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Abstract
In this paper, we propose and study a non-imaging receiver design reducing the correlation of
channel matrix for indoor multiple-input multiple-output (MIMO) visible light communication (VLC)
systems. Contrary to previous works, our proposed mirror diversity receiver (MDR) not only blocks the
reception of light on one specific direction but also improves the channel gain on the other direction by
receiving the light reflected by a mirror deployed between the photodetectors. We analyze the channel
capacity and optimal height of mirror in terms of maximum channel capacity for a 2 × 2 MIMO-VLC
system in a 2-dimensional geometric model. We prove that this constructive and destructive effects in
channel matrix resulting from our proposed MDR are more beneficial to obtain well-conditioned channel
matrix which is suitable for implementing spatial-multiplexing MIMO-VLC systems in order to support
high data rate.

I.

I NTRODUCTION

Visible light communication (VLC) has attracted a lot of attention with the rise of the emerging
solid-state lighting such as light-emitting diode (LED) and laser diode (LD) to replace the
conventional lighting sources thanks to their high efficiency and low cost [1]. Since it is natural
to deploy multiple lighting sources at intervals in the ceiling, multiple-input multiple-output
(MIMO) indoor VLC systems have gained growing interest in order to support higher data rates
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System model of a 2-dimensional 2 × 2 OWC-MIMO link equipped with the proposed mirror diversity receiver; The

geometry of transmitter-receiver pair (left), the structure of proposed MDR (top right), and the example for its reception of
incident light from the 1st LED with rj = [0 1]T (bottom right).

by transmitting different information streams from different lighting sources [2]. However, it is
difficult to apply spatial-multiplexing MIMO scheme in indoor VLC intensity channel with a
dominant line-of-sight (LoS) link because it results in highly correlated channel matrix preventing
from decoding the received signals in parallel at the receiver.
In order to reduce the correlation between the channel vectors in matrix, various advanced
receiver structures have been proposed. Recently, some papers have considered the imaging
receivers using the lenses such as convex lens, hemispherical lens, and fisheye lens [3]–[5].
A lens is used to project the optical intensity signals on the receiver photodetector (PD) array
with partial and complete separated light images which result in well-conditioned channel matrix.
However, the imaging receivers with a lens results in some disadvantages such as a limited fieldof-view (FoV), a limitation of receiver size and the necessity of additional optics depending on
the type of lens.
On another front, non-imaging receivers have been proposed to reduce the channel correlation.
Line-blocked receiver (LBR) is a simple and efficient method to reduce the correlation by
blocking the specific link from an LED to a PD [6] but is difficult to practically implement by
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adaptively reflecting the change of blocking area due to the user mobility and location. Another
simple method called spatially-separated receiver (SSR) is to separate the PDs at the receiver
to reduce the correlation by making larger difference between the transmission distances and
between the incident angles of light on arrival at PDs [6]. It is practical to implement but makes
the receiver size larger and provides limited performance enhancement. Recent papers have also
considered an advanced receiver making less-correlated channels by reducing the channel gains
from the specific direction [7], [8]. In [7], the angle diversity receiver (ADR) has been proposed
to vary the orientation angles of PDs so that the incident light from the specific direction can not
reach the receiver plane or is directed out of the receiver FoV. The prism array receiver (PAR)
in [8] deploys a prism on the top of each PD plane to orient the specific direction. Therefore,
only the light oriented toward the specific direction can pass through the prism and reach the
receiver PD plane.
Most of the MIMO-VLC non-imaging receivers except SSR addressed here focused on destructing the channel gains from specific LED-to-PD links in order to reduce the correlation.
In other words, these receivers end up with the spatial directivity for each PD by blocking
or interfering with the reception of intensity signals in the specific direction. Unlike previous
receivers only utilizing the destructive impact by introducing directivity, we propose in this paper
a new receiver design which exploits both destructive and constructive effect on directivity at
the receiver. In order to reduce the correlation, our proposed mirror diversity receiver (MDR)
deploys both-side mirrors between the PDs which can help destructively reduce the channel
gains from specific direction by block the light as well as constructively increase the channel
gain from another directions by receiving the reflective lights at PD.1 We analyze the performance
of 2×2 MIMO-VLC system in two-dimensional geometric model. We verify the superiority over
previous non-imaging receiver in terms of capacity and also investigate the optimal height of
the mirror to maximize the channel capacity. Finally, we discuss the extension of our proposed
MDR to general MIMO-VLC system and the applicability along with the previous non-imaging
receivers.
The remainder of this paper is organized as follows. Section II introduces the system model
for the two-dimensional 2×2 MIMO-VLC. Our proposed MDR is described in details in Section
1

Any reflectors can be replaced with mirrors for the same purpose.
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III and analyzed in Section IV. Numerical results in Section V validate the superiority of the
proposed MDR. Finally, a brief conclusion summarizing the main results and discussing future
works of the paper are given in Section VI.
II.

S YSTEM M ODEL

In this paper, we consider as shown in Fig. 1 an optical wireless communication MIMO system
where the transmitter is equipped with two LEDs and the proposed receiver is equipped with two
PDs. We consider an intensity modulation and direct detection (IM-DD) scheme for modulation
and demodulation in this system. As you can see in the figure, it is assumed that there only exists
direct line-of-sight (LoS) link and we do not consider the reflections. For simplicity, we assume
that the transmitter-receiver pair is aligned in the two-dimensional cartesian coordinate while we
note that our proposed receiver can be easily extended to three-dimensional space. Each LED is
symmetrically located over X-axis and in the same height in Y -axis, i.e., the i-th LED is on the
point ((3 − 2i)x0 , y0 ), where x0 > 0 and y0 > 0. Each LED irradiates the light in the Lambertian
radiation pattern centered in the direction of unit vector ti . We assume that the receiver size is
relatively small compared to the transmission distance and two PDs are co-located on the point
(x, 0), that is, it is assumed that the transmission distances and the irradiance angles between
the i-th LED and both PDs are the same, i.e., d1i = d2i = di and α1i = α2i = αi . We note that
the j-th PD plane is oriented in the direction of unit vector rj .
Each electrical signal is modulated for the input of each LED, converted to the intensity signal
si for i = 1, 2. At the receiver, each PD fulfills direct detection to an electrical current signal
yj for j = 1, 2 proportionally to the received intensity signal. For the sake of simplicity, the
received signal can be represented in vector space as
y = Hs + n,

(1)

where n = [n1 n2 ]T denotes independent and identically distributed (i.i.d.) additive white
Gaussian noise (AWGN) vectors with zero mean and variance of σn2 j =

N0 2
.
2

H ∈ R2×2 is

the 2 × 2 channel matrix whose element hji represent the channel gain between the i-th LED
2

We note that the shot and thermal noise in receiver electric domain are generally modeled as AWGN.
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and the j-th PD which is given by
hji =

FoV
(m+1)Aji
π
,
cosm αji cosk βji , |αji | ≤ , |βji | ≤
2
2πdji
2
2

(2)

and hji = 0, otherwise. Here, αji , βji , dji and Aji are the irradiance angle at the i-th LED to the
receiver, the incident angle at the j-th PD from the i-th LED, the transmission distance between
the i-th LED and j-th PD and the active area of the j-th PD with respect to the i-th LED. Each
angle can be computed as
cos αji = dji · ti

(3)

cos βji = −dji · rj ,

(4)

where dji denotes the direction vector from the i-th LED to the j-th PD which is given by
dji =

[x−(3−2i)x0 −y0 ]T
dji

. k denotes the FoV coefficient of the PD and the Lambertian emission

order is given as
m=

− ln 2
,
ln(cos Φ 1 )

(5)

2

where Φ 1 denotes the semi-angle at half-power of light emission in LED. In the conventional
2

non-imaging receiver using the PDs with the same PD plane size, the active area of PDs for each
channel element is the same as A. Due to the high correlation between channel vectors with
respect to two LEDs, it prevents from utilizing spatial multiplexing MIMO transmission and
decoding in the conventional receiver. In the next section, we propose a new receiver structure
to reduce the correlation by deploying a mirror between two PDs.
III.

P ROPOSED M IRROR D IVERSITY R ECEIVER

In the top right of Fig. 1, we present the structure of the proposed MDR. In order to obtain
the channel vectors having lower correlation, our main idea is to deploy the both-side mirror
perpendicularly to the X-axis between two PDs. Depending on the oriented direction of incident
light, each PD can receive more light intensity due to the reflective light by mirror, while, at
the same time, the incident light from the other direction is blocked by the mirror. By doing so,
each PD can exploit the spatial directivity to successfully separate the intensity signal of one
LED from that of the other LED. For example as shown in the bottom right of Fig. 1, the first
PD gains more light intensity by reflective light from the mirror, while the second PD has the
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shaded plane not receiving the light from the first LED due to the blockage of the mirror. Now
we can compute the additional channel gain and the loss of channel gain due to the mirror to
find the channel matrix at the proposed MDR. We only analyze the channel matrix in the range
of x ≥ 0 due to the symmetry. We assume that the active area of two PDs is in the shape of
square with the same area A = d2p , where dp is the length of one side. The height of mirror is
defined as hm . Depending on the location of the LED relative to the location of receiver, we
know that the channel gain of each PD increases or decreases. Considering two scenarios in
which the receiver can be located, i.e., between two LEDs, 0 ≤ x < x0 or outside of two LEDs,
x ≥ x0 , we can calculate the channel matrix at the proposed MDR.
A. Scenario 1: 0 ≤ x < x0
The received intensity through direct LOS link without the mirror can be already obtained by
(2) and we focus on the amount of received intensity or loss of intensity due to the mirror. As
you can see in Fig. 1, in this scenario, the i-th PD can gather more reflective light from the i-th
LED, while it loses some amount of intensity from the other LED due to the blockage of mirror.
The increased and decreased amount of intensity is proportional to the effective active-area at
each PD which can gather the reflective light or can be shaded by the mirror. In order to calculate
the effective active-area receiving extra reflective light, we first calculate the incident angles of
light into the mirror and reflective light into the PD plane which is given by
cos βmj = −djj · [0 1]T
cos β̃jj = −(Tm djj ) · rj ,
where Tm denotes the transformation matrix due to the mirror which is given by Tm =

[

−1
0

(6)
]
0
.
1

As shown in the bottom right of Fig. 1, let us define the effective maximum length of one side
as d˜ji in PD plane which the reflective light can reach in the case of i = j or be blocked in the
case of i ̸= j. It can be computed by using the trigonometric identities as

)
(
h
sin
β
m
mi


, dp , i = j

 min
cos β̃ii
)
(
˜
,
dji =
h
sin
β

m
mi

, dp , i ̸= j.

 min
cos β̃ji

(7)

where we note that we use the identity of β̃ji = βji in case of i ̸= j for notational simplicity.
Now the effective active-area where receives the reflective light or be shaded can be calculated
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h̃ji =

h̃ji =


δj−i (m+1)Ãji
 hji + (−1)i+j ηm
cosm αji cosk β̃ji , if |αji | ≤ π2 , |βji | ≤
2πd2

FoV
, |β̃ji |
2

≤

FoV
2

 h ,
ji

FoV
, |β̃ji |
2

>

FoV
2

ji

if |αji | ≤ π2 , |βji | ≤

(8),


δj−2 (m+1)Ãji
 hji + (−1)j ηm
cosm αji cosk β̃ji , if |αji | ≤ π2 , |βji | ≤
2πd2

FoV
, |β̃ji |
2

≤

FoV
2

 h ,
ji

FoV
, |β̃ji |
2

>

FoV
2

ji

if |αji | ≤ π2 , |βji | ≤

(9)
.

as Ãji = d˜ji dp . Therefore, the overall channel gain at the proposed MDR can be computed as
(8) where ηm ∈ [0, 1] denotes mirror reflection coefficient that is equal to one with the only
perfect mirror and δk is the Dirac delta function where δk = 1 for k = 0 and δk = 1 otherwise.
We observe from (8) that the channel gains of diagonal components in the channel matrix are
increased compared with that at the conventional receiver, while that of off-diagonal components
are reduced. It means that the two channel vectors for the first and second LED can be further
uncorrelated by introducing our proposed MDR.
B. Scenario 2: x ≥ x0
It is clear to see that some of the intensity signals from both LEDs are blocked at the first PD
due to the mirror, while the reflected intensity signals by mirror can help increase the channel
gain at the second PD. Similarly to the previous section, we can calculate the channel gain which
is given by (9). As you can see, when j = 1, the channel gains in the first row in the channel
matrix is reduced compared to that at the conventional receiver. On the other hand, when j = 2,
the channel gains in the second row in the channel matrix is increased.
C. Relation to Previous Receivers
We can observe that some of the previous receiver structure can be the special cases of our
proposed MDR by adjusting the system parameters taken into consideration to calculate the
channel matrix. For example, we know that the proposed MDR without mirror (hm = 0) is the
same as some types of conventional receivers. In Table. I, we summarize the relation between
the type of receivers and the corresponding system parameters.
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TABLE I.

R ELATION TO VARIOUS RECEIVERS

System Parameters
Type of Receivers
Height of mirror

Incident vector of PD

Conventional receiver

hm = 0

rj = [0 1]T , ∀j

Pyramid ADR [7]

hm = 0

rj = Tm ri

Hemispheric ADR [7]

hm = 0

−†

Pure MDR

hm > 0

rj = [0 1]T , ∀j

Combined MDR-ADR

hm > 0

−†

† Any

h̃ji

unit vectors


(
)
(m + 1)

m
k
i+j δj−i
π
FoV , 0 ≤ x < x
˜

cos
α
cos
β
A
+
(−1)
η
d
d

i
i
p i , if |αi | ≤ 2 , |βi | ≤
0
m
2
2
2πdi
=
(10).
(
)
(m + 1)

δj−2

cosm αi cosk βi A + (−1)j ηm
dp d˜i ,
if |αi | ≤ π2 , |βi | ≤ FoV
, x ≥ x0

2
2
2πdi

As you can see in Table I, we note that our proposed MDR can be applied together with
previous advanced-receivers. In addition, unlike the LBR or SSR, our proposed receiver does
not make the challenging issues such as sensitivity to the receiver mobility/location and limitation
to the receiver size to implement the spatially separated PDs.
IV.

P ERFORMANCE A NALYSIS OF M IRROR D IVERSITY R ECEIVER

In this section, we analyze the performance of our proposed pure MDR to check the superiority
of our proposed receiver compared with the other receiver. Therefore, we assume that we set
the incident vector of PD to rj = [0 1]T . With this assumption, we note that the following
identities holds; βmj = β̃jj = βij , βj for i ̸= j. For simplicity, using Aji = A, dii = dji , di ,
and αii = αji , αi , the channel gain at the pure MDR can be computed as (10), where
d˜i = min(hm tan βi , dp ) can be easily computed by manipulating (7) and defining d˜ii = d˜ji , d˜i .
As you can observe in (10), it is the worst-case scenario for the conventional receiver (hm = 0)
to use the spatial multiplexing MIMO. This is because two transmit intensity signals from the
first and the second LED are the scaled signals that are perfectly overlapped in the same direction
√
√
vector of [1/ 2 1/ 2]T and it cannot decode two transmit signals. For simplicity, let us define
the indicator function to check if the incident angle of light falls into the range of receiver FoV,
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i.e.,

Letting ξi ,


 1, if |β | ≤ FoV
i
2
.
ui =
 0, if |βi | > FoV
2
(m+1)
2πd2i

(11)

cosm αi cosk βi ui and the element of effective active-area matrix Ã

 A + (−1)i+j η δj−i d d˜ , if 0 ≤ x < x
p i
0
m
Ãji =
,
 A + (−1)j η δj−2 dp d˜i ,
if
x
≥
x
0
m

the channel matrix at the pure MDR can be represented as
H̃ = Ãdiag(ξ1 , ξ2 ),

(12)

where diag(ξ1 , ξ2 ) denotes the diagonal matrix consisting of the elements ξ1 and ξ2 . For conventional receiver with hm = 0, the effective active-area matrix is Ã = A11T and the rank of the
channel matrix is rank(H) = rank(A11T diag(ξ1 , ξ2 )) = 1. Again, it proves that the conventional
receiver cannot support multiplexing MIMO in this worst-case scenario. On the other hand, the
channel matrix at the proposed MDR (hm > 0) consists of product of two rank-two matrices of
Ã and diag(ξ1 , ξ2 ) and can support multiplexing MIMO.
A. Channel Capacity
First we consider the channel capacity of the MIMO system with the known channel state
information (CSI) at the receiver only. When the average electrical SNR at the transmitter is
constrained on E[∥s∥2 ] = P and the power is equally allocated to each LED, the channel capacity
can be computed as3
C=
3

1
log2 det I + ρH̃H̃T ,
2

(13)

It is the capacity formula in the classical MIMO system, while the channel capacity upper and lower bounds in optical wireless

intensity channel are obtained in [9, Eq. (7.43)]. We note that the above capacity formula is enough to verify the performance of
various receivers because 1) it is also used in the previous literature [7], [10] and references therein for performance comparison
and evaluation in optical wireless intensity channel; and 2) it is in the same form as the achievable rate formula of constant
power and continuous rate adaptation optical MIMO systems in [11, Eq. (24)-(25)] by introducing the bit error rate requirement.
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where ρ ,

P
N0

is the average electrical SNR per LED. Using (12), it can be rewritten as
2
∏
1
C = log2
(1 + ρλm )
2
m=1
(
1
= log2 1 + ρ(ξ1 Ã11 + ξ2 Ã22 )
2
)
+ ρ2 ξ1 ξ2 (Ã11 Ã22 − Ã12 Ã21 ) ,

(14)

where λm denotes the eigenvalues of the channel matrix H̃H̃T .
B. Optimal Height of a Perfect Mirror
We note that the capacity depends on the height of mirror hm and can be maximized with
optimal hm . For analysis, we here assume a perfect mirror, i.e., ηm = 1.
Theorem 1 (Optimal Height of Mirror): The channel capacity of 2 × 2 MIMO-VLC twodimensional systems with the pure MDR with perfect mirror is maximized with the optimal
height of mirror as follows. For 0 ≤ x < x0 ,
h∗m ≥
For x ≥ x0 ,


 h∗ ≥
m
 h∗ =
m

dp
.
tan β1

2ρA2 ξ22
1+2ρA2 ξ22

dp
,
tan β1

if

dp
,
tan β2

otherwise

≤

(15)

1
2

(

β1
1+ tan
tan β2

)
.

(16)

Proof: We first consider the case for 0 ≤ x < x0 . In this case, we prove that (14) with
d˜1 = dp and d˜2 = dp , i.e., hm ≥ tandpβ1 is always larger than that with the other case of d˜j on
hm < dp . The determinant in (13) for hm ≥ dp defined as D(d˜1 , d˜2 ) = det I + ρH̃H̃T
tan β1

tan β1

can be computed as
D(dp , dp ) = (1 + 4ρA2 ξ12 )(1 + 4ρA2 ξ22 ).
For

dp
tan β2

≤ hm <

dp
,
tan β1

(17)

the following inequality of the determinant holds:

D(hm tan β1 , dp ) = (1 + 2ρA2 (1 + a2 )ξ12 )(1 + 4ρA2 ξ22 )
− (2ρA2 ξ1 ξ2 (1 − a))2
(
)
2
2 21 + a
< 1 + 4ρA ξ1
(1 + 4ρA2 ξ22 )
2
< D(dp , dp ),

(18)
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where we define a =

hm tan β1
dp

for

tan β1
tan β2

≤ a < 1 in this range. Similarly, for 0 ≤ hm <

dp
,
tan β2

we can see the following inequality holding:
D(hm tan β1 , hm tan β2 )
(
)(
)
2
2
2 21 + a
2 21 + b
= 1 + 4ρA ξ1
1 + 4ρA ξ2
2
2
− (2ρA2 ξ1 ξ2 (1 − ab))2
< D(dp , dp ),
where we define b =

hm tan β2
dp

the capacity, the optimal hm
d˜2 = dp .

(19)

for 0 ≤ a ≤ b < 1 in this range. Therefore, in order to maximize
(
)
is set to h∗m ≥ max tandpβ1 , tandpβ2 = tandpβ1 so that d˜1 = dp and
dp
, the determinant can be
tan β1
dp
, the determinant is given
tan β1

We now consider the case for x ≥ x0 . For hm ≥
D(dp , dp ) = 1 + 4ρA2 (ξ12 + ξ22 ). For

dp
tan β2

≤ hm <

calculated as
by

D(hm tan β1 , dp ) = 1 + 2ρA2 (1 + a2 )ξ12 + 4ρA2 ξ22
+ (2ρA2 ξ1 ξ2 (1 − a))2 .

(20)

We note that D(hm tan β1 , dp ) = D(dp , dp ) for a = 1. (20) is a convex quadratic function
in a variable a. Therefore, the determinant in (20) is maximized at the end of range, i.e.,
maxa D(hm tan β1 , dp ) = max(D(hm tan β1 , dp )|a= tan β1 , D(hm tan β1 , dp )|a=1 ). The a-coordinate
of vertex in this function is av =

2ρA2 ξ22
1+2ρA2 ξ22

tan β2

which ranges in (0, 1). (20) becomes larger as the

variable a becomes far away from the a-coordinate of vertex. Therefore, the following inequality
holds:
D (hm tan β1 , dp ) |a= tan β1 ≥ D(dp , dp ) if av ≥
tan β2

1
2

(

β1
1+ tan
tan β2

while D (hm tan β1 , dp ) |a= tan β1 < D(dp , dp ), otherwise. For 0 ≤ hm <
tan β2

)
,

dp
,
tan β2

the determinant

in this range is bounded by
D(hm tan β1 , hm tan β2 )
= 1 + 2ρA2 (1 + a2 )ξ12 + 2ρA2 (1 + b2 )ξ22
+ (2ρA2 ξ1 ξ2 (b − a))2
< 1 + 2ρA2 (1 + a2 )ξ12 + 4ρA2 ξ22 + (2ρA2 ξ1 ξ2 (1 − a))2
< D (hm tan β1 , dp ) |a= tan β1 .
tan β2

(21)
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Finally, we can see the optimal h∗m =

dp
tan β2

or h∗m ≥

dp
tan β1

under the condition on the vertex

described above.
For 0 ≤ x < x0 , the capacity is maximized when the non-diagonal elements in the channel
matrix become zero. In other words, the capacity is maximized if the light radiated from the
j-th LED is perfectly blocked at the i-th PD, while exploiting its reflective intensity signals to
enhance the received power at the j-th PD, and vice versa. We also note that the minimum
optimal height of mirror is dependent on the incident angle of light from the first LED β1 which
varies on the receiver position in the range. At x = 0, β1 is the largest in the range of 0 ≤ x < x0
and optimal hm can be minimized, which means that the optimal pure MDR can be implemented
practically. On the other hand, as the receiver position becomes close at (x0 , 0), β1 approaches
zero and therefore optimal hm approaches infinity, which means that it is practically impossible
to implement the optimal pure MDR due to the limitation of receiver size.
For x ≥ x0 , the channel capacity under the optimal height of mirror depends on the condition
that is related to ρ, A and βj for j = 1, 2. For the fixed transmitter/receiver position, when
h∗m ≥

dp
,
tan β1

the channel matrix is a rank-1 matrix, while the channel matrix with h∗m =

dp
tan β2

is the rank-two matrix. Therefore, the transmission mode can be changed as follows.
Corollary 1.1: For fixed transmitter and receiver position under x ≥ x0 , the multiplexing
scheme is the optimal transmission mode to achieve the channel capacity in high SNR regime,
while the beamforming scheme is the optimal one in the low SNR regime.
V.

N UMERICAL R ESULTS

In our performance evaluation, we consider the system model in Fig.1 by using the following
parameters given in Table II below. We note here that we utilize the mirror with fixed height
because it is not optimal at each receiver position but practical to implement adaptively for user
mobility and location. In addition, excepting the parameters for the mirror, we use the similar
system parameters that the ones used in the simulation in [6], [7]. For comparison, we consider
other MIMO-VLC non-imaging receivers, i.e., spatially-separated receiver (SSR), line-blocked
receiver (LBR), and angle diversity receiver (ADR). Typical system parameters for LEDs and
PDs are the same as mentioned in Table II. The separation between two PDs in SSR is defined as
xs = 10 cm and we assume that two PDs at SSR are located at the points (x ± x2s , 0). For LBR,
it is assumed that the specific links from the i-th LED to j-th PD for i ̸= j are perfectly blocked
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TABLE II.

LED

MDR

† The

S YSTEM PARAMETERS FOR SIMULATION
Parameters

Values

Location at (x0 , y0 ) and (−x0 , y0 )

(2, 3) and (−2, 3)†

Direction vector of irradiation in center (ti )

[0 − 1]T

Semi-angle at a half power (Φ1/2 )

60°

Lambertian emission order (m)

1

Location at (x, 0)

x = 0 to x = 3

Direction vector of PD orientation (rj )

[0 1]T

Receiver field-of-view (FoV)

180°

FoV coefficient (k)

1

Active area of PD (A)

1 cm2

Length of one side at PD plane (dp )

1 cm

Height of mirror (hm )

1 cm‡

Reflection coefficient of mirror (ηm )

0.8‡

unit of distance is meter (m).

‡ Unless

otherwise stated.

to make the channel matrix uncorrelated. Thus, we here assume that non-diagonal elements of
channel matrix at LBR are zero, i.e., hji = 0 for all i ̸= j. For ADR, it is required to find the
optimal angle of PD orientation which we numerically obtain to maximize the channel capacity
for each receiver position as in [7].
Fig. 2 illustrates the channel capacity of 2 × 2 MIMO-VLC system with various receivers with
respect to the receiver position for different SNRs. Due to the small size of active area in PD,
the channel gains h̃ji (or hji ) in the system are nearly around 60 dB, which means that ρ should
be at least 120 dB for reasonable performance.4 Therefore, we consider three scenarios with
ρ = 120, 140, and 160 dB. We show from this figure that the proposed MDR outperforms the
existing advanced receivers at all the receiver position and SNR of interest. We can see that the
constructive effect on the channel gain by receiving the reflective light can further improve the
system performance unlike the other receivers only utilizing the destructive effect on the channel
gain by blocking the link. For ρ = 120 dB which means low received SNR, the performance
gap among our proposed MDR and the other receivers is smaller than that in high received SNR
regime with ρ = 160 dB. We also note that our proposed MDR provides better performance
even though we do not use the mirror with optimal height but with fixed height.
4

We note that this operating SNR range is almost the same as [7], [8].
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Fig. 2. Channel capacity as a function of the receiver position in SSR, LBR, ADR, and the proposed MDR for different SNRs.

In Fig. 3, we present the channel capacity of the proposed MDR with respect to the height
of perfect mirror hm at different receiver positions, x = 1 and x = 3. For the arbitrarily
chosen SNRs, Fig. 3 verifies the validity of Theorem 1 describing the optimal height of perfect
mirror. We also see that the optimal height of perfect mirror in high receive SNR regime is
only 6 mm which is smaller than dp . It means that the optimal pure MDR can be compactly
implemented. Moreover, we note that there exists the trade-off between the system performance
and the implementation cost (height of mirror) when x < x0 .
VI.

C ONCLUSIONS AND F UTURE W ORKS

In this paper, we proposed a new non-imaging receiver structure utilizing both-side mirror in
order to enhance the system performance by interfering the reception of the light in one specific
link as well as by enhancing the reception of light in another specific link. Our proposed MDR
can further provide lower correlation of channel matrix while enhancing the channel gain itself.
We analyzed and verified our proposed MDR for a two-dimensional 2 × 2 MIMO-VLC system
by comparing it with existing non-imaging receivers. Finally, we found the optimal height of
perfect mirror maximizing the channel capacity of MIMO-VLC system utilizing our proposed
MDR. Although we consider the specific MIMO-VLC system in two-dimensional geometric
model, we note that our numerical results is enough to prove that the proposed MDR is the
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Channel capacity of the proposed MDR as a function of height of perfect mirror at the receiver positions, x = 1 and

x = 3, for different SNRs.

promising technique to improve the system performance.
In order to generalize our proposed MDR with multiple PDs, we can arrange our proposed
MDR isotropically to obtain the directivity and place both-side mirrors in the middle of multiple
PDs. In Fig. 4, we show the example for the proposed MDR structure with four and six PDs.
Fig. 4a and 4b show the case of extension to 2-dimensional MDR structure by using four PDs
and installing the both-side mirror on both coordinates. In Fig. 4c and Fig. 4d, we utilize the
design of receiver structure which is used to provide directivity in [7], [8]. This receiver geometry
allows us to easily generalize the receiver structure with arbitrary number of PDs. We can install
the one-side mirror inside of each PD in order to make directivity. The analysis on the channel
matrix and system performance in the general MDR model will be our future work.
Finally, we also note that our proposed MDR can be applied to various scenarios although we
here consider indoor VLC scenario. For instance, the proposed MDR might improve the system
performance of multi-user detection in multiple access (MAC) free space optical MIMO channels
and underwater wireless optical MIMO channels. In order to achieve better performance, our
proposed MDR can be easily combined with the other previous receivers without modification.
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