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ABSTRACT The angular diversity aperture (ADA) receiver is a new form of optical wireless receiver which
is made up of a number of receiving elements (REs) each consisting of a photodiode (PD) located below an
aperture in an opaque screen. Previous work on the use of ADA receivers for visible light communication
(VLC) analyzes only REs with round apertures and photodiodes with a limited range of parameters. This
paper extends the analysis to calculate the channel gains for REs with for both round and square apertures
and PDs and for more parameters. Graphs show how the gain varies as a function of the relative orientation
of the transmitter and receiver for ten different designs. It is shown that the directionality of an RE depends
on the offset of the PD from the aperture and that the field of view depends on the distance between the
aperture and the PD. Detailed theoretical analysis and extensive simulation results demonstrate the bit error
rate (BER) performance of receivers based on these ten designs in a multiple-input multiple-output (MIMO)
VLC application. The round and square designs are found to have very similar BERs. It is shown that, even
with high levels of shot noise, good BER results can be achieved throughout a typical scenario.

INDEX TERMS Angular diversity, optical wireless receiver, VLC, MIMO, BER.

I. INTRODUCTION
Visible light communications (VLC) and visible light posi-
tioning (VLP) are two important emerging technologies
which depend on data transmitted by LED luminaires.1

In both VLC and VLP, angular diversity receivers are likely
to play an important role. This is because, in contrast to
radio frequency (RF) systems, spatial diversity is difficult
to achieve in typical VLC and VLP systems as these use
intensity modulation (IM) to encode the transmitted data and
use direct detection (DD) receivers [1], [2].

Some form of diversity receiver is essential in most appli-
cations of VLC and VLP because the receiver must be able to
separate signals received from different luminaires [3]. For
example, in a cellular VLC system where each luminaire

The associate editor coordinating the review of this manuscript and

approving it for publication was Liang Yang .
1Note that we use the term ‘luminaire’ in this paper to refer to a lighting

source. A single luminaire can be made of one or multiple LEDs.

transmits to users located within a given area, each receiver
must decode the information from the appropriate transmitter
and discard interference from other transmitters. In multiple-
input multiple-output (MIMO) VLC, the receiver must be
able to demodulate the signals from different transmitters.
In VLP, the receiver must receive data from a number of
luminaires and also estimate from the received signal the
distance or direction of the receiver relative to each luminaire.

Research on angular diversity receivers in optical wireless
communications has a long history, dating back at least to the
early work on fly eye receivers in infrared systems [4]. The
aim of angular diversity in these early papers was to combine
reflected components of a single transmitted signal which
have been received from multiple directions into a single
output. This is the opposite from a VLC MIMO or cellular
receiver where the aim is to separate signals from different
sources. More recently there has been a resurgence of interest
in angular diversity receivers for use in VLC and VLP. These
receivers can be divided into three categories.
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1) Receivers in which the receiving photodiodes are
mounted on a three dimensional structure so that they
face in different directions [5]–[9].

2) Receivers in which the photodiodes face in the same
direction and lenses are used to direct light from differ-
ent directions onto different photodiodes [10]–[18].

3) Angular diversity aperture receivers (ADAs) where all
the photodiodes face in the same direction, and light
from different directions is directed onto different pho-
todiodes using apertures [19]–[22].

The crucial advantage of the use of apertures is that
the ADA receiver has a compact design that is compatible
with simple manufacturing techniques. In an ADA receiver,
the photodiodes can all be mounted on a single circuit board
and the apertures can be transparent areas in an opaque screen
mounted above the circuit board. It is clear that this could
readily be incorporated in a mobile phone or other portable
devices. In contrast, a three dimensional structure with photo-
diodes facing in different directions is probably more difficult
to manufacture and if mounted on the surface of a portable
device would be vulnerable to damage. The use of lenses
of various types is more compatible with incorporation in
a mobile phone than these three dimensional structures, but
would still require more sophisticated manufacturing tech-
niques.

It has been shown that one particular form of ADA using
round apertures and round photodiodes can perform well in
a MIMO system [19], [20], but it is possible that the perfor-
mance of an ADA receiver may be sensitive to the precise
shape and alignment of the apertures and the photodiodes.
This is explored in this paper by considering two completely
different aperture and photodiode shapes: round and square.

The first papers on ADA receivers considered receiving
elements (REs) with round apertures and round photodiodes
(PDs) [19], [20]. Simulation results showed that MIMOVLC
receivers consisting of multiple REs could provide good per-
formance in a typical room. It was also shown that, in typical
scenarios, for a conventional receiver based on spatial diver-
sity to achieve similar performance, the PDs would have to
be separated by distances greater than 30 cm [20]. In many
VLC systems, the performance is degraded if the received
signal contains a diffuse component in addition to a line
of sight (LOS) component. In contrast, the performance of
the ADA receiver was shown to improve when the diffuse
component was considered [20].

It was later shown that in theory an ADA receiver using
round apertures could be used for VLP [23]. However, this
theoretical performance assumes that each aperture has very
precise dimensions and is very accurately aligned with its PD
and also that the properties of the individual PDs are identical.
In practice, it would be difficult to meet these constraints.
More recently, a new form of ADA has been described:
the quadrature ADA (QADA) [21], [22]. The QADA uses
a quadrature photodiode rather than separate PDs. This has
the practical advantage that the four quadrants have closely
matched properties and are accurately aligned. Despite these

advantages, the position estimates made using a QADA based
VLP system are also very sensitive to small variations in
the component properties [24]. To overcome this, a novel
VLP system has been developed which uses both a PD based
receiver and a camera based receiver [24]. While [24] con-
siders only the case where the PD based receiver is a QADA,
the concept is quite general and can be applied to other
PD based receivers including other forms of ADA receiver.

Although ADA receivers can be applied to both VLP and
VLC, the design constraints are completely different. This
is because in VLP the performance depends directly on the
individual channel gains, whereas in VLC the performance
depends on the properties of the condition of the overall
channel matrix. In previous papers on the use of an ADA for
communications, only one particular configuration of round
apertures and round photodiodes was considered. In this
paper, we provide a much more extensive analysis of the
properties of ADA receivers of different designs.

ADA receivers have the potential to be key components in
the VLC and VLP systems of the future. This paper makes a
number of important new contributions which will underpin
the analysis and design of these receivers. These contributions
include:

1) Derivation of the channel gains for REs as a function
of the position of the RE relative to the transmitter,
the size and shape of the aperture and PD, and the
distance and offset of the aperture from the PD. These
derivations are much more extensive than those previ-
ously presented. They include both square and round
apertures and extend the analysis to include varying
distance between the aperture and PD.

2) Extensive simulations showing graphically how the
channel gain varies as a function of the orientation
of the RE relative to the transmitter. These show how
the field of view (FOV) of the RE depends on the
design parameters. This information is important for
understanding how an ADA will perform for different
configurations of transmitters. Results are presented for
ten different RE designs.

3) Simulation and theoretical results for a MIMO VLC
system showing how the bit error rate (BER) perfor-
mance varies at three representative points within a typ-
ical indoor scenario with four transmitting luminaires
and ten different RE designs. In this paper, asymmet-
rically clipped optical OFDM (ACO-OFDM) is used
as the modulation scheme in the simulations but the
results for channel gain can also be applied to other
types of modulation. It is shown that, for each of the
three positions, the overall BER is limited by the BER
for the data transmitted by the most distant luminaire.

4) A theoretical analysis of the signal-to-noise ratios
(SNRs) and the BERs in an IM/DD basedMIMO trans-
mission system.We show that both the SNRs and BERs
depend on a range of parameters including the transmit-
ted optical power, the equalizer type, the modulation
method and the optical channels. In this paper, we
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FIGURE 1. (a) The structure of a single square ADA receiving element (RE), (b) the view of the RE from above, (c) a square ADA
receiver with nine REs.

calculate the theoretical BERs with a realistic transmit-
ted optical power level and show that they match very
well with the simulation results.

5) Simulation results showing contour plots for the BER
throughout the indoor scenario for a fixed level of
transmit power and shot noise. Results are presented
for one receiver design using round apertures and PDs
and one using square. These show that, although the
details of the contour plots change when the RE shape
changes from round to square, the general form of
the plots is unchanged with a large area of low BER
in the middle of the room and higher BERs in the
corners.

6) Simulation results showing how the BER performance
depends on the tilt and rotation of the receiver. These
indicate how the ADA will perform when used in a
handheld device.

These comprehensive and detailed simulation results demon-
strate the flexibility of the ADA approach and provide a
framework for improvingADA receiver designs for particular
VLC applications.

The rest of the paper is structured as follows. In Section II,
the geometrical structure of ADA receivers used in the anal-
ysis and simulations is described. Detailed expressions for
channel gains as a function of the design of the RE and
position of the RE relative to the transmitter are derived in
Section III. In Section IV, an optical MIMO transmission
system using ACO-OFDM modulation is described in detail.
In Section V, the theoretical analysis of the SNRs and BERs
in IM/DD systems with a constraint on transmitted optical
power is provided. In Section VI. the results of extensive BER
simulations of MIMO system using ten different receiver
designs as a function of position within a typical indoor sce-
nario are presented. The results are discussed and conclusions
drawn in Section VII.

II. ADA RECEIVER AND COORDINATE SYSTEM
In this section we describe the ADA receiver, the scenario
used for the simulations, and the coordinate systems used in

the analysis. The configuration of a typical RE with square
aperture and square PD is shown in Fig. 1(a). The aperture
is located in an opaque screen which is positioned above the
layer containing the PD. Light passes through the aperture
and creates a light spot on the PD layer. Fig. 1(b) shows
possible relative positions of the aperture, the light spot, and
the PD for an RE. Depending on the direction of the light,
there may be an area of overlap between the light spot and
the PD. In this paper, we assume that the light rays passing
through the aperture are parallel, which will be true if the
dimensions of both the aperture and the luminaire are much
smaller than the distance between the luminaire and the aper-
ture. In this case, the light spot has the same size and shape as
the aperture.

A MIMO ADA receiver is made up of a number of
REs with the MIMO channel matrix and the overall FOV
depending on the particular configuration. Fig. 1(c) shows
the receiver structure with nine REs that is used later in
the simulations. It has one PD directly below its aperture
and eight PDs offset from their apertures. The key feature
of the receiver is that the relative positions of the apertures
and the PDs are different for different REs. As a result
these REs receive light transmitted from different directions.
Fig. 2 shows an RE with a round aperture and PD and a
MIMO receiver using these REs.

Two different coordinate systems are required to describe
the performance of the ADA receiver in an indoor MIMO
application. These coordinate systems are used to show how
this performance varies as the position and orientation of
the receiver are changed. Fig. 1(a) shows the xyz coordinate
system which is based on the receiver and which has originO
at the center of the aperture. The second coordinate system
is based on the room used for the simulations and is the
x̂ŷẑ system with origin, Ô, at the corner of the room as shown
in Fig. 3(a) which shows the room with four LED luminaires
which is used in the MIMO simulations. Fig. 3(b) shows a
plan view of the roomwith the positions of the luminaires and
the three receiver positions, P1, P2 and P3 which are studied
later in more detail.
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FIGURE 2. (a) The structure of a single round ADA receiving element (RE), (b) the view of the RE from above, (c) a round ADA
receiver with nine REs.

FIGURE 3. (a) The coordinates system used to describe a typical indoor
VLC MIMO system, (b) the plan-view of the room.

III. ANALYSIS OF CHANNEL GAIN
In VLC systems, the channel gain is the ratio between the
optical power received by the PD and the optical power
transmitted by the luminaire. For the case where the luminaire
is a Lambertian transmitter, the channel gain is given by [1]

h =
(m+ 1)Ao

2π l2
cosmφ cosϕ (1)

where m is the Lambertian order, l is the distance between
the transmitter and receiver, φ is the emergence angle of the
light from the luminaire, ϕ is the incident angle of the light
reaching the PD, and Ao is the area of the overlap between the
light spot and the PD. When the incident light is outside the
field of view of the RE, the light spot does not overlap with
the PD and thus Ao and the channel gain become zero. The
performance of different receiver designs depends on how h is
related to φ and ϕ, and in turn how this affects the properties
of the MIMO channel matrix.

A. CHANNEL GAIN OF A SINGLE RE WITH SQUARE
APERTURE AND PD
In this section, we calculate the channel gain for the case of a
square aperture and PD. Because the light spot has the same
size and shape as the aperture, dS = dA, where dA and dS are
the length of the side of the aperture and the light spot, respec-
tively. The position of the light spot depends on the direction
of the light. Consider the case shown in Fig. 1(a) where the
light comes from direction (ϕ, θ)where θ is the polar angle of
the light. The distance between the opaque screen and layer
containing the PD is dH. Then in the xyz coordinate system,
the center of the light spot is (xS, yS,−dH). By using simple
geometry it can be shown that{

xS = dH tanϕ cos (θ + π)
yS = dH tanϕ sin (θ + π)

(2)

We now calculate Ao for a PD located at (xD, yD,−dH).
In both our analysis and simulations, we consider REs in
which the length of the PD, dD, is smaller than, or equal to,
that of the aperture so dD ≤ dS. In this case,Ao is given by (3),
as shown at the bottom of the next page. In (3)

xDS = |xD − xS| (4)

and

yDS = |yD − yS| (5)
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FIGURE 4. (a) A specific square ADA RE with PD located at
(
xD = 0.25 mm, yD = 0 mm,dH = 1mm

)
and an aperture

size of 1mm2, (b). 3-D channel gain plots of a single square RE,
(
xD = 0.25 mm, yD = 0 mm,dH = 1mm

)
(c). the

polar plot of the channel gain of a single square RE,
(
xD = 0.25 mm, yD = 0 mm,dH = 1mm

)
.

The channel gain for any RE of the form shown in Fig. 1
and light from any direction (ϕ, θ) can now be calculated
using (1)-(5).

We now show how the directionality of an RE depends on
dAD the offset between the aperture and the PD, the relative
dimensions of the aperture and the PD, and dH, the distance
between the opaque screen and the layer containing the PD.
First, to show how the directionality depends on the off-
set dAD, we consider two different designs. In the first, shown
in Fig. 4(a), the PD is located at (0.25dA, 0,−dH). In the
second, shown in Fig. 5(a), the offset between the aperture
and PD is increased and the PD is located at (dA, 0,−dH).
The channel gains are calculated for the case where the light
source is one meter from the receiver and is a Lambertian
transmitter with m = 1. The Lambertian transmitter is
pointed directly at the RE so that φ = 0◦. In both cases
dS = dA = 1mm.

Fig. 4(b) shows the 3-D channel gain plot for the first RE.
The radial distance from the origin to a point on the surface
of the plot represents the channel gain when the incident
light is from this direction. It can be seen that the RE is very
directional with high gains in some directions and zero gain
in others. Fig. 4(c) shows polar plots of the gain as a function
of the polar angle θ for three fixed values of incident angles
ϕ = 15◦, ϕ = 30◦ and ϕ = 45◦. It can be seen that of

these three values the gain h is greatest for ϕ = 15◦ which is
the case where the LED luminaire is located almost directly
above the aperture.

When the offset dAD is increased, Figs. 5(b) and (c) show
the directionality of the RE changes. It can be seen that, of the
three fixed values of incident angles considered, the gain h
is now greatest for ϕ = 45◦. Comparing the 3-D gain plots
in Fig. 4(b) and Fig. 5(b), it can be seen that the larger offset
in Fig. 5 results in an RE that points in a less upwardly
direction. The polar plots in Fig. 4(c) and Fig. 5(c) show
that as a result the larger offset results in larger gains for an
incident angle of ϕ = 45◦. They also show that altering the
offset can result in orders of magnitude change in the gain for
a given direction, showing that an RE can be designed to be
very directional and that the directionality is determined by
the offset.

Fig. 6 shows the effect of increasing aperture size. The
offset is the same as in Fig. 5. For an aperture larger than
the PD, the light spot completely overlaps the PD for a range
of incident angles. Comparing Fig. 5 and Fig. 6, it can be seen
that, as a result, the maximum gain is the same in both, but
that the range of angles for which this maximum occurs is
greater for a larger aperture.

Finally, we consider the effect of varying dH the distance
between the opaque screen and layer containing the PD.

Ao =



(
dS + dD

2
− xDS

)(
dS + dD

2
− yDS

)
,

∣∣∣∣xDS − dS
2

∣∣∣∣ < dD
2

and

∣∣∣∣yDS − dS
2

∣∣∣∣ < dD
2(

dS + dD
2

− xDS

)
dD,

∣∣∣∣xDS − dS
2

∣∣∣∣ < dD
2

and yDS −
dS
2
≤ −

dD
2

dD

(
dS + dD

2
− yDS

)
, xDS −

dS
2
≤ −

dD
2

and

∣∣∣∣yDS − dS
2

∣∣∣∣ < dD
2

d2D, xDS −
dS
2
≤ −

dD
2

and yDS −
dS
2
≤ −

dD
2

0, otherwise

(3)
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FIGURE 5. (a) A specific square ADA RE with PD located at
(
xD = 1 mm, yD = 0 mm,dH = 1mm

)
and an aperture

size of 1mm2, (b). 3-D channel gain plots of a single square RE,
(
xD = 1 mm, yD = 0 mm,dH = 1mm

)
(c). the polar

plot of the channel gain of a single square RE,
(
xD = 1 mm, yD = 0 mm,dH = 1mm

)
.

FIGURE 6. (a) A specific square ADA RE with PD located at
(
xD = 1 mm, yD = 0 mm,dH = 1mm

)
and an aperture size

of 2.25mm2, (b). 3-D channel gain plots of a single square RE,
(
xD = 1 mm, yD = 0 mm,dH = 1mm

)
(c). the polar plot

of the channel gain of a single square RE,
(
xD = 1 mm, yD = 0 mm,dH = 1mm

)
.

Fig. 7 shows the channel gain plots for four values of dH
for the case where the aperture is larger than the photodiode.
When ϕ = 0◦, so that the light comes from directly above the
RE, the gain is independent of dH as the overlap between the
light spot and the PD does not change. However, as can be
seen in Fig. 8 for other values of ϕ the different designs have
very different gains, the directionality of the RE increases
with increasing dH.

B. CHANNEL GAIN OF A SINGLE ROUND RE AND
APERTURE
In this section we consider the case of round REs and aper-
tures as shown in Fig. 2. The performance for the case
where the aperture and RE are the same size was analyzed

in [19], [20] here we generalize the analysis using [25], [26]
and show the overlap area in (6), as shown at the bottom of
this page. In (6),

dSD =
√
(xD − xS)2 + (yD − yS)2 (7)

is the distance between the center of the light spot and
the center of the PD. rS is the radius of the round light
spot and equals to the radius of the round aperture, rA.
rD is the radius of the PD. Hence the channel gain for any
round RE of the form shown in Fig. 2 (a) can be calculated
using (1) (2) (6) and (7). Figures 9-12 show the results for
varying offset, aperture size and dH for round apertures and
round PDs. These are for same PD area, aperture areas, and

Ao =



r2Scos
−1

(
d2SD − r

2
D + r

2
S

2dSDrS

)
+ r2Dcos

−1

(
d2SD + r

2
D − r

2
S

2dSDrD

)
−
1
2

√
(rS + dSD + rD) (rS + dSD − rD) (rD + rS − dSD) (rD − rS + dSD), rS − rD ≤ dSD ≤ rS + rD

πr2D, dSD < rS − rD

0, dSD > rS + rD

(6)

VOLUME 7, 2019 145287



C. He et al.: ADA Receivers for Indoor MIMO VLC

FIGURE 7. 3-D channel gain plots of square ADA REs with different
aperture heights, (a). dH = 0.25 mm, (b). dH = 0.5 mm, (c). dH = 1 mm
and (d). dH = 1.5 mm.

FIGURE 8. Polar plots of square ADA REs with different aperture height,
(a). dH = 0.25 mm, (b). dH = 0.5 mm, (c). dH = 1 mm and (d).
dH = 1.5 mm.

offsets dAD as those in Figures 4-7 for square apertures. It can
be seen that both square apertures and round apertures result
in very similar channel gains and as we will show later, this
also leads to very similarMIMOperformance. The polar plots
for a round aperture and vaying aperture heights are shown
in Fig. 13.

C. ADA RECEIVER WITH MULTIPLE RES
A MIMO ADA receiver is made up of a number of REs with
theMIMO channel matrix and the overall field of view (FOV)
depending on the particular configuration. In this section we
describe the receiver structure with nine REs which is used
in the following simulations. Fig. 1(c) shows the receiver
structure which has one PD directly below its aperture and
eight PDs offset from their apertures. The polar angles of the
PDs are 2π j/(Nr − 1), j = 1, . . . ,Nr − 1. The key feature of
the receiver is that the relative positions of the apertures and
the PDs are different for different REs. As a result these REs
receive light transmitted from different directions. From the
3-D channel gain plot shown in Fig. 14 (a), we can see that
the ADA receiver has a flower-like pattern with each ‘petal’
pointing in a different direction. Although a single ADA RE
has a limited FOV, a large overall FOV can be achieved
by using an ADA receiver with multiple REs ‘pointing’ in
different directions. When the ADA receiver is used in a
MIMO system, this results in a well-conditioned channel
matrix. Fig. 14 (b) shows the polar plots for each of the nine
REs for a fixed incident angle ϕ = 45◦.

IV. SYSTEM DESCRIPTION
In this section, we describe the VLC transmission sys-
tem considered in the paper. The configuration of the
indoor VLC MIMO system is shown in Figs. 3(a) and (b).
Four LED luminaires installed on the ceiling transmit
independent data streams to an ADA receiver placed
0.7 m above the floor. The coordinates of four LED
luminaires are Luminaire 1:

(
x̂ = 1 m, ŷ = 1 m, ẑ = 2.5 m

)
,

Luminaire 2:
(
x̂ = 1 m, ŷ = 2 m, ẑ = 2.5 m

)
, Luminaire 3:(

x̂ = 2 m, ŷ = 1 m, ẑ = 2.5 m
)
and Luminaire 4: (x̂ = 2 m,

ŷ = 2 m, ẑ = 2.5 m).
We assume all four luminaires have equal average trans-

mitted optical power Popt of 3W, as this is a realistic value
given typical illumination standards and the spacing of the
luminaires in our scenario. The receivers are the nine RE
designs described in Section III, so theMIMOoptical channel
has four inputs and nine outputs. The signals received from
the four different transmitters are separated in the frequency
domain using a zero forcing (ZF) equalizer. We consider
only the line of sight (LOS) component, as it has previously
been shown that including the diffuse component makes little
difference to the performance [20].

We use ACO-OFDM modulation with 4-QAM on each of
the odd OFDM subcarriers [27], [28]. ACO-OFDM is used
as the modulation scheme because it will facilitate future
comparisons with other scenarios. This is because unlike
other modulation schemes there are no parameters other than
constellation size which have to be selected. This is in con-
trast to other modulation schemes like DCO-OFDM where
the optimum bias depends on the constellation, the channel
and the level of noise.

An overall MIMO ACO-OFDM transmission system is
shown in Fig. 15. In Fig. 15, Nt LED luminaries are config-
ured to transmit independent data streams and each luminaire

145288 VOLUME 7, 2019



C. He et al.: ADA Receivers for Indoor MIMO VLC

FIGURE 9. (a) A specific round ADA RE with PD located at
(
xD = 0.25 mm, yD = 0 mm,dH = 1mm

)
and an aperture size

of 1mm2, (b). 3-D channel gain plots of a single round RE,
(
xD = 0.25 mm, yD = 0 mm,dH = 1mm

)
(c). the polar plot of

the channel gain of a single round RE,
(
xD = 0.25 mm, yD = 0 mm,dH = 1mm

)
.

FIGURE 10. (a) A specific round ADA RE with PD located at
(
xD = 1 mm, yD = 0 mm,dH = 1mm

)
and an aperture size

of 1mm2, (b). 3-D channel gain plots of a single round RE,
(
xD = 1 mm, yD = 0 mm,dH = 1mm

)
(c). the polar plot of

the channel gain of a single round RE,
(
xD = 1 mm, yD = 0 mm,dH = 1mm

)
.

FIGURE 11. (a) A specific round ADA RE with PD located at
(
xD = 1 mm, yD = 0 mm,dH = 1mm

)
and an aperture size of

2.25mm2, (b). 3-D channel gain plots of a single square RE,
(
xD = 1 mm, yD = 0 mm,dH = 1mm

)
(c). the polar plot of the

channel gain of a single square RE,
(
xD = 1 mm, yD = 0mm,dH = 1mm

)
.

has an ACO-OFDMmodulator. The data transmitted from ith
luminaire is modulated on the intensity of its emitted light,
p(i)O . In Fig. 15, an optical receiver which consists of Nr REs
is used to detect the received light intensity and each RE
comprises an ACO-OFDM demodulator which converts the
time domain signals to the frequency domain. The size of the
optical channelmatrix,HO, isNr×Nt and hO(j, i) is the optical
channel gain between the ith luminaire and the jth RE. Next,

N/4 ZF equalizers are used to decouple the outputs from
each of the data-carrying subcarriers. Finally, ML decoders
are used to decode the transmitted data.

Fig. 16 shows the block diagram of part of the MIMO
ACO-OFDM system used in the simulations and theoretical
calculations. It shows the i-th transmitting luminaire, the
j-th receiving PD, and the optical channel with gain ho (j, i)
between them.
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FIGURE 12. 3-D channel gain plots of round ADA REs with different
aperture heights, (a). dH = 0.25 mm, (b). dH = 0.5 mm, (c). dH = 1 mm
and (d). dH = 1.5 mm.

FIGURE 13. Polar plots of round ADA REs with different aperture height,
(a). dH = 0.25 mm, (b). dH = 0.5 mm, (c). dH = 1 mm and (d).
dH = 1.5 mm.

The structure of the transmitter is very similar to that used
in many other papers [16], [17], [29]. The data to be transmit-
ted is mapped onto vectorXwhich is input to anN point IFFT
to give output x. As we are using ACO-OFDM modulation,
X is constrained to have Hermitian symmetry, and the inputs
corresponding to even subcarriers are set to zero. Data is
mapped only to the odd index subcarriers. Without loss of

FIGURE 14. (a) 3-D channel gain plots for a specific square ADA receiver,
(b). polar channel gain plots (with incident angle of the light fixed by
45 degree).

generality we assume that the unitary transform forms of the
IFFT and FFT are used.2 We also assume thatX is normalized

so that E

{
N−1∑
k=0
|Xk |2

}
= N . Next the cyclic prefix (CP) is

added, the samples are parallel-to-serial (P/S) converted, low-
pass filtered, and converted to analog by a digital-to-analog
converter (DAC). The details and order of these processes
may vary in practical implementations, resulting in very slight
differences in the resulting analog signal x (t). In this paper
we apply the assumptions used in [30].

In VLC systems the main constraint is often the average
transmitted optical power, Popt, as this determines the illumi-
nation level provided by the luminaire. So that it is clear how
the constraint on Popt is applied in the analysis and simula-
tions, a new scaling factor block which multiplies the signal
by GACO

(
Popt, β,X

)
has been included. This factor scales

the signal so that, given the electrical-to-optical conversion
factor of the LEDs, β, and the statistical properties of the
signal, Popt has the required value. In this paper we assume
that the number of independently modulated ACO-OFDM
subcarriers,NACO, is sufficiently large so that the central limit
theorem applies. In this case, the probability density function
of each of the elements of x is well approximated as a zero-
mean Gaussian variable and all the elements have the same

2A different form of transform in the transmitter will be compensated for
by a different value of scaling factor. A different form in the receiver will
scale the signal and noise in each subcarrier equally.
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FIGURE 15. The block diagram of an overall MIMO ACO-OFDM system.

FIGURE 16. Block diagram of an ACO-OFDM transmitter and receiver and optical channel.

variance, σ 2
x [30]. In this case, because of the normalization

of X and the use of a unitary transform,

σ 2
x =

E

{
N−1∑
k=0
|Xk |2

}
N

= 1. (8)

Then the scaling factor becomes GACO
(
Popt, β

)
, which is

a function of only Popt and β. Finally, the scaled signal
xs (t) is clipped at zero to generate the non-negative signal,
xsc (t), required to drive the luminaire. For ACO-OFDM it
has been shown that the non-linear clipping operation has
different effects on the odd and even subcarrier components.
For odd subcarriers the effect is to reduce the amplitude by a
factor of 0.5 [31]. xsc (t) is input to the luminaire resulting in
instantaneous output optical power of po (t) = βxsc (t). The
receiver is a conventional ACO-OFDM receiver.

V. ANALYSIS OF SNR
Analyzing IM/DD systems with a constraint on transmit-
ted optical power is very different from analyzing RF sys-
tems. This is because Popt = E {po (t)} while the received

SNR depends on E
{
(po (t))2

}
, and the relationship between

E {po (t)} and E
{
(po (t))2

}
depends on the statistical prop-

erties of xsc (t). We present the BER results as a function
of Eb,opt/N0 as typically the main constraint in practical
VLC systems is on the average transmitted optical power.
A detailed explanation of how Eb,opt/N0 is a calculated in
terms of the system parameters is given in the Appendix A.

In the paper, we consider only the dominant noise source
which is the shot noise induced by the ambient light. It is mod-
elled as a white Gaussian process with single-sided power
density modeled using [1]

N0 = 2qRppnAD1λ, (9)

where q, Rp, AD and 1λ denote the electron charge,
the responsivity of the photodiode, the area of the PD and
the bandwidth of the optical spectrum. pn is the background
spectral irradiance and depends on the intensity of the ambi-
ent light. Note that, due to the aperture structure, the ADA
receiver is directional and thus noise power density due to
the ambient light will be less than the estimation using (9).
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FIGURE 17. Block diagram of MIMO system and equalizer for the kth OFDM subcarrier.

In the analysis, we consider the case where the set of inde-
pendently modulated ACO-OFDM inputs isNACO which has
number of elements NACO. Often in OFDM systems some of
the available subcarriers are not used; for example, to ease the
constraints on filters the high frequency subcarriers are often
set to zero. So, taking into account the Hermitian constraint
and the use of odd subcarriers only, NACO ≤ N/4. The ACO-
OFDM system in Fig. 16 can be considered as NACO parallel
channels, one for each of these subcarriers. Let Yk (j, i) be the
component of the k-th subcarrier received by the j-th RE due
to the signal transmitted by the i-th luminaire, and let ho (j, i)
be the optical channel between the i-th luminaire and the j-th
RE, which we assume is independent of k . Then taking into
account the scaling factor and the factor of 0.5 caused by the
effect of clipping on ACO-OFDM gives

Yk (j, i) =
1
2
GACO

(
Popt, β

)
βRPho(j, i)Xk (i)+Wk (j) (10)

whereWk (j) is the noise component in the received subcarrier
at the FFT output, and has variance

E
{
|Wk |

2
}
= N0B (11)

where B is the electrical bandwidth of the receiver input.
We assume that β and RP are the same for all subcarriers and
that the noise at the output of different PDs is independent
and of equal variance.

Let heoe (j, i) be the effective ACO-OFDM channel gain
including the effect of the electrical processing at the
transmitter and receiver. We assume that heoe (j, i) is also
independent of k . Then

Yk (j, i) = heoe (j, i)Xk (i)+Wk (j) (12)

and

heoe (j, i) =
1
2
GACO

(
Popt, β

)
βRPho (j, i) (13)

Now substituting for GACO
(
Popt, β

)
using (25) gives

heoe (j, i) =

√
π

2
PoptRPho (j, i) (14)

Several points should be noted about (14). First that the
channel depends on Popt and RP but for a given Popt, heoe (j, i)
is directly proportional to ho (j, i). Also note that heoe (j, i) is
independent of β.
The overall system including the four transmitting lumi-

naires, the nine REs in each of the receivers, the ACO-OFDM
modulation and demodulation, and the MIMO equalization

FIGURE 18. BER performance using square ADA receivers and round ADA
receivers for the position of (1.5m,1.5m).

can be modelled as NACO parallel MIMO systems. Fig. 17
shows the block diagram for one of these parallel MIMO
systems for the case of Nt transmitting luminaires and a
receiver with Nr REs. The channel matrix, Heoe,k , includes
the effect of the electrical parts of the transmitters, the optical
channels, and the electrical parts of the receiver, and has
elements heoe (j, i) given by (14). In the following we assume
that the channel is independent of k so the subscript k is
dropped.

For the case considered in the simulations it is shown in the
Appendix A that the SNR for the equalized signal for by the
data stream transmitted by the ith transmitter at the output of
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FIGURE 19. BER performance using square ADA receivers and round ADA
receivers for the position of (1m,2m).

the kth equalizer is given by [32]

SNRZF,k,i =
1[(

Heoe
THeoe

)−1]
i,i

E
{
|Xk |2

}
E
{
|Wk |

2} (15)

FIGURE 20. BER performance using square ADA receivers and round ADA
receivers for the position of (1.5m,2m).

where [·]i,i represents the ith diagonal element. InAppendixA,
it is shown how this can be used to calculate the BER as a
function of given system parameters.

Note that, unlike RF communications, there is no closed-
form SNR expression in terms of Eb,opt/N0 due to the depen-

FIGURE 21. The BER curves corresponding to individual LEDs as well as the overall performance when the receiver is pointing directly upwards
and located at (a). (1.5m,1.5m), (b). (1m,2m), (c). (1.5m,2m).
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FIGURE 22. The coordinates system used to describe the Euler angles.

dence between different parameters used in the analysis. For
example, as shown in (14) and (25), both the scaling factor,
GACO, and the effective channel gain, heoe(j, i), depend on the
transmitted optical power. Also, although the SNR is related
to E

{
|Xk |2

}
/E
{
|Wk |

2} as shown in (15), the relationship
between E

{
|Xk |2

}
/E
{
|Wk |

2} and Eb,opt/N0 varies with the
optical power. Therefore, in following simulation and theoret-
ical results, we fix Popt at a realistic level and vary the noise
power to obtain different Eb,opt/N0 values and then generate
the BER curves.

VI. BER RESULTS
In this section, we compare the performance of different
MIMO receiver designs and show how the performance varies
with receiver position and orientation.

A. BER USING DIFFERENT ADA RECEIVERS
The overall BER in each case depends on the BER achieved
for each of the four independent data streams. We will show
that typically the stream with the highest BER dominates
the overall performance. In the following, both the simu-
lated and theoretical BER results are presented as a function
of Eb,opt/N0 where Eb,opt is the average transmitted optical
energy per bit and can be expressed as Eb,opt = Popt/b, where
b denotes the bit rate of the ACO-OFDM signal.

Figures 18 to 20 show the BER versus Eb,opt/N0 results
for three different receiver positions for the case where the
receiver points directly upwards and the x and y axes of the
receiver are parallel to the x̂ and ŷ axes of the room coordinate
system.3 The three receiver positions are shown in Fig. 3(b).
In the following, five different receiver designs with square
apertures (Receivers 1-5) and five different receiver designs
with round apertures (Receivers 6-10) are considered. The ten
receiver designs correspond to those described in Section III-
A. See Tables 1 and 2 for detailed information of the ten
different receiver designs. In each of Figs. 18-20 the results
for the square aperture are shown in (a) and for the round
apertures in (b). It can be seen that although there are small
differences, the overall results for square and round apertures
are broadly similar. Also, it can be seen that the theoretical
BERs match the simulated results.

Receivers 1, 2, 6 and 7 use apertures of the same size as
the PD. Receivers 1 and 6 use an offset 0.25 mm while for
Receivers 2 and 7 the offset is 1 mm. Receivers 3, 4, 5, 8,
9 and 10 use a larger aperture and an offset 1 mm but the
height of the aperture is varied.

Fig. 18 shows the results for receiver position P1(
x̂ = 1.5 m, ŷ = 1.5 m, ẑ = 0.7 m

)
which is in the middle of

the room and is equidistant from each transmitting luminaire.
For both square apertures (Fig 18(a)) and round apertures
(Fig. 18(b)) receivers 5 and 10 (shown in green) have the best
performance. These are the designs with the larger aperture,
the larger offset and the largest aperture height. But as will be
demonstrated later these designs show reduced tolerance to
receiver tilt. Receivers 4 and 9 (shown in purple) which have
the smallest aperture height have the worst performance but
this will be shown to provide greater tolerance to tilt. Of the
three designs with aperture height of 1 mm (shown in yellow,
red and blue) receivers 3 and 8 (shown in yellow) have the

3Note the value of Eb,opt/N0 is much larger than the values typically
encountered in RF communications. This is because to show the effect of
varying receiver position the energy per bit is kept constant at the transmitter
not the receiver.

FIGURE 23. The BER results when the ADA receiver is rotated and placed at (a). (1.5m,1.5m), (b). (1m,2m) and (c). (1.5m,2m).
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TABLE 1. Parameters of five different square ADA receiver.

TABLE 2. Parameters of five different round ADA receiver.

best performance. These are the ones with the larger offset
and larger apertures.

Fig. 19 shows how the performance changes when the
receiver is moved to P2

(
x̂ = 1 m, ŷ = 2 m, ẑ = 0.7 m

)
,

which is directly below one luminaire. Again round and
square apertures give similar results. The performance of all
receivers is worse than that at the middle of the room, and
Receivers 1, 2, 6 and 9 now have very high BERs. This
is because for this position and these receiver designs the
channel gain from the most distant luminaire is very small.

Fig. 20 shows the results for receiver position P3(x̂ =
1.5 m, ŷ = 2 m, ẑ = 0.7 m). The plots are quite similar and
again the performance is dominated by the high BER for the
data streams from the most distant luminaires.

The performance of the MIMO system depends on both
the absolute values of the channel gains and the properties of
the channel matrix and therefore the practical receiver design.
This can be seen by comparing Fig. 19 (b) to Fig. 18 (b) and
Fig. 20 (b). In Fig. 18 (b) and Fig. 20 (b), the Receiver 8 has
better performance than Receiver 7. However, in Fig. 19 (b),
Receiver 7 achieves a lower BER than Receiver 8.

In the following, we consider only Receiver 3 and explain
the variation in performance with position in terms of the
BERs for the four independent data streams. The BER results
for each of the four data streams and the overall BER are
shown for the three positions in Fig. 21. When the receiver
is in P1 which is the centre of the room (Fig. 3(b)) the
BERs for each of the four data streams are identical, this is
because the receiver position is symmetrical about the four
luminaires and equidistant from each. When the receiver is at
P2 directly below one luminaire (Fig. 3(b)) the BER for the
data stream from the luminaire directly above the receiver is
lowest because the power of the received signal is greatest.
The BER for Luminaire 3 is highest because it is furthest
from the receiver. Luminaires 2 and 4 have the same BER as
they are symmetrically placed relative to the receiver. Finally
for receiver position P3 because of the symmetries in the
configuration, BERs for Luminaires 2 and 4 are equal, as are

FIGURE 24. The BER contour plot without rotation using (a) square ADA
(b) round ADA.

the BERs for Luminaires 1 and 3. The BERs for Luminaires 2
and 4 are lower than for Luminaires 1 and 3 because they are
closer to the receiver.

B. EFFECT OF RECEIVER ORIENTATION ON BER
In the previous section, we considered the case where the
receiver points directly upwards and the x and y axes of
the receiver are parallel to the x̂ and ŷ axes of the room

VOLUME 7, 2019 145295



C. He et al.: ADA Receivers for Indoor MIMO VLC

FIGURE 25. The BER contour plot using square ADA with rotation (a). α = 10◦, β = 0◦, γ = 0◦, (b). α = 0◦, β = 10◦, γ = 0◦, (c). α = 0◦, β = 0◦, γ = 10◦.

coordinate system. In this section, we investigate the effect
of changing the receiver orientation. The analysis uses Euler
angles to describe the different orientations. Their definition
is shown in Fig. 22. The expressions for channel gain derived
in Section III still apply. The effect of changing the receiver
orientation is simply to change the direction of the incident
light described by (ϕ, θ). The distance from the transmit-
ter does not change. The detail analysis on the relationship
between (ϕ, θ) and the direction of the incident light after
changing the receiver orientation

(
ϕ̃, θ̃

)
, is provided in the

Appendix B.
We first investigate the effect of changing receiver orienta-

tion for the three positions considered before. The results are
shown in Fig. 23. All of the results are for Receiver 3 and each
figure shows the results for varying each of the three angles
α, β and γ through ±15◦. For the receiver at P1, the center
of the room, neither the tilt nor the rotation affects the BER
significantly. P2 which is directly under luminaire 2 is sym-
metrically placed relative to luminaires 1 and 4. Changing α
and β correspond to tilting the receiver towards or away from
luminaires 1 and 4 resulting in the identical plots for these
cases. A similar effect can be seen in Fig. 23(c) where in this
case it is luminaire 1 and 3 which are symmetrically placed.
In each case tilting towards a luminaire increases the channel
gain and reduces the BER and tilting away increases the BER.
Rotating the receiver has little effect on the BER for any of
the three positions.

C. BER AS A FUNCTION OF RECEIVER POSITION
Ideally a VLC receiver should operate reliably at most posi-
tions within a room and be relatively insensitive to likely ori-
entations. To investigate this we calculated the BER through-
out the room for various cases.

In this section, we simulate the BER for all possible
receiver positions with Eb,opt/N0 fixed by 170 dB. By using
(8), this corresponds to a background spectral irradiance of
3.9 × 10−5 W/

(
nm · cm2

)
which is a very high noise level

so these represent worst case scenarios. Other parameters
considered in the simulation are summarized in Table 3.

TABLE 3. Simulation Parameters.

Fig. 24 shows the contour plots for receiver designs 3 and 8
for no rotation or tilt. These show that the BER is low in
the middle of the room but increases toward the corners.The
results for the square apertures (Fig. 24(a)) and round aper-
tures (Fig. 24(b) differ slightly in detail but have the same
general form. This is important as it shows that the ADA
receiver is insensitive to the detailed shape of the aperture and
PD, which will have important implications for large scale
implementation.

The effects of rotation and tilt are shown in Fig. 25 where
the three angles α, β and γ are each separately increased by
10◦. All of the plots have the same general form with a large
area with low BER in the middle of the room and the BER
increasing closer to the walls and the corners. It can be seen
from Figs. 25 (a) and (b) that tilting the receiver reduces the
BER for positions in the direction of the tilt and increases the
BER in the opposite direction.

The effect of further increasing α is investigated in Fig. 26.
It can be seen that for α = 20◦ the matrix is not full rank
(yellow area). This is because one or more of the luminaires
is now outside the FOV of the receiver. The area where the
matrix is not full rank increases when the tilt is increased to
α = 30◦.

Fig. 27 investigates the effect of changing aperture height
for a tilt of α = 30◦ and also shows the rank of the matrix.
For a small aperture height only a small area near the wall
is not full rank but the area with BER < 10−5 is also
small. As the aperture height is increased the area which is
not full rank increases as does the area with BER < 10−5.
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FIGURE 26. The BER contour plot using square ADA with rotation (a) α = 10◦, β = 0◦, γ = 0◦, (b). α = 20◦, β = 0◦, γ = 0◦, (c). α = 30◦, β = 0◦, γ = 0◦.

FIGURE 27. BER and the channel matrix rank as a function of receiver’s position with different aperture heights, (a) dH = 0.5mm, (b) dH = 1mm,
(c) dH = 1.5mm.

This is another important result as it again demonstrates the
flexibility of theADAapproach and the ability to designADA
receivers for different applications. For the MIMO config-
uration considered in this paper the aperture height of the
ADA can be chosen depending on the importance of tolerance
of the receiver to tilt and the importance of reception at the
perimeter of the room. The simulations in Fig. 27 are for the
case of a high level of shot noise. A lower level of noise would
result in lower BERs in all positions where the channel matrix
is full rank but would not change the results where the matrix
is not full rank.

VII. DISCUSSION AND CONCLUSION
In this paper we have presented detailed analytical and sim-
ulation results for ADA receivers when used in an indoor
VLCMIMOcommunication system. Expressions for channel
gains were derived for both receivers using round apertures
and PDs, and receivers using square apertures and PDs. These
expressions show how the gain varies as a function of the

distance between the transmitter and receiver, the receiver
orientation, and for a range of receiver parameters.

It was shown that as the offset between the aperture and the
PD decreases, the FOV of the RE points in a more upward
direction so that when the aperture is directly above the RE,
the FOV is maximum directly above the RE. It was also
shown that increasing the size of the aperture relative to the
PD does not increase the maximum channel gain for a given
incident angle, but increases the range of polar angles for
which the channel gain has this maximum value. Another
finding was that decreasing the distance between the plane
of the aperture and the plane of the PD increases the FOV.

The expressions for channel gain were then used in simu-
lations of a MIMO ACO-OFDM in a typical indoor scenario
with four transmitting luminaires. BER results were calcu-
lated for ten different receiver designs and three different
receiver positions within the room. It was shown that the BER
performance is dominated by the BER for the data transmitted
by the luminaire that is furthest from the receiver.
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BER curves and contour plots were presented which show
how the BER varies within the room for one value of transmit
power and shot noise. These show that the performance is best
in the middle of the room where the receiver is equidistant
from four luminaires andworst in the corners. The differences
in performance between receivers based on round and square
apertures were shown to be quite small. We also show that the
simulated BERs match very well with our theoretical results.
Moreover, these results suggest that when ADA receivers
are used in VLC applications the precise properties of the
REs are less important than in VLP applications. This is
because in VLC applications the performance depends on the
properties of the channel matrix, in particular the condition of
the channel matrix. This is very different fromVLPwhere the
accuracy of position estimates depends on the precise value
of each channel gain.

The effects of tilting and rotating the receiver were then
investigated. It was shown that if the receiver is horizontal,
rotation has only a small effect. If the receiver is tilted, perfor-
mance improves when the receiver is being tilted towards the
center of the room and degrades when it is being tilted away.
In a MIMO system all four luminaires must be within the
FOV if reliable communication is to be supported, otherwise
the channel matrix does not have full rank. It was shown that
the sensitivity to tilt depends on the aperture height. Smaller
aperture heights result in a larger area where the channel
matrix has full rank but results in higher BER near the center
of the room.

The BER simulations described in the paper were for the
particular case of a MIMO system using ACO-OFDM as
the modulation technique but the results for channel gain
can be used in future work on cellular VLC systems or for
VLP systems. In these applications the constraint that all
four transmitting luminaires must be within the receiver FOV
no longer applies. The channel gain results are completely
general and can also be used for research on modulation
schemes other than ACO-OFDM.

ADA receivers aremore compact than other forms of diver-
sity receivers for VLC. They do not require lenses or other
three dimensional structures used in other angular diversity
receivers and they do not require the widely spaced PDs
required for spatial diversity. In addition to these advantages
the results presented in the paper show that an ADA receiver
can be designed which will provide excellent performance
in a MIMO VLC system. They also show how the detailed
design of an ADA receiver affects its properties.

APPENDIX A
SNR AND BER ANALYSIS IN A MIMO ACO-OFDM SYSTEM
In this Appendix, we analyze the SNR and the BER per-
formance of an optical MIMO ACO-OFDM system. First,
the scaling factor for obtaining a certain optical power level
is calculated by considering the statistical properties of the
transmittedACO-OFDMsignal. Then theoretical expressions
of the SNR and the BER are calculated when ZF equalizers
are used to decouple the transmitted signals.

A. STATISTICS OF THE TRANSMITTED ACO-OFDM SIGNAL
AND CONSTRAINT ON Popt
Assuming the number of independently modulated
ACO-OFDM subcarriers, NACO, is sufficiently large so that
the central limit theorem applies, the probability density
function of each of the elements of x is well approximated as
a zero-mean Gaussian variable and all the elements have the
same variance, σ 2

x [30]. It was shown in [28] that assuming
xs (t) has a Gaussian distribution with variance σ 2

s then xsc (t)
has a clipped Gaussian distribution and that

E {xsc (t)} =
σs
√
2π

(16)

and

E
{
x2sc (t)

}
=
σ 2
s

2
(17)

Now using

xs (t) = GACO
(
Popt, β

)
x (t) (18)

gives

σ 2
s = G2

ACO
(
Popt, β

)
σ 2
x(t) (19)

where σ 2
x(t) is the variance of the continuous signal x (t).

Using the assumptions in [30] about the form of the continu-
ous signal gives σ 2

x(t) = σ
2
x , so

σ 2
s = G2

ACO
(
Popt, β

)
σ 2
x . (20)

and

σs = GACO
(
Popt, β

)
σx . (21)

So substituting this in (16) gives

E {xsc (t)} =
GACO

(
Popt, β

)
σx

√
2π

(22)

We have shown (see (8)) that subject to the constraints
described before that σ 2

x = 1. Applying this to (22) gives

E {xsc (t)} =
GACO

(
Popt, β

)
.

√
2π

(23)

Finally using Popt = E {po (t)} and po (t) = βxsc (t) we can
show that

Popt = E {po (t)} = E {xsc (t)}

= βE {xsc (t)} =
βGACO

(
Popt, β

)
.

√
2π

(24)

Rearranging gives

GACO
(
Popt, β

)
=

√
2πPopt
β

(25)
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BERk,i ≥
4

log2M

(
1−

1
√
M

)
Q

(√
3

(M − 1)
× SNRZF,k,i

)(
1−

(
1−

1
√
M

)
Q

(√
3

(M − 1)
× SNRZF,k,i

))
(32)

B. SNR AT THE OUTPUTS OF THE ZERO-FORCING
EQUALIZER
We now use (15) to calculate the SNR at the output of the
zero-forcing equalizer. The well-known equation for the SNR
at the output of a zero forcing equalizer for the ith transmitter
for the case of equal power transmitters and equal AWGN at
each of the receivers is [32]

SNRZF,i =
γ[(

HC
THC

)−1]
i,i

(26)

where γ is the ratio of the signal power at the input to the
channel to the power of the noise at the input to the equalizer,
HC is the MIMO channel matrix and [·]i,i represents the ith
diagonal element [32]. Applying this to the kth subcarrier in
the MIMO system gives

γ =
E
{
|Xk |2

}
E
{
|Wk |

2} (27)

And the channelmatrix isHeoe with each of its elements given
by (14) so

SNRZF,k,i =
1[(

Heoe
THeoe

)−1]
i,i

E
{
|Xk |2

}
E
{
|Wk |

2} (28)

so

SNRZF,k,i =
πP2optR

2
P

2
[(
Ho

THo
)−1]

i,i

E
{
|Xk |2

}
E
{
|Wk |

2} (29)

where Ho is the optical channel matrix.
In this paper, we consider the case whereNACO = N/4 and

each of the independently modulated subcarriers has equal
variance. Also, due to the Hermitian symmetry, the number
of odd subcarriers is 2× NACO, so

E
{∣∣Xk∈NACO

∣∣2} = E

{
N−1∑
k=0
|Xk |2

}
2× NACO

=
N

2× NACO
= 2 (30)

So in this case substituting (30) and (11) in (29) gives

SNRZF,k∈NACO,i =
πP2optR

2
P[(

Ho
THo

)−1]
i,i
N0B

(31)

In this paper, we consider using squareQAMconstellations
and therefore the theoretical bit error rate (BER) for the kth
subcarrier of the ith decoupled data scream is lower bounded
by (32) [33]. In (32), as shown at the top of the page,M is the
size of the QAM constellation.

From (31) and (32), the theoretical BER can be calculated
for given values of Popt, Rp, N0, M , B and Ho.

FIGURE 28. The coordinates system used to describe (a) the Euler angles
and (b) the orientation of the ADA receiver.

C. CALCULATION OF EB,OPT/N0 in terms of system
parameters
In this paper, we present the BER results as a function of
Eb,opt/N0 and Eb,opt is given by

Eb,opt =
Popt
b

(33)

where b denotes the bit rate of the ACO-OFDM signal trans-
mitted by each of the LED luminaires and is given by

b =
B
2
log2M (34)

where M is the size of the QAM constellation and B is the
modulation bandwidth, which we assume to be equal to the
electrical bandwidth of the receiver input. Thus substituting
(33) into (34) gives

Eb,opt =
2Popt
Blog2M

(35)

and therefore

Eb,opt
N0
=

2Popt
N0Blog2M

(36)

From (36) the theoretical value ofEb,opt/N0 can be calculated
for a given Popt, N0, M and B.
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R = RxRyRz =

 cosβ cos γ − sinβ cosβ sin γ
cosα sinβ cos γ + sinα sin γ cosα cosβ cosα sinβ sin γ − sinα cos γ
sinα sinβ cos γ − cosα sin γ sinα cosβ sinα sinβ sin γ + cosα cos γ

 (40)

APPENDIX B
RECEIVER ROTATION USING EULER ANGLES
We use the well-known Euler angles [34] to describe the
rotation process of the ADA receiver and to decompose the
overall rotation effect into three steps of turning. We first
assume that the ADA receiver points directly upwards and
the x and y axes of the receiver are parallel to the x̂ and ŷ
axes of the room coordinate system. Then, Euler angles are
used to describe the rotation process so that the orientation of
the ADA receiver after rotation can be denoted using three
angles. As shown in Fig. 28(a), each step of the rotation
process is equivalent to turning the axes in the xyz coordinate
system. Therefore, as shown in Fig. 28(b), this could affect
the ‘pointing’ direction of the ADA receiver. In this paper,
these three Euler angles are α, β and γ , with rotation matrices
given by [34]

Rx (α) =

1 0 0
0 cosα − sinα
0 sinα cosα

 (37)

Ry (β) =

cosβ − sinβ 0
sinβ cosβ 0
0 0 1

 (38)

Rz (γ ) =

 cos γ 0 sin γ
0 1 0

− sin γ 0 cos γ

 (39)

In this paper, without loss of generality, we consider a spe-
cific rotation order (x axis → y axis → z axis). Therefore,
the overall conversion matrix is given in (32), as shown at the
top of this page.

Using the coordinates system shown in Fig. 28(a),
the direction of the incident light is denoted by (ϕ, θ) using
polar coordinates. After the ADA receiver is rotated, the ori-
entation of the ADA receiver is shown in Fig. 28(b). In this
situation, the polar coordinates used to denote the direction of
the incident light become

(
ϕ̃, θ̃

)
. The relationship between

(ϕ, θ) and
(
ϕ̃, θ̃

)
is given by

sin (ϕ̃) sin
(
θ̃
)

sin (ϕ̃) cos
(
θ̃
)

cos (ϕ̃)

 = R

sin (ϕ) sin (θ)
sin (ϕ) cos (θ)

cos (ϕ)

 (41)

(13) is then solved to obtain
(
ϕ̃, θ̃

)
. Finally, based on the

channel gain analysis provided in the Section II-B,
(
ϕ̃, θ̃

)
can

be used to calculate the channel gain when the ADA receiver
is rotated.
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