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Abstract: Light emitting diode (LED) based indoor multiple input multiple output visible
light communication system has LEDs placed at various positions in the room which are
simultaneously used for illumination and communications. In such a system, there should
be no human perceivable fluctuations in the intensity of the individual LEDs to avoid user
discomfort. In order to achieve the uniformity in illumination, we propose codes under the
constraints of constant total transmit power per symbol and constant average transmit power
for each individual LED. We show the performance of the proposed codes in terms of various
metrics like bit error rate (BER), consistency in illumination, and spectral efficiency with
suitable expressions. We also numerically analyze the impact of channel state information
(CSI) on BER performance by assuming perfect CSI is not always available but periodically
updated at the receiver.

Index Terms: Bit error rate, multiple input multiple output, spectral efficiency, visible light
communications.

1. Introduction

Multiple input multiple output (MIMO) visible light communication (VLC) systems typically use
light emitting diodes (LEDs) as the transmit antennas because of the numerous advantages
that LEDs have over the traditional lighting sources [1]. In indoor environment, such LED-based
MIMO VLC systems can be used for simultaneous illumination and communications. For such a
system, users shouldn’t perceive changes in the light intensity while the data is being transmitted
to avoid discomfort to the eyes. Hence, we need to maintain uniformity in illumination over time
at system level, i.e., considering all the LEDs and also at individual LED level. Maintaining this
uniform illumination at individual LED level is important as a stationary or moving user should
not perceive different illumination from each LED. Several coding schemes have been proposed
for MIMO VLC systems such as space shift keying (SSK) [2], generalized space shift keying
(GSSK) [3], spatial multiplexing (SMP) [4], spatial modulation (SM) [5], generalized spatial mod-
ulation (GSM) [6], dual-LED complex modulation (DCM) [7], and quad-LED complex modulation
(QCM) [8].

In SSK and GSSK, the number of active LEDs per channel use are fixed and each of these
active LEDs has the same transmit power per channel use ensuring uniform illumination at
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Fig. 1. System model.

system level across time slots. However, these schemes do not ensure uniform illumination at
individual LED level. For example, consider a 4 LED MIMO VLC system with SSK scheme,
where, the number of active LEDs is 1. The possible symbol combinations are [1, 0, 0, 0]T ,
[0, 1, 0, 0]T , [0, 0, 1, 0]T , and [0, 0, 0, 1]T , where, [.]T denotes the transpose operation. Both
in SSK and GSSK, it is observed that, occurrence of any individual symbol or several patterns
of the symbols continuously causes non-uniform illumination at individual LED level. Further,
in SSK, the spectral efficiency (expressed in bits per channel use (bpcu)) is limited by the
number of LEDs. In GSSK, it is limited by both the number of LEDs and active LEDs. Rest
of the schemes mentioned earlier, i.e., SMP, SM, GSM, DCM, and QCM achieve any desired
spectral efficiency for a given number of LEDs at the cost of bit error rate performance. However,
uniformity in illumination at both system level and individual LED level has not been considered
in these works. In [9], a coding scheme that provides uniform illumination at system level has
been proposed. However, the scheme in [9] does not ensure uniform illumination at individual
LED level. For a 2 × 2 MIMO VLC system, an optimal constellation design has been presented
in [10] and spatial modulation schemes along with dimming control have been proposed in [11]
and [12]. Nevertheless, uniform illumination at both system and individual LED levels has not been
considered. Hence, in this paper we design codes that mitigate these non-uniform illumination
issues.

The contributions of this work are as follows.
� We design codes that achieve uniform illumination at system level and also at individual LED

level.
� We show the effect of transmit power and spectral efficiency on the bit error rate (BER)

performance of the proposed codes for number of LEDs, Nt equal to 2, 3, and 4, with suitable
expressions for spectral efficiency.

� We present the BER performance of the proposed codes with memory-based and memory
less decoding along with bounds on the computational complexity involved in the decoding
schemes.

� We also numerically analyze the impact of channel state information (CSI) on the BER
performance by assuming perfect CSI is available only once in every fixed time interval, tc, for
different values of tc. We use the same CSI for tc time duration until the new CSI is available.

The remainder of this paper is organized as follows. In Section 2, we discuss the system model
considered to implement the proposed codes. We present the proposed codes in Section 3. In
Section 4, we analyze the numerical results for the proposed codes. Some concluding remarks
and future scope are discussed in Section 5.

Notation: We use capital letters in bold and underline to denote matrices and capital letters with
underline to denote vectors. We use ⌊.⌋, N0, [.]T , mod(a, b), ||.||2, |.|c, |.|, and N0\{.} to denote
floor operation, set of non-negative integers, transpose operation, a modulo b, Euclidean distance
square, cardinality of any set, absolute value, and the set N0 excluding the elements in the set {.},
respectively. We use

(

a
b

)

for a!/((a − b)!b!), where, a! denotes factorial of a.
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Fig. 2. Figure showing LED and PD parameters.

2. System Model

The system model considered to implement the proposed codes is shown in Fig. 1. At the
transmitter (Tx), the input data is passed through the proposed encoder, where, the data is coded
and modulated as per the desired brightness level (controlled by A) and desired spectral efficiency.
The output of the proposed encoder are the symbols which are then transmitted through the
LEDs. We consider an additive white Gaussian noise (AWGN) channel as in [13], [14] and with
this consideration, the received symbol at the photo detector (PD), Y is given as follows.

Y = H X + N ,

where, X is the input symbol, N is the AWGN noise, and H is the channel gain matrix given by

H =

⎡

⎢

⎢

⎢

⎢

⎣

h11 h12 h13 . . . h1Nt

h21 h22 h23 . . . h2Nt

...
...

...
. . .

...

hNr 1 hNr 2 hNr 3 . . . hNr Nt

⎤

⎥

⎥

⎥

⎥

⎦

,

where, h j i is the direct current (DC) channel gain between j t h PD and i t h LED, Nr is the number of
PDs, and Nt is the number of LEDs. At the receiver (Rx), the received symbols are decoded by the
memory-based or memory less decoder, which are explained in detail in Section 3.

2.1 VLC Channel

The DC channel gain between the j t h PD and i t h LED [15], [16] is given as

h j i =

{

(n+1)ADRp cos (φ j i )
nT (ψ j i )g(ψ j i ) cos (ψ j i )

2πd2
j i

, ψ j i ∈ [0, ψfov] ,

0, ψ j i > ψfov ,

where, n is the order of Lambertian radiation pattern given by n = −1/log2( cos (�1/2)) such that
�1/2 is the angle at half power of LED, AD denotes the detection area of the PD at the Rx, Rp

denotes the responsivity of the PD, T (ψ j i ) represents the gain of the optical filter used at the Rx,
where, ψ j i is the angle of incidence at the j t h PD from i t h LED as shown in Fig. 2, d j i is the distance
between the j t h PD and the i t h LED, g(ψ j i ) represents the gain of the optical concentrator, ψfov is the
field of view of the PD at the Rx as shown in Fig. 2, and φ j i angle of emission at the i t h LED with
respect to j t h PD.
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We consider uniform movement of the Rx in the receiver plane [17] and with this consideration,
the final channel gain between the j t h PD and the i t h LED [17] is given by

h j i =
(n + 1)CLn+1

(

r2
j i
+ L2

)
n+3

2

,

where, L is the vertical distance from the i t h LED to surface, r j i is the radial distance between the
j t h PD and i t h LED from top view as shown in Fig. 2, re is the LED coverage distance from the top
view, and C = 1

2π
ADRpT (ψ j i )g(ψ j i ). In the next section, the proposed codes along with the decoding

mechanisms are discussed.

3. Proposed Codes

To maintain uniformity in illumination over time, the total transmit power by the system has to remain
constant in each time slot. Let X = [X1, X2, . . . , XNt

]T , where [.]T denotes transpose operation, be
such that,

Nt
∑

i=1

Xi = A , (1)

where, A is the total transmit power per slot and Xi is the transmit power of the i t h LED, and hence,
Xi ≥ 0. Codes have been designed in [9] satisfying (1). However, this constraint alone does not
ensure uniformity in illumination at LED level. This is because, in real-time, the symbols can occur in
any pattern and the codes designed in [9] does not ensure flicker mitigation at individual LED level.
Human eyes cannot perceive light intensity changes if they occur within the maximum flickering
time period (MFTP) which is 5 ms [18]. Next, we present an example highlighting the non-uniform
illumination issue in [9].

Example: Consider the symbols from [9] given below, for Nt = 4, A = 3, and η = 4 bpcu, where,
we can see (1) alone cannot ensure uniform illumination at individual LED level.

[0, 0, 0, 3]T , [0, 0, 3, 0]T , [0, 3, 0, 0]T , [3, 0, 0, 0]T , [0, 1, 2, 0]T , [1, 0, 0, 2]T ,
[0, 2, 1, 0]T , [2, 0, 0, 1]T , [1, 0, 2, 0]T , [0, 1, 0, 2]T , [1, 2, 0, 0]T , [2, 0, 1, 0]T ,
[0, 0, 1, 2]T , [0, 2, 0, 1]T , [2, 1, 0, 0]T , [0, 0, 2, 1]T .
It can be seen that if any specific symbol occur continuously, one or more LEDs will suffer from

non-uniform illumination. For example, if the symbol [0, 0, 0, 3]T occurs continuously for more
than 5 ms, then, flicker is perceived for the first three LEDs. This can also happen for several
patterns of symbols transmitted. One such pattern where the fourth LED suffers from flicker is
[0, 0, 3, 0]T , [0, 3, 0, 0]T , [3, 0, 0, 0]T , and [0, 1, 2, 0]T . Motivated by this, we consider the
following two design constraints

� Constant power transmission in each time slot which provides uniform illumination across
time,

� Uniform average illumination at individual LED level.
To achieve these, we propose memory-based codes, where, each message sequence is mapped

to one or more symbols.

3.1 Design Overview

The symbol X can be written as

X =
A

M

[

m1, m2, . . . , mNt

]T
, where,

Nt
∑

i=1

mi = M, (2)

mi ∈ N0, such that N0 is the set of non-negative integers and M ∈ N0\{0}. Since each entry of
the symbol corresponds to the power of an LED, the value of mi is greater than or equal to zero
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for 1 ≤ i ≤ Nt . We find the non-negative integer solutions to
∑Nt

i=1 mi = M. Let these solutions be
represented as a set X . We then map one or more symbols from this set to each of the message
sequences such that the design constraints are satisfied. The symbols are chosen based on the
following guidelines:

1) To achieve uniform illumination, we first choose the symbols that have least difference
between the transmit powers of active LEDs. Let this least difference be denoted by Pdiff,
then,

Pdiff = min
∀ X∈X

{max{Xi} − min{Xi}} , i ∈ {1, 2, . . . , Nt } & Xi �= 0.

2) In case the least difference is same, we consider the symbols with least average absolute
difference in the transmit power of active LEDs. Let this least average absolute difference be
denoted by Pabs. Let X

′

denote the set of symbols with equal Pdiff, then,

Pabs = min
∀ X∈X ′

⎧

⎨

⎩

1
(

Na

2

)

Nt−1
∑

i=1

Nt
∑

j=i+1

|Xi − X j |

⎫

⎬

⎭

, i, j ∈ {1, 2, . . . , Nt } & Xi , X j �= 0 ,

where, Na is the number of active LEDs.
3) In case both Pdiff and Pabs are same, we then choose the symbol that gives higher average

transmit power of active LEDs denoted by Pavg. This is because, the typical channel gains
in VLC are low (order of 10−5) [16], [19] and symbols with higher Pavg will result in improved
performance. Let X

′′

denotes the set of symbols with same Pdiff and Pabs, then, the Pavg is given
as follows

Pavg = max
∀ X∈X

′′

{

1

Na

Nt
∑

i=1

Xi

}

, i ∈ {1, 2, . . . , Nt} & Xi �= 0.

For the proposed code, from (2), the value of A is used to control total transmit power per symbol
so that desired brightness levels can be achieved and the value of M is varied to control the spectral
efficiency which is elaborated in Section 3.5. Consider the following code designs for various values
of Nt .

3.2 Code Design for Nt = 2

The symbol, X = [X1, X2]T can be written as

X =
A

M
[m1, m2]T , where,

2
∑

i=1

mi = M.

The general form of the symbol for any given value of M is

X =
A

M
[q, M − q]T ,

where, q ∈ N0 and q ≤ M. Next, the symbols formed are mapped to message sequences as follows.

X =

{

A
2

[1, 1]T , if Xi = M/2 ∀ i ∈ {1, 2},

A
M

[q, M − q]T , A
M

[M − q, q]T , otherwise.

When Xi = M/2 ∀ i ∈ {1, 2}, both the LEDs are ON and each of them is transmitting the same
power. Thus, even if the symbol A/2[1, 1]T is transmitted continuously, the two design constraints
are satisfied. Hence, one of the message sequences mapped to such symbol will have only
one symbol assigned. When q �= M/2, the message sequences are mapped to two symbols and
they are alternately transmitted when the same message sequence next appears. Each message
sequence is assigned with symbol states denoted by Sf for f ∈ {0, 1, . . . , k − 1}, where k is the
total number of symbols mapped. If k symbols are mapped to gt h message sequence, these
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Fig. 3. Transmitted symbol states in a k states symbol mapping.

symbols mapped are given by Xg(Sf ) for f ∈ {0, 1, . . . , k − 1}. For example, if a message sequence
is mapped to two symbols, then it has two symbols states denoted by S0 and S1 such that symbol
in S0 is transmitted when the message sequence appears for the first time and symbol in S1 is
transmitted when the same message sequence appears for the second time. On next appearance
of the same message sequence, symbol in S0 is transmitted again and this process repeats as
shown in Fig. 3. The value of k is 1 when Xi = M/2 ∀ i ∈ {1, 2} and 2 otherwise. Next, we present
an example to illustrate this.

Example: Consider M = 6 and Nt = 2. Then, the symbol mapping for η = 2 bpcu is given as
follows.

X0(S0) = A/6[6, 0], X0(S1) = A/6[0, 6] are mapped to [0 0],
X1(S0) = A/6[3, 3] is mapped to [0 1],
X2(S0) = A/6[2, 4], X2(S1) = A/6[4, 2] are mapped to [1 0],
X3(S0) = A/6[1, 5], X3(S1) = A/6[5, 1] are mapped to [1 1].
Next, we illustrate the code design for Nt = 3.

3.3 Code Design for Nt = 3

The symbol, X = [X1, X2, X3]T can be written as

X =
A

M
[m1, m2, m3]T , where,

3
∑

i=1

mi = M.

The general form of the symbol for any given value of M is

X =
A

M
[q, r, M − q − r]T ,

where, q, r ∈ N0 and q + r ≤ M. Next, we illustrate the code design for Nt = 4.

3.4 Code Design for Nt = 4

The symbol X = [X1, X2, X3, X4]T can be written as

X =
A

M
[m1, m2, m3, m4]T , where,

4
∑

i=1

mi = M.

Whenever Na = 1, any three among m1, m2, m3, m4 has to be zero and X will have four states with
the symbols, [A, 0, 0, 0]T , [0, A, 0, 0]T , [0, 0, A, 0]T , and [0, 0, 0, A]T . Hence, when Na = 1,
all the symbols generated can be mapped to only one message sequence to satisfy the design
constraints. When Na = 2, any two of m1, m2, m3, m4 has to be zero and one possible symbol
X for such case is given as A/M[0, q, M − q, 0]T , q < M and q ∈ N0\{0}. The possible com-
binations if q = M − q are A/M[0, q, M − q, 0]T , A/M[q, 0, 0, M − q]T , A/M[q, 0, M − q, 0]T ,
A/M[0, q, 0, M − q]T , A/M[0, 0, q, M − q]T , and A/M[q, M − q, 0, 0]T , where, each consecu-
tive pairs form mappings with two symbol states so that total three distinct mappings are formed.
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TABLE 1

Symbols Mapping to Message Sequences for Nt = 4, M = 4, and η = 3 bpcu

Similarly, if q �= M − q, three mappings can be formed, but each with four symbol states. When
Na = 3, any one among m1, m2, m3, m4 has to be zero and mappings are formed with four states.
Similar possible mappings can be formed for Na = 4.

From the above code design details, the two design constraints can be rewritten as follows.
� Constant power transmission in each time slot to provide uniform illumination across time is

achieved by
∑Nt

i=1 Xi = A which is (1).
� Uniform average illumination, i.e., uniformity in illumination on an average over time at individ-

ual LED level which is achieved by the following constraint

{X1} = {X2} = · · · =
{

XNt

}

, (3)

where, {Xi} denotes the set of transmitted power values by the i t h LED considering all the
symbols mapped to any message sequence. Next, we present an example to illustrate that
both these design constraints are satisfied by the proposed code.

Example: Consider the last row of Table 1. For all the symbols mapped to X7,
∑Nt

i=1 Xi = A.
Hence, the first constraint, i.e., (1) is satisfied. Similarly, from {X1} = {2, 1, 1, 0}, {X2} = {1, 0, 2, 1},
{X3} = {0, 1, 1, 2}, and {X4} = {1, 2, 0, 1}, it is observed that the set of transmitted power values are
same for all the four LEDs, which satisfy (3). Hence, the second design constraint is also satisfied.
Although we have illustrated the codes for Nt = 2, 3, and 4. Based on (1), (2), (3), and the guidelines
mentioned earlier in this section, the proposed code design can be generalized to any larger value
of Nt. The mappings for Nt = 4, M = 4, and η = 3 bpcu are given in Table 1. It is observed that A
can be varied to achieve the desired brightness level. However, the variation of spectral efficiency
with M needs to be analyzed and is presented next.

3.5 Expression for Spectral Efficiency

3.5.1 Spectral Efficiency for Odd Nt : The number of symbol states for a possible mapping
denoted by k is given as

k =

{

1, if Xi = M/Nt ∈ N0 ∀ i ∈ {1, 2, . . . , Nt },

Nt , otherwise.
(4)

Consider the following example, where, the calculation of k is explained.
Example: Let Nt = 3, M = 3, and Na ≤ Nt, then the possible combinations are A/3[1, 1, 1],

A/3[3, 0, 0], A/3[0, 3, 0], A/3[0, 0, 3], A/3[1, 2, 0], A/3[0, 1, 2], A/3[2, 0, 1], A/3[2, 1, 0],
A/3[0, 2, 1], and A/3[1, 0, 2]. From the design constraints, mapping is done as follows. The sym-
bols A/3[3, 0, 0], A/3[0, 3, 0], and A/3[0, 0, 3] are mapped to [0 0]. The symbol A/3[1, 1, 1]
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is mapped to [0 1]. The symbols A/3[1, 2, 0], A/3[0, 1, 2], and A/3[2, 0, 1] are mapped to [1 0]
and the symbols A/3[2, 1, 0], A/3[0, 2, 1], and A/3[1, 0, 2] are mapped to [1 1]. It can be seen
that, for the first, third, and fourth mappings when Na < Nt, k is equal to Nt. For the second mapping,
when Na = Nt and Xi = 1 ∀ i ∈ {1, 2, 3}, the value of k is 1.

Using k, η is the largest integer that satisfies the following inequality

2η ≤
1

Nt

⎧

⎨

⎩

min(Nt −1, M)
∑

Na=1

(

M − 1

Na − 1

)(

Nt

Na

)

+ δ

⎫

⎬

⎭

+ σ, (5)

where, δ and σ are defined for M ≥ Nt as follows

δ =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

(

M − 1

Nt − 1

)

, if mod (M, Nt) �= 0,

(

M − 1

Nt − 1

)

− 1, if mod (M, Nt) = 0,

and

σ =

{

1, if mod (M, Nt) = 0,

0, if mod (M, Nt) �= 0.

In (5),
∑min(Nt −1, M)

Na=1

(

M−1
Na−1

)(

Nt

Na

)

represents the total number of combinations for 1 ≤ Na ≤ Nt − 1 and

this is multiplied by 1/Nt , since each mapping requires Nt symbols for 1 ≤ Na ≤ Nt − 1. The term
σ accounts for the mappings that are possible when Na = Nt. Hence, the final expression for η is
calculated as

η =

⎢

⎢

⎢

⎣log2

⎛

⎝

1

Nt

⎧

⎨

⎩

min(Nt −1, M)
∑

Na=1

(

M − 1

Na − 1

)(

Nt

Na

)

+ δ

⎫

⎬

⎭

+ σ

⎞

⎠

⎥

⎥

⎥

⎦ . (6)

3.5.2 Spectral Efficiency for Even Nt : Unlike the possibility of only two different values of k when
Nt is odd, several values for the k is possible when Nt is even and it depends on the values of M
and Na. Here, value of k is given by the following expression

k =
Nt

HCF
(Q), (7)

where, HCF(Q) denotes the highest common factor (HCF) of the elements in the set, Q = {Qu}.
Here, Qu denotes the number of times a transmit power value has occurred in the X and ∀ u ∈

{1, 2, . . . , number of distinct transmit power values in X}. The expression in (7) can be proved as
follows.

Let any symbol, X = [X1, X2, . . . , XNt
]T , min{Q} = 1, and ∃ Qu > 1. Now, let that unique transmit

power value in X be Xi. Then, to satisfy the design constraints, this Xi has to transmitted by all the
Nt LEDs, and hence, k = Nt. Next, let each Qu be a multiple of 2 and min{Q} = 2. Then, the design
constraints are satisfied with k = Nt/2. Similarly, let each Qu be a multiple of U and min{Q} = U ,
which implies that U is the HCF(Q). Then, with k = Nt/U = Nt/HCF(Q), the design constraints
are satisfied. For example, consider the symbol in first row of Table 1, A/4[4, 0, 0, 0]T . For this
symbol, Q1 = 1 (number of 4 s are 1) and Q2 = 3 (number of 0 s are 3). From (7), k = 4 since,
HCF({1, 3}) is 1. Hence, the four symbols in first row of Table 1. In (7), Nt is divided by HCF(Q) to
get the number of symbol states that satisfy the second design constraint, i.e., (3). Consider the
following example that illustrates (3) and (7).

Example:
1) Let Nt = 6, Na = 6, M = 12, and a symbol, A/12[1, 3, 2, 3, 1, 2]. Given this, using

(7), Q = 2 and hence, k = 3. The given symbol along with the other two symbols
A/12[3, 1, 1, 2, 2, 3] and A/12[2, 2, 3, 1, 3, 1] forms the 3 symbol states for a message
sequence mapping.
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Algorithm 1: Algorithm for Memory-Based Decoding.

1: for g = 0 to 2η − 1 do
2: S(g) ← 0
3: end for
4: X̂ = arg min||Y − H Xg(S(g))||2 for g ∈ {0, 1, . . . , 2η − 1}

5: If gt h message sequence is decoded, then S(g) ← S(g) + 1
6: if S(g) == Smax(g) + 1 then
7: S(g) ← 0
8: end if
9: Repeat from 4

2) Let Nt = 8, Na = 4, M = 6, and a symbol, A/6[1, 1, 2, 2, 0, 0, 0, 0]. Given this, us-
ing (7), Q = 2 and hence, k = 4. The other three symbols that can be grouped
with the given symbol are A/6[0, 0, 1, 1, 2, 2, 0, 0], A/6[0, 0, 0, 0, 1, 1, 2, 2], and
A/6[2, 2, 0, 0, 0, 0, 1, 1].

Considering the exact number of states when Q = 1, mod(Nt, Na) = 1, Xi ∈ { M
Na

, 0}, and Nt

number of states in all other cases, the lower bound on the value of η when Nt is even is given
as follows

η ≥

⎢

⎢

⎢

⎣log2

⎛

⎝

min(Nt , M)
∑

Na=1

{

1

Nt

((

M − 1

Na − 1

)(

Nt

Na

)

− 	1

)

+ 	2

}

⎞

⎠

⎥

⎥

⎥

⎦ , (8)

where,

	1 =

⎧

⎨

⎩

(

Nt

Na

)

, if mod (Nt , Na) = 0 and Xi ∈
{

M
Na

, 0
}

,

0, otherwise,

and

	2 =

⎧

⎨

⎩

Na

Nt

(

Nt

Na

)

, if mod (Nt , Na) = 0 and Xi ∈
{

M
Na

, 0
}

,

0, otherwise.

Since 	2 = Na

Nt
	1, (8) can be rewritten as

η ≥

⎢

⎢

⎢

⎣log2

⎛

⎝

min(Nt , M)
∑

Na=1

{

1

Nt

((

M − 1

Na − 1

)(

Nt

Na

)

− 	1

)

+
Na

Nt

	1

}

⎞

⎠

⎥

⎥

⎥

⎦ .

Next, we present the decoding mechanisms for the proposed codes.

3.6 Decoding of Proposed Codes

3.6.1 Memory Less Decoding: In memory less decoding, we compute the Euclidean distance
of the received symbol from each one of the symbols. The detection rule is given as

X̂ = arg min
∀X

||Y − H X||2.

3.6.2 Memory-Based Decoding: The decoding of the proposed codes by memory-based de-
coding is presented in Algorithm 1. Here, we compute Euclidean distance only over 2η symbols,
based on the knowledge that for any message sequence, symbol in 1st state is transmitted first. In
Algorithm 1, Smax(g) denotes maximum symbol state of the gt h message sequence, S(g) denotes
current symbol state of the gt h message sequence, and Xg(S(g)) denotes symbol at S(g) mapped to
the gt h message sequence. Next, we discuss the computational complexity of the proposed codes.
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Fig. 4. Figure showing LED positions for (a). Nt = 2, (b). Nt = 3, and (c). Nt = 4.

3.7 Computational Complexity

For memory-based decoding, the computations are independent of the number of symbol states
associated with each message sequence and depends only on the number of message sequences.
Hence, the number of computations required for memory-based decoding is 2η. For memory less
decoding, we define upper and lower bounds on the number of computations as follows. When Nt

is odd, the number of symbol states for a message sequence is given by (5). Let the number of
computations be 
 whose range is equal to

Nt (2
η − 1) + 1 ≤ 
 ≤ Nt 2η.

When Nt is even, the range of Euclidean distance computations is given as follows
2η < 
 ≤ Nt 2

η.
In the next section, we present the numerical results for the proposed codes.

4. Numerical Results

To compute the numerical results, we consider the receiver moving uniformly in different directions
in the receiver plane with constant speed. The current location of the receiver is determined based
on the previous location. Let the previous location of the receiver be (xb, yb), where, xb = rb cos θb and
yb = rb sin θb. Then, the current location (xb+1, yb+1) is given by xb+1 = xb + rb+1 cos θb+1 = rb cos θb +

rb+1 cos θb+1 and yb+1 = yb + rb+1 sin θb+1 = rb sin θb + rb+1 sin θb+1. We assume that receiver plane is
horizontal to the surface and generate θb uniformly from [0, 2π ). The position of LEDs from the
top view is shown in Fig. 4(a), Fig. 4(b), and Fig. 4(c) for Nt equal to 2, 3, and 4, respectively. We
assume the center of the room from top view as the reference point (0, 0). With this assumption,
the position of T1 and T2 for Nt = 2 is (0, 1) and (0,−1), respectively, and for Nt = 3, the position
of T1, T2, and T3 is (−1, 1), (−1,−1), and (1, 0), respectively. Similarly, for Nt = 4, the position
of T1, T2, T3, and T4 is (1,1), (−1, 1), (−1,−1), and (1,−1), respectively. To generate simulation
results, we assume Nr equal to 1 for any value of Nt . However, note that the proposed codes can
be implemented for any value of Nr .

Assuming all LEDs are identical and PDs are identical, the common parameters for simulation
for any Nt and Nr , considered in this work are given in Table 2. In Fig. 5(a), the BER performance of
the proposed codes for Nt = 4, Nr = 1, η = 3 bpcu, M = 4, A = 4, receiver speed = 0.5 m/sec, and
symbol rate = 107 symbols/sec (3 × 107 bits/sec) is shown with memory less decoding, assuming
perfect CSI is available at the Rx after every tc time for tc equal to 0.1 µs, 0.01 ms, 1 ms, 10 ms, and
20 ms. For tc equal to 0.1 µs, BER continuously decreases with decrease in the considered noise
power, since CSI is available for every symbol for the considered symbol rate. For other values
of tc, it is observed that BER saturates faster with the higher values of tc. The impact of tc on the
average number of correctly received information bits which is computed using (1-BER)η bpcu is
shown in Fig. 5(b). It is observed that as 1/σ 2(dB) increases, (1-BER)η saturates to lower values
with increase in tc.

In Fig. 6(a) and Fig. 6(b), BER plots by varying A, for receiver speed = 0.5 m/sec, symbol rate =

107 symbols/sec, Nr = 1, M = 4, and η = 3 bpcu with memory less decoding are plotted for Nt = 4
and 3, respectively. It is seen that BER decreases as A increases, for the same channel conditions.
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TABLE 2

Parameters for Simulation [17]

Fig. 5. (a). BER plots with memory less decoding, where, perfect CSI is available only at the receiver,
once in every tc time, for receiver speed = 0.5 m/sec, symbol rate = 107 symbols/sec, Nt = 4, Nr = 1,
η = 3 bpcu, M = 4, and A = 4. (b). Figure showing impact of tc on the number of correctly received
information bits per channel use, for receiver speed = 0.5 m/sec, symbol rate = 107 symbols/sec,
Nt = 4, Nr = 1, η = 3 bpcu, M = 4, and A = 4.

In Fig. 7(a), the BER performance of the memory less decoding is compared with memory-based
decoding, where, symbols states at Tx and Rx are reset after every rs symbol transmissions for
receiver speed = 0.5 m/sec, symbol rate = 107 symbols/sec, Nt = 4, Nr = 1, η = 3 bpcu, M = 4,
and A = 4. With these considerations, in Fig. 7(a), when rs = 1, only the symbol in first state
is transmitted for each of the message sequences. In this case, the decoding is performed on
fewer symbols (2η) when compared to memory less decoding, and hence, the BER performance of
memory-based decoding for this value of rs is better than that of memory less decoding. However,
uniform illumination at individual LED level cannot be achieved for this value of rs. The BER
performance of memory-based decoding for rs = 106 is also shown in Fig. 7(a). For this case, since
the value of rs is high, the illumination constraints are achieved. It is also observed that the BER
performance decreases as rs increases, since with increase in rs, the duration of error propagation
increases.

In Fig. 7(b), the BER performance of the proposed design with memory less decoding is
compared with the state-of-the-art designs in [6] and [9] for A = 4, receiver speed = 0.5 m/sec,
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Fig. 6. BER plots by varying transmit power, A, for receiver speed = 0.5 m/sec, symbol rate = 107

symbols/sec with memory less decoding for (a). Nt = 4, Nr = 1, M = 4, and η = 3 bpcu. (b). Nt = 3,
Nr = 1, M = 4, and η = 3 bpcu.

Fig. 7. (a) BER plots comparing memory less decoding and memory-based decoding, where, states
are reset after every rs symbol transmissions, for receiver speed = 0.5 m/sec, symbol rate = 107

symbols/sec, Nt = 4, Nr = 1, η = 3 bpcu, M = 4, and A = 4. (b) BER plots comparing the proposed
design (with memory less decoding) for M = 4 with the design in [6] for Na = 2 and [9] for Na ≤ 2 for
A = 4, receiver speed = 0.5 m/sec, symbol rate = 107 symbols/sec, Nt = 4, Nr = 1, and η = 3 bpcu.

symbol rate = 107 symbols/sec, Nt = 4, Nr = 1, and η = 3 bpcu. It is seen that the proposed design
performance is relatively poor compared to the existing designs since for the proposed design, the
decoding is performed over more symbols as many of the message sequences are mapped to
more than one symbol. However, the proposed design achieves uniform illumination at individual
LED level which is not achieved by the existing designs. Further, the proposed design performance
can be tuned using appropriate value of M and A.

In Fig. 8, the BER performance of the proposed design by varying η for A = 4, receiver
speed = 0.5 m/sec, symbol rate = 107 symbols/sec, Nt = 2, and Nr = 1 with memory less
decoding is plotted. It is observed that as η increases, the BER performance decreases.

In Table 3, we have compared the performance of the proposed design, code in [6], and the code
in [9] in terms of variance in the total power transmitted by different LEDs for Nt = 4 for every �

symbol transmissions using the following expressions

µ�
e =

1

Nt

Nt
∑

i=1

A�
Ti,e

,
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Fig. 8. BER plots comparing the proposed design by varying η, for A = 4, receiver speed = 0.5 m/sec,
symbol rate = 107 symbols/sec, Nt = 2, and Nr = 1 with memory less decoding.

TABLE 3

Comparing the Proposed Design, Code in [6], and the Code in [9] in Terms of Variance in the
Total Power Transmitted by Different LEDs for Nt = 4 for Every � Symbol

Transmissions for β = 5000 at 3 bit s/symbol

and

σ 2
� =

1

βNt

β
∑

e=1

Nt
∑

i=1

(

A�
Ti,e

− µ�
e

)2

,

where, µ�
e is the mean of the power transmitted by the Nt LEDs in et h iteration, A�

Ti,e
is total power

transmitted by i t h LED in et h iteration, and σ 2
� is the variance in the power transmitted by Nt LEDs

for � symbol transmissions for β iterations. For fair comparison of variance, the symbols of the
compared codes were properly scaled such that the average power transmitted per symbol remains
same. The variance is averaged for β = 5000 iterations at 3 bit s/symbol . It is observed that the
variance in the total power transmitted by different LEDs is significantly less for the proposed codes
as compared to the codes in [6] and [9], and hence, the proposed design achieves uniformity in
illumination so that the user perceives same illumination from different individual LEDs. Similarly, in
Table 4, we have compared the proposed design, code in [6], and the code in [9] in terms of variance
in the total power transmitted by individual LEDs for Nt = 4 for every � symbol transmissions using
the following equations

µ�
Ti,β

=
1

β

β
∑

e=1

A�
Ti,e

,
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TABLE 4

Comparing the Proposed Design, Code in [6], and the Code in [9] in Terms of Variance in the Total
Power Transmitted by Individual LEDs for Nt = 4 After every � Symbol

Transmissions for β = 5000 at 3 bit s/symbol

and

σ 2
Ti,β

=
1

β

β
∑

e=1

(

A�
Ti,e

− µ�
Ti,β

)2

,

where, µ�
Ti,β

is the mean of the total power transmitted by i t h LED in β iterations and for �

symbol transmissions, A�
Ti,e

is the total power transmitted by i t h LED in et h iteration for � symbol

transmissions, and σ 2
Ti,β

is the variance in the total power transmitted by the i t h LED in β iterations. It

is observed that the variance in power transmitted by individual LEDs over time is significantly less
for the proposed codes which ensures uniformity in illumination across time slots as compared to
the state-of-the-art code designs for MIMO VLC. In the next section, we present some concluding
remarks.

5. Conclusion

We have proposed memory-based codes under the constraints of constant total transmit power
per symbol and same average transmit power per LED, where, these constraints helps to achieve
uniformity in the illumination per LED and overall system across different time slots. We have
shown the performance of the proposed codes in terms of various metrics like BER, consistency in
illumination, and spectral efficiency with suitable expressions. We have also shown the impact of
CSI on BER performance by assuming perfect CSI is available at the receiver only once in every
fixed time interval, tc and for different values of tc. Compared to the existing state-of-the-art MIMO
VLC codes, the proposed code design provides uniformity in illumination at the cost of reduced BER
performance.The extension of the proposed scheme for multi-user MIMO VLC will be explored in
future. In this direction, a multiple access control (MAC) protocol would be developed that exploits
the dynamic link quality between fixed MIMO VLC transmitters and multiple moving VLC users.
For a multi-user system, signal-to-interference-plus-noise ratio (SINR) based analysis will also be
considered in future.
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