LEDs and the number of active users
on the ASE performance of the system in a Smx5mx3m room is also analyzed.
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Figure 1. Geometric setup of an indoor 4x4 MIMO-VLC system. Insets: side views
of (a) a conventional ImR and (b) an ImADR.

Indoor MIMO-VLC System Using Different Types of Receivers

In this section, we describe the model of a general indoor MIMO-VLC system. Without
loss of generality, an indoor 4x4 MIMO-VLC system is considered. Fig. 1 illustrates
the geometric setup of the 4x4 MIMO-VLC system in a typical room. Totally four
LEDs are mounted in the ceiling for illumination and data transmission. The radiated
light is captured by a receiver which is located at the receiving plane.

Three different types of receivers can be used in the MIMO-VLC system, including
NImR, conventional ImR, and ImADR. A NImR is made up of a grid of photodetectors
(PDs) and each PD is mounted with an individual concentrator, while an ImR consists
of a grid of PDs sharing a common imaging lens [2]. The PDs are vertically oriented in
a two-dimensional circular detector array in the conventional ImR, as shown in inset (a)
of Fig. 1. However, an ImMADR has a three-dimensional spherical-cap-shaped detector
array consisting of angle diversity PDs, as shown in inset (b) of Fig. 1. More details
about the ImMADR can be found in [4].

For an indoor 4x4 MIMO-VLC system in a typical room with totally N active users,
the ASE [bits/s/Hz/m?] is defined as the sum of the maximum bit rates per Hz per unit
area which can be approximated by [6,7]

ASE=Y" C, J04,,,), (1)

where Ci is the maximum data rate (i.e. the Shannon capacity) achieved by the £
user (k=1, 2, ..., N), W is the total modulation bandwidth and Arom is the area of the
room. Assuming that the total modulation bandwidth is equally allocated to N active
users, the maximum data rate of the ™ user in the indoor 4x4 MIMO-VLC system is
expressed by

4
C, =2, W, log,(1+SNR,,), 2)
where Wi = W/N is the bandwidth allocated to the ™ user and SNRx is the signal-to-

noise ratio (SNR) for the i channel of the k™ user.

The SNR for the i channel of the & user in the indoor 4x4 MIMO-VLC system
using a NImR is calculated by Eq. 3 [7].
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In Eq. 3, R is the responsivity of PD, ¢ is the modulation index, /& is the channel DC
gain between the ™ user and the i LED, Pop: is the output optical power of the LED,
and Pn is the power of the additive noise. The detailed calculation of Pn can be found in
[8]. By modeling the LOS irradiance of an LED as a generalized Lambertian radiation
pattern, the channel DC gain between the k™ user and the /" LED is given by

by =(m+ I)APD/’IUCosm(¢ki)cos(9ki)/(2ﬂ.dlfi) ) )

where m =-In2/In(cos(W¥12)) is the Lambertian emission order and Wi is the
semi-angle at half power of LED, App is the active area of PD, u and # are the gains of
optical filter and lens, respectively, ¢« is the emission angle, Ok is the incident angle,
and dy is the distance. Note that if 6k is outside the receiver’s field-of-view (FOV), hx
becomes zero.

When a conventional ImR is used, the inter-channel interference (ICI) is negligible
and hence the SNR becomes

SNR;™ = (R, Py )' 1 P, (5)

When the ImR is replaced by an InADR, the incident angle Ok is always 0° and the
channel DC gain is improved which is given by [4]

by, = (m+1) A puncos” ()] 2dy) ©6)
and hence the SNR using an ImADR is expressed by

SNRI"™ = (REh; P, )" | P, . %)

Based on Egs. 1, 2, 3, 5 and 7, the ASE the indoor 4x4 MIMO-VLC system
employing different types of receivers can be obtained.

System Setup and Numerical Results

Based on the analysis above, we compare the ASE performance of NImR, ImR and
ImADR in an indoor 4x4 MIMO-VLC system. The geometric setup of the system in a
room with a dimension of 5Smx5mx3m is illustrated in Fig. 1, and the key parameters of
the system are listed in Table 1. The area of the room is 25 m” and the height of the
receiving plane is 0.85 m. The semi-angle at half power of LED is 60°, the output
optical power of each LED is 10 W, and the modulation index is 0.3. The gains of the
optical filter and lens are both assumed to be 1. The FOV of the receiver is 150° such
that the users at any position of the receiving plane can receive the light emitted by all
the four LEDs. We assume that the NImR consists of four PDs, and each PD has an
active area of 1 cm? and a responsivity of 1 A/W. For fair comparison, the ImR and the
ImADR are also equipped with the same PDs and the spot of each LED falls entirely on
one PD [8]. The modulation bandwidth is 10 MHz and the background current is 58 pA
due to ambient light.
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Table 1. Key parameters of the system

Parameter Value
Room dimension 5[m] x5 [m]x3[m]
Area of the room 25 [m?]
Height of the receiving plane 0.85 [m]
Semi-angle at half power of LED 60°
Output optical power of LED 10 [W]
Modulation index 0.3
Gain of optical filter 1
Gain of optical lens 1
FOV of detector 150°
Active area of PD 1 [cm?]
Responsivity of PD 1 [A/W]
Modulation bandwidth 10 [MHz]
Background current 58 [pA]
w
. LED, | 28 lpm,
= (2.5-0, 2.5+0) (2.5+6, 2*=+f5)
T
SN
. (2.5-6, 2.5-6) (2.5+d, 2.5-0)
~[~1ED, 3
QU 1 2 3 4 5

Room length (m)

Figure 2. Placement of four LEDs in the ceiling.

The placement of four LEDs in the ceiling is shown in Fig. 2. As we can see, the
positions of four LEDs are (2.5-9, 2.5-0), (2.5+0, 2.5-0), (2.5+9, 2.5+0) and (2.5-9,
2.5+0) and the unit is meter. Therefore, the spacing between two adjacent LEDs is
given by 26. Moreover, totally N active users are assumed to be uniformly distributed in
the receiving plane of the room for ASE calculation. In our following analysis, we
choose a set of N values as N={4, 9, 16, 25, 36, 49, 64, 81}.

We first examine the ASE performance of the indoor non-imaging 4x4 MIMO-VLC
system for different spacings between two adjacent PDs in the NImR, where the
spacing between two adjacent LEDs is 2 m and 36 active users are uniformly
distributed around the receiving plane. As shown in Fig. 3, the ASE continuously
increases as the spacing between two adjacent PDs in the NImR is increased from 1 to
10 cm. The maximum ASE is about 0.9 bits/s/Hz/m? when the spacing is 10 cm. The
reason the achievable ASE is very limited is that indoor non-imaging MIMO-VLC
systems suffer from severe ICI and hence the SNR is significantly degraded [2,5].
Although increasing the spacing between two adjacent PDs can improve the ASE
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performance, the size of the receiver is increased accordingly. In practical applications,
the receiver size cannot be too large.
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Figure 3. ASE vs. spacing between two adjacent PDs using a NImR.
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Figure 4. (a) ASE vs. spacing between two adjacent LEDs and (b) ASE vs. number of uniformly
distributed active users around the receiving plane.

Therefore, as a trade-off between the ASE performance and the receiver size, a
spacing of 5 cm between two adjacent PDs in the NImR is considered for the following
analysis and comparisons.

The relationship between the ASE performance and the spacing between two
adjacent LEDs in the ceiling is further investigated. Fig. 4(a) shows the ASE versus the
spacing between two adjacent LEDs, where the number of uniformly distributed active
users is 36. It can be clearly seen that the indoor 4x4 MIMO-VLC system using a NImR
can only achieve very limited ASE due to the severe ICI. It can also be observed that
the ASE of the indoor 4x4 MIMO-VLC system using a NImR increases with the
increase of the spacing between two adjacent LEDs in the ceiling. Moreover, the
maximum ASE of about 0.7 bits/s/Hz/m? is achieved when the spacing is 3.5 m. In
contrast, the ASE of the indoor 4x4 MIMO-VLC system is significantly improved
when an ImR is applied and a further ASE improvement can be achieved when an
ImADR is employed. For example, when the spacing is 2 m, the ASEs achieved by the
indoor 4x4 MIMO-VLC system using an ImR and an ImADR are 3.4 and 3.6
bit/s/Hz/m?, respectively. Therefore, an ASE improvement of 6% is achieved by
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employing ImADR instead of ImR. As we can see, the ASE decreases slowly with the
increase of the spacing between two adjacent LEDs when ImR or InADR is utilized. In
addition, the ASE improvement is gradually increased with the increase of the spacing.
When the spacing is 5 m, i.e., the LEDs are located at the corners of the room, the ASE
improvement is ~ 14%.

The impact of the number of uniformly distributed active users around the receiving
plane on the ASE performance of the indoor 4x4 MIMO-VLC system is also analyzed.
Fig. 4(b) shows the ASE versus the number of uniformly distributed active users, where
the spacing between two adjacent LEDs is 2 m. The same trend can be found for
different types of receivers that the ASE increases with the increase of the number of
uniformly distributed active users around the receiving plane.

Summary

We have analytically compared the ASE performance of an indoor 4x4 MIMO-VLC
system using different types of receivers, i.e. NImR, ImR, and ImADR. The obtained
analytical results have shown that the ASE of the indoor 4x4 MIMO-VLC system using
a NImR is very limited due to the severe ICI, and the ASE can be significantly
improved when an ImR or an ImADR is applied. Moreover, up to 14% ASE
improvement can be achieved by replacing the conventional ImR with an ImADR.
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