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a b s t r a c t
This paper studies the error performance of visible light communication systems consisting
of multiple transmitter–receiver pairs, where mutual interference exists. Unlike the traditional method which approximates the interference signal as a Gaussian random process
and express the bit error rate (BER) as a function of the signal-to-interference-plus-noise
power ratio (SINR), we conduct a detailed analysis that captures the signal structure of
the interference in terms of the number of light sources, and derive the BER explicitly.
Simulation results show that under a realistic small-room scenario with basic illumination
requirement, the BER predicted by the Gaussian model is much higher than the exact BER.
To provide an alternative metric for resource allocation purpose, we also propose a new
approximate expression for the BER. A power control problem is further investigated to
ensure that the system is operated in an effective manner.
© 2017 Elsevier GmbH. All rights reserved.

1. Introduction
Visible light communication (VLC) is an emerging technology for indoor optical wireless communication. It makes use
of light emitting diodes (LED) as transmitters, and provides illumination and data communication simultaneously [2]. Comparing with traditional radio frequency (RF) communications, VLC has many advantages such as, it can use unregulated
and license-free visible electromagnetic (EM) spectrum to transmit data and it does not interfere with existing RF systems.
Besides, optical wireless signal provides higher security since it is very difﬁcult for an eavesdropper to pick up the signal
from outside the room. The ﬁrst IEEE standard for VLC was published in 2011 in [3], which represents a signiﬁcant milestone
in promoting deployment of VLC.
In the past few years, many research activities have been done towards developing indoor high data rate VLC systems
[4,5]. These efforts include the circuit design [6,7], channel modeling [8,9], modulation and coding schemes design [10,11],
multiple-input-multiple-output (MIMO) techniques [12,13], etc. Among all these works, the most commonly used perfor-
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Fig. 1. An illustration of a VLC network consisting of two pairs of transmitter–receiver. The solid lines represent intended links and the dashed lines
represent interfering links.
Reproduced from [15].

mance metric to measure the transmission quality of VLC is the signal-to-noise-ratio (SNR), which is deﬁned as the power of
the signal divided by the power of the noise. It is well known that under the condition of noise being additive white Gaussian,
√
SNR can be mapped to BER directly. For example, the BER of non-return-to-zero (NRZ) on–off
keying (OOK) is Q ( SNR/2)
and the BER of pulse amplitude modulation with M possible pulse amplitudes (M-PAM) is Q ( SNRlog2 M/(2M − 2)) [14].
However, if the noise is not Gaussian distributed, SNR may fail to have a clearly understood implication on BER. The error
performance analysis of a VLC system under such case has seldom been considered.
In this paper, we consider an indoor VLC network consisting of multiple transmitter–receiver pairs, as illustrated in
Fig. 1. Such scenario is analogous to today’s cellular network where each LED is a base station and serves the users within its
coverage area. Due to the broadcast nature of wireless channels, interference arises whenever multiple transmitter–receiver
pairs are active concurrently in the same frequency band, and each receiver is only interested in retrieving information from
its own transmitter. For a particular receiver, the received signal is a superposition of its desired signal, interfering signals
and noise. Most of existing papers (e.g., [16–18] and the references therein) treat interference as another source of noise
and deﬁne SINR as the performance metric, similar to SNR. Using SINR as a surrogate for BER implicitly assumes that the
interference is a Gaussian process. This Gaussian interference assumption can be partially justiﬁed by the central limit
theorem (CLT) if the interference comes from mutually independent, identically distributed interferer signal processes and
if the number of such interferers is large. If there are only a few interferers, the CLT is not applicable. For an indoor VLC
network, the number of transmitter–receiver pairs is typically small due to the limited number of LEDs in a room area, and
therefore the CLT may not be applicable. If the interference is far from Gaussian, the signiﬁcance of SINR as a performance
metric is less clear. References [19,20] have proposed a more accurate interference model for an RF system and showed
that the Gaussian interference assumption did yield inaccurate BER, which could be overestimated or underestimated. In
this paper, we dispense with the Gaussian assumption on the interference and analyze the BER for VLC systems using OOK,
which is one of the most commonly used modulation schemes in VLC (see e.g., [6,10,21]). We derive the BER expressions
under an exact analysis and under the Gaussian model, and perform simulations to compare them. It is shown in an example
of four pairs of transmitter–receiver that the Gaussian interference model is generally pessimistic.
In the second part of this paper, to facilitate effective resource allocation for VLC systems, we propose a new approximation
on BER and derive an upper bound on BER under certain technical conditions. The approximated BER and the BER upper bound
are numerically shown to be close to the exact BER. Based on the BER bound, we then investigate a power control problem for
an interfering VLC system, which is to minimize the total power of all LEDs, subject to some constraints of BER, illumination
and power range requirements. It turns out that this optimization problem is a non-convex quadratically constrained linear
programming. We propose an algorithm by means of successive convex approximation, which is guaranteed to converge
to a feasible solution with good, if not optimal objective value. Simulations are carried out to see the performance of the
proposed algorithm.
The rest of the paper is organized as follows. Section 2 gives the preliminary. The system model and BER analysis are
presented in Sections 3 and 4, respectively. Section 5 provides simulation results under a realistic setting. In Section 6, a new
method of approximation on BER is discussed. Section 7 investigates a power control problem. Some concluding remarks
are offered in Section 8.

2. Preliminary
In an indoor VLC system, LEDs are used as transmitters and photodiodes are used as receivers. Assume that the LEDs are
all in line-of-sight (LOS) of the receivers. In this section, we explain the channel gain and noise variance in VLC systems,
which will be used later.
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Fig. 2. Irradiance angle and incident angle.
Table 1
Parameters [8,22].
Rp
q
Ar
B
Ibg
I2
I3
k
Tk
G
C

gm

Photodetector responsivity
Electronic charge
Effective area of photodiode
Receiver bandwidth
Background dark current
Noise bandwidth factor
Boltzmann constant
Absolute temperature
Open-loop voltage gain
Capacitance
FET channel noise factor
FET transconductance

22 nA/lux (2.933 × 10−2 A/W)
1.6 × 10−19 C
15 mm2
100 MHz
10 nA
0.562
0.0868
1.38 × 10−23 m2 kg s−2 K−1
295 K
10
112 × 10−8 F/m2 (s4 A2 m−4 kg−1 )
1.5
0.03 S (kg−1 m−2 s3 A2 )

A = Ampere, C = Coulomb, m = metre, s = second, K = Kelvin, W = Watt, kg = kilogram, F = Farad, S = Siemens.

2.1. Channel gain
For Lambertian radiation pattern of the transmitting LED, the LOS link gain can be derived as [2,8]
h=

(m + 1)Ar
cosm ()T ( )g( ) cos( ),
2D2

(1)

where the parameters are deﬁned as follows. Ar is the effective area of the receiver photodiode. D is the transmitter–receiver
distance.  is the irradiance angle with respect to the normal at the transmitter and is the incident angle with respect to
the normal at the receiver (see Fig. 2). T( ) and g( ) are the ﬁlter gain and concentrator gain at the receiver, respectively. In
− ln 2
this paper, we assume T( ) = g( ) = 1. m is the Lambertian parameters given by m = ln(cos(
, where 1/2 is the half-power
))
1/2

angle of LED. Note that the receivers are not necessary to be horizontal. When a receiver is horizontal,

= .

2.2. Noise
At the receiver, the photodiode current is affected by two noise processes: shot noise and thermal noise. The shot noise
is related to the incident optical power and its variance (in A2 ) is given by [2,8]
2
shot
= 2qRp Pr B + 2qIbg I2 B,

(2)

where Pr (in Watt) is the received optical power and the deﬁnitions of other parameters can be found in Table 1. The thermal
noise variance (in A2 ) is independent of the incident power and is given by [2,8]
2
thermal
=

8kTk
162 kTk  2 2 3
C Ar I3 B ,
CAr I2 B2 +
G
gm

(3)

where the parameters are deﬁned in Table 1. The total noise variance is
2
2
2
noise
= shot
+ thermal
.

(4)

In Ref. [22], measurement results show that none of the shot noise and thermal noise can be ignored. We can also get this
conclusion by the following calculation. The typical values of the parameters in (3) are listed in Table 1. By substituting them
2
into (3), we have thermal
= 17.5348 × 10−16 A2 . In practice, the standard illumination level for most indoor environments
(classroom, conference-room, lecture hall, ofﬁces, etc.) is between 300 and 500 lux at 0.8 m height from the ﬂoor. This is
equivalent to a power requirement of pr ≥ 2.25 × 10−4 W (assuming = ). Therefore according to (2) the shot noise variance
should be at least 2.1120 × 10−16 A2 and is on the same level as that of thermal noise. In the subsequent analysis of BER, we
will incorporate both the shot noise and thermal noise, where the model is different from that in RF systems without shot
noise issue (e.g., [19]).

Y. Chen et al. / Optik 151 (2017) 98–109

101

3. System model
Consider a room where there are N LED transmitters being installed on the ceiling and they are denoted by {LEDi : i = 1,
. . ., N}. Besides the function of lighting, these N LEDs are used to transmit different data to N receivers {reci : i = 1, . . ., N},
which could be mobile devices equipped with photodiodes. In particular, LEDi intends to transmit data to reci and there
are N transmitter–receiver pairs. Fig. 1 illustrates an example of a two-pair system. Assume that the LEDs transmit data
separately without any central unit controlling, and no cooperation between them is allowed. All transmissions use the
same wavelength carrier and thus cause interference to each other.
In this paper, the OOK modulation scheme with NRZ code is considered. It is possible to use the mathematical technique
in this paper to analyze other modulation schemes like PAM but this is reserved for future work. The information bits of LEDi
∞
are denoted by {bki }k=−∞ where bki is uniformly distributed on {0, 1}. The LED is on when bki = 1 and is off when bki = 0. Let
rect(t) be the unit-amplitude rectangular pulse of duration T, where T = 1/B. The transmitted optical signal si (t) of LEDi is
si (t) = pi

∞


bki rect(t − kT ),

(5)

k=−∞

where pi (in Watt) is the peak optical power of the light wave emitter. The average transmitted power is pi /2. Denote p = [p1 ,
. . ., pN ] to be the power vector of the system.
Assume that the LEDs are all in LOS of the receivers. Let hij and dij denote the LOS optical channel gain and delay offset
from LEDj to reci , respectively. The received electric signal at the photodiode of reci is
ri (t) =

N


Rp hij sj (t − dij ) + ni (t),

(6)

j=1

where Rp is the responsivity of the photodiode and ni (t) is the noise. As explained in the preliminary, the noise is a combination
of shot noise and thermal noise. We model them as the additive white Gaussian noise (AWGN) with two-sided power spectral
density Nsi and Nt , respectively.
A receiver demodulates the received signal using a matched ﬁlter, followed by a threshold decision. The impulse response
si0 (t) of the ﬁlter of reci is a rectangular pulse of amplitude 1 and duration T. Assume dii = 0, that is, the matched ﬁlter of reci is
synchronized to the arrival signal transmitted by LEDi . Consider a bit interval as [0, T] to be demodulated. Label the ﬁrst bit
overlapping with this interval by b0j for all j = 1, . . ., N and the following bit by b1j . We use  ij ∈ [0, 1) to denote the normalized
(by T) misalignment of b0j with respect to b0i . In calculating the average BER, we assume that the receivers are static over the
averaging period so that  ij s are all constants.
After matched ﬁltering, the input to the decision device for reci is given by
yi =

1
T



T

ri (t)si0 (t)dt

(7)

0

= pi hii b0i Rp +  pj hij [ij b0j + (1 − ij )b1j ]Rp + ni

(8)

= pi hii b0i Rp +  pj hij Wij Rp + ni ,

(9)

j=
/ i

j=
/ i

where
Wij = ij b0j + (1 − ij )b1j

for

j=
/ i

(10)

is a discrete random variable uniformly distributed over {ij , 1 − ij , 1,0}, and
1
ni =
T



T

ni (t)si0 (t)dt

(11)

0

is a Gaussian random variable with zero mean and variance (Nsi B + Nt B). The variance of the thermal noise Nt B is decided
by (3) and is independent of the incident power. The variance of the shot noise is decided by (2) as
Nsi B = 2q(pi hii b0i Rp +  pj hij Wij Rp )B + 2qIbg I2 B,

(12)

j=
/ i

and is dependent on the incident power. For notation simplicity, we use c2 = 2qIbg I2 B + Nt B to denote the constant part of
the variance of the total noise.
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4. Analysis of bit error rate
In this section, we ﬁrst present an exact analysis of BER. Then, we present an approximate analysis, which makes a
simplifying assumption that the interference term is Gaussian distributed.
4.1. Exact analysis
Let  i be the decision threshold of reci . An error occurs if yi >  i when bi = 0 or if yi <  i when bi = 1. Conditioned on Wij for
all j =
/ i, the error rates are



pr {yi > i |b0i = 0, Wij , j =
/ i} = Q


pr {yi <

i |b0i

= 1, Wij , j =
/ i} = Q

i −



ph W R
j=
/ i j ij ij p



√
2

pi hii Rp +



,

ph W R
j=
/ i j ij ij p
√
2

(13)



− i

.

(14)

The average BER of the ith transmitter–receiver pair is
Pei =



1
4N−1

⎡

⎛

WiN ∈ {iN ,1−iN ,1,0}

i −

⎣1Q ⎝
2

Wi1 ∈ {i1 ,1−i1 ,1,0}

⎞



ph W R
j=
/ i j ij ij p



2q



···

⎛
pi hii Rp +

⎠ + 1Q ⎝
2
2

p h W R B + c
j=
/ i j ij ij p

⎞⎤



ph W R
j=
/ i j ij ij p



− i

⎠⎦ .

(15)

p h W R )B + c2
j=
/ i j ij ij p

2q(pi hii Rp +

4.2. Gaussian approximation



In the literature, it is common to treat interference as white Gaussian noise. That is, the interference term
j=
/ i pj hij Wij Rp
in (9) is approximated by a Gaussian random variable with identical mean and variance. We simply call this model as Gaussian
interference model.

For the Gaussian interference model, the mean and variance of the interference term
j=
/ i pj hij Wij Rp can be calculated
/ i. As mentioned before, Wij takes values from { ij , 1 −  ij , 1, 0} with equal probability. We get
by averaging over Wij for all j =
that the mean is 12  pj hij Rp and the variance is I2 =  p2j h2ij Rp2 ( 12 ij2 − 12 ij + 14 ). The shot noise variance under the Gaussian
j=
/ i

j=
/ i

interference model becomes
Nsi B = 2qpi hii b0i Rp B + 2qIbg I2 B.
Hence the BER can be derived as



PeGi

1
= Q
2



i − (1/2)



ph R
j=
/ i j ij p

(16)



I2 + c2


+ (1/2)Q



pi hii Rp + (1/2)



ph R
j=
/ i j ij p

I2 + 2qpi hii Rp B + c2

− i


.

(17)

The BER analysis in this section works for any number of transmitter–receiver pairs. In the next section, we carry out a
simulation study to compare the BER performance under the Gaussian interference model with the exact BER.
5. Simulation studies
Consider a room of length 5 m, breadth 3 m and height 2.7 m. Four LEDs are installed on the ceiling as transmitters whose
coordinates are LED1 (1.2, 0.5, 2.7), LED2 (3.8, 0.5, 2.7), LED3 (1.2, 2.5, 2.7) and LED4 (3.8, 2.5, 2.7), as illustrated in Fig. 3. Each
LED is assumed to have a typical luminous ﬂux of 6000 lumens (lm) and a luminous efﬁcacy of 117 lm/W, which are the
same as those of bridgelux LEDs (BXRA-56C5300-H-00) [23]. A receiver is put on the desk at a height of 0.83 m from the
ﬂoor. It is equipped with a photodiode, which is used to measure the incident light intensity. The responsivity and effective
area of this photodiode are given in Table 1. The conﬁgurations of the LEDs and photodiodes are the same as those used in
[22]. The Lambertian parameter is m = 1. Given that the coordinates of a transmitter and a receiver are (xt , yt , zt ) and (xr , yr ,
zr ), the irradiance angle is given by



 = arccos



|zt − zr |
(xt − xr )2 + (yt − yr )2 + (zt − zr )2



.

(18)
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Fig. 3. The contour plot of BER for levels of 10−5 , 10−3 , 10−2 over the (xr , yr ) plane under the exact analysis and the Gaussian interference model.

Fig. 4. The distribution of illuminance in a room.

The incident angle also depends on the orientation of the photodiode. If the photodiode’s normal is parallel to the normal
of the transmitter, then = . Otherwise assume that the normal of the photodiode is parallel to the vector vn = [xn , yn , zn ]T .
Let vrt = [xt − xr , yt − yr , zt − zr ]T . The incident angle can be calculated by



= arccos

vTn vrt
||vn || · ||vrt ||



.

(19)

Let L be the luminous ﬂux of an LED (in lumen) and D is the distance between transmitter and receiver. The illuminance
(in lux) at a point (xr , yr , zr ) is given by [8]
I=L

(m + 1)cosm () cos( )
.
2D2

(20)

Fig. 4 depicts the distribution of illuminance at a height of 0.83 m from the ﬂoor (assuming = ) when the four LEDs are
turned on and each has luminous ﬂux of 6000 lm. It can be seen that this LED setting satisﬁes the typical lighting requirement
of 300 lux, which shows that our parameter setting is realistic.
Next, we consider the BER performance for such an indoor VLC network. Consider that there is a receiver at the location
(xr , yr , 0.83) and the normal of its photodiode is vn = [xn , yn , zn ]T . We can ﬁgure out the link gains between the receiver and
the four LED transmitters by (1). Assume that the receiver’s dedicated transmitter is the LED that has the largest link gain,
and the remaining three LED transmitters are treated as interferers. For each position of the receiver, the exact BER and the
BER under the Gaussian interference model can be calculated by (15) and (17), respectively. Fig. 3 gives the contour plot of
BER for levels of 10−5 , 10−3 and 10−2 over the (xr , yr ) plane of the room. In this example, all the transmitters are assumed
to be synchronized (i.e.,  ij = 0 for all i, j) and use luminous ﬂux of 6000 lm (i.e., 6000/117 = 51.2821 W). The normal of the
receiver photodiode is set to be vn = [tan(30◦ )cos(20◦ ),tan(30◦ )sin(20◦ ),1]T , and is ﬁxed for all the locations of the receiver.
The decision threshold  is chosen as the one that minimizes the BER at each particular location, which is numerically
obtained by one-dimensional search.
For Fig. 3, ﬁrst it can be seen that the contour plot is asymmetric. This is due to the fact that the normal of the photodiode
is not vertical. Second, the three curves representing different levels of BER under the Gaussian interference model are more
separative than those under the exact model. Third, given the same location, that is, the same link gains setting, the BER
under the Gaussian interference model overestimates the BER by certain orders. For example, at the locations where the
BER is 10−5 , the BER under the Gaussian interference model is beyond 10−2 .

104

Y. Chen et al. / Optik 151 (2017) 98–109

From this example, we see that for a typical indoor VLC system, it is far from accurate to approximate the interference as
a Gaussian process. Moreover, as can be seen from Fig. 3, without controlling the emitting power of the LEDs, the BER in part
of the area is too high for data communications. Therefore, next we will investigate the power control problem for a VLC
system, so as to ensure that the system is operated in an effective manner. But before that, we ﬁrst provide an approximate
expression of the BER, which will be used in the discussion of power control.
6. A new BER approximation
For power control purpose, the Gaussian interference model is commonly used, since it allows power control to be
considered without concerning the details of the structure of the physical signals. This model, however, is not accurate
in estimating BER for small values of N, as we have seen in the previous section. To determine the exact BER in (15), it is
necessary to determine the optimal decision threshold, which can only be done by one-dimensional search. This makes the
expression difﬁcult to be used for power control. To circumvent the need of numerically searching for the optimal threshold,
in this section, we provide an approximate expression of the BER for which the optimal threshold can be found.
In the following, we restrict our discussion to the cases of channel gains and powers such that
pi hii Rp ≥  pj hij Rp

i = 1, . . ., N.

for

j=
/ i

(21)

The intuition behind this condition is that the intended signal is larger than the aggregated interfering signals, so as
to guarantee
 certain communication quality. To see that this restriction is reasonable, assume on the contrary that
pi hii Rp < j =/ i pj hij Rp . Then, we have

⎡ ⎛

Pei ≥

≥

1 1
4(N−1) 2

i −

⎣Q ⎝



2q

⎞



ph R
j=
/ i j ij p



⎠+Q



+ c2

ph R B
j=
/ i j ij p

pi hii Rp − i
2qpi hii Rp B + c2

⎤
⎦

1 1
1
Q (0) = N .
4
4(N−1) 2

(22)

(23)

In (22), the ﬁrst Q-item corresponds to the case when the intended bit is zero while all the interfering bits are one, i.e., Wij = 1
/ i, and the second Q-item corresponds to the case when the intended bit is one while all the interfering bits are
for all j =
zero, i.e., Wij = 0 for all j =
/ i. The inequality holds because we have removed some non-negative terms from the
exact BER
expression in (15). The inequality in (23) holds since no matter what the threshold is chosen, at least one of  i − j =/ i pj hij Rp
and pi hii Rp −  i is negative. In general, the maximum tolerable BER is considered to be 10−3 for voice and 10−7 for data. When
N = 4, Pei ≥ 0.0039, which is too high for data communications.

Ref. [19] gives the condition on the link gains when there exists a power vector p > 0 such that pi hii ≥ j =/ i pj hij for all i.
We state the results here for the completeness.
Theorem 1. [19]

For a system consisting of N pairs of transmitter–receiver, there exists a power allocation p > 0 such that pi hii ≥ j =/ i pj hij for
/ j and Cii = hii for i, j = 1, . . ., N, is an M-matrix,
i = 1, . . ., N, if and only if the character matrix C = (Cij ), deﬁned as Cij =− hij for i =
i.e., the eigenvalues of C all have positive real parts.
If the link gains fail to satisfy the condition, scheduling is required to select candidate subsets of concurrently active
transmitter–receiver pairs (that use the same wavelength
 carrier) and this is out of the scope of this paper. We also impose
the condition that the decision threshold must satisfy
j=
/ i pj hij Rp ≤  i ≤ pi hii Rp for all i = 1, . . ., N. For the cases when the
optimal threshold falls outside this range, the BER is greater than 1N and is out of our interest. Under this condition, every
4

Q-item in (15) has nonnegative entry. We note in (15) that the denominators in all Q-items are bounded above by i2 =
2qB

N

ph R
j=1 j ij p
P̃ei =

+ c2 . We replace all the denominators with i2 and approximate the BER by

1
4N−1

1
Q
2





···

WiN ∈ {iN ,1−iN ,0}

pi hii Rp +



1
Q
2

Wi1 ∈ {i1 ,1−i1 ,1,0}

ph W R
j=
/ i j ij ij p
i





− i



i −



ph W R
j=
/ i j ij ij p
i



+



.

(24)

Since the function Q(x) is monotonically decreasing as x is increasing for x ≥ 0, we always have Pei ≤ P̃ei . For P̃ei , the optimal
threshold can be found and is given by the following theorem, whose proof is provided in Appendix A.
For any i = 1, . . ., N, if pi hii Rp ≥
j=
/ i pj hij Rp ≤  i ≤ pi hii Rp is

Theorem 2.




j=
/ i pj hij Rp ,

the optimal threshold that minimizes P̃ei and satisﬁes
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Fig. 5. The exact BER and the approximate BER. The receiver’s location is (xr , 0.5, 0.83), i.e., on the straight line from LED1 to LED2 .


1
pj hij Rp ).
(p h Rp +
2 i ii

∼

i =

(25)

j=
/ i

At ˜ i , the bit error rate when b0i = 0 is the same as the bit error rate when b0i = 1. So P̃ei becomes

=

P̃ei



1
4N−1



···

WiN ∈ {iN ,1−iN ,1,0}

Q(

(1/2)pi hii Rp +



p h ((1/2) − Wij )Rp
j=
/ i j ij
i

Wi1 ∈ {i1 ,1−i1 ,1,0}

)

(26)

An upper bound of P̃ei can be easily derived as


P̃ei ≤

P̃ebound
i

=Q



(1/2)pi hii Rp − (1/2)

ph R
j=
/ i j ij p

i


,

(27)

since for every possible combination of Wij , j =
/ i, we always have


Q

(1/2)pi hii Rp +



p h ((1/2) − Wij )Rp
j=
/ i j ij
i


≤ P̃ebound
.
i

(28)

Since Pei ≤ P̃ei , P̃ebound
is also an upper bound of the exact BER Pei .
i
Using the same example in Section 5 and ﬁxing yr = 0.5, Fig. 5 shows the exact BER Pei and the approximate BER P̃ei versus
xr . The exact BER is obtained by numerically searching for the optimal value of  that minimizes (15). We see that the curve
of approximate BER is always above the curve of exact BER, as expected. Besides, the two curves are close, and nearly overlap
with each other at BER values of concern in the range of 10−10 through 10−3 . The intuition is that in VLC systems, the noise
level is relatively small when compared with the signal level (see in (2), the thermal
 noise power is the signal power
 times qB
where q = 1 .610−19 is small). So the BER mainly depends on the sign of pi hii Rp − j =/ i pj hij Rp and when pi hii Rp ≥ j =/ i pj hij Rp ,
our approximation by enlarging the noise power does not affect the result too much. This intuition also explains why the
changes of BER are sharp around xr = 1.7 and xr = 2.5, where the condition (21) fails to be satisﬁed. The upper bound P̃ebound
i
is also plotted in Fig. 5, which shows that the bound is close to the exact BER as well. We also perform the same simulation
for other values of yr . Similar results are observed but omitted.

7. Power control
In this section, we consider a power control problem for VLC systems consisting of N transmitter–receiver pairs whose
locations are ﬁxed, and the channel gain between LEDj and reci is denoted by hij (ref. Section 3). Fig. 6 illustrates an example of
four-pair system. The objective is to minimize the total transmitting power while guaranteeing that the BER requirement of
each communication pair and the illumination requirement are satisﬁed. For the simplicity of analysis, the BER requirement
considered here is that the upper bound of the average BER, i.e., P̃ebound
, is below a threshold.
i
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Fig. 6. In this VLC system, LED i communicates to Receiver i. The locations of Receiver 1 to 4 are (1.5, 1, 0.83), (3.2, 0.9, 0.83), (1.9, 2.3, 0.83) and (3.4, 2,
0.83).

Table 2
The resulting BER bound, approximate BER and exact BER with and without power control.

With power control
i=1
i=2
i=3
i=4
Without power control
i=1
i=2
i=3
i=4

pi (W)

P̃ebound

P̃ei

Pei

50.5217
55.4991
53.2476
53.6233

10−5
10−5
10−5
10−5

1.25 × 10−6
1.25 × 10−6
1.25 × 10−6
1.25 × 10−6

0.9710 × 10−6
0.9693 × 10−6
0.9814 × 10−6
0.9636 × 10−6

53.8462
53.8462
53.8462
53.8462

1.4269 × 10−8
49.248 × 10−5
1.4965 × 10−5
0.5351 × 10−5

1.7836 × 10−9
61.560 × 10−6
1.8706 × 10−6
0.6688 × 10−6

1.1519 × 10−9
52.725 × 10−6
1.4789 × 10−6
0.5077 × 10−6

i

As has been argued in the previous section, we assume that the channel gains satisfy that the character matrix (deﬁned
in Theorem 1) given below

⎡

h11

⎢ −h
⎢ 21
C=⎢
⎢ .
⎣ ..
−hN1

⎤

−h12

···

−h1N

h22

···

−h2N ⎥

..
.

..

−hN2

···

.

..
.

⎥
⎥
⎥
⎦

(29)

hNN

is an M-matrix. Otherwise, the resulting BER can never be acceptable. Let hi (x, y) denote the channel gain from LEDi to a
point located at (x, y, 0.8), which is determined by (1). The power control problem is formulated as

min

N


pi

⎛

i=1

s.t.



(1/2)pi hii Rp − (1/2)

Q⎝

2qB
N

h (x, y)
i

i=1

Ar ˛

N

ph R
j=
/ i j ij p

⎞
⎠ ≤ , i = 1, . . ., N,

p h R + 2qI bg I2 B + Nt B
j=1 j ij p

pi ≥

(OP1)

∀x ∈ [0, roomlength], y ∈ [0, roombreadth],

pmin ≤ pi ≤ pmax , i = 1, . . ., N,
where is the BER requirement threshold, is the illuminance requirement, ˛ is the convert rate between power and
luminous ﬂux, Ar is the effective area of the receiver photodiode, pmin and pmax are the minimum and maximum allowable
(and thus the exact BER) is below a threshold for every
LED transmitting power. The ﬁrst constraint guarantees that P̃ebound
i
transmission pair. The second constraint guarantees that the lighting requirement is satisﬁed at everywhere in the room. The
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third constraint is imposed by the power condition of the LEDs. For notation simplicity, let = (Q −1 ( ) · 2/Rp ) , a = 2qBRp
and b = 2qIbg I2 B + Nt B, which are all constants. Suppose
0.5, the ﬁrst constraint can be rewritten as



pi hii −

⎛
pj hij ≥ 0, and⎝pi hii −

j=
/ i



⎞2
pj hij ⎠ ≥

⎛

N


⎝a

j=
/ i

⎞
pj hij + b⎠ ,

i = 1, . . ., N.

(30)

j=1

For i = 1, . . ., N, deﬁne

⎡

−hi1

⎤

⎢.
⎥
⎢.
⎥
⎢.
⎥
⎢
⎥
⎢ −hii−1 ⎥
⎢
⎥
⎢
⎥
h̄i = ⎢ hii
⎥
⎢
⎥
⎢ −h ⎥
⎢ ii+1 ⎥
⎢
⎥
⎢.
⎥
⎣ ..
⎦

⎡

hi1

⎤

⎢.
⎥
⎢.
⎥
⎢.
⎥
⎢
⎥
⎢ hii−1 ⎥
⎢
⎥
⎢
⎥
hi = ⎢ hii ⎥ .
⎢
⎥
⎢h ⎥
⎢ ii+1 ⎥
⎢
⎥
⎢.
⎥
⎣ ..
⎦

−hiN

hiN
T

Inequality contraint (30) is equivalent to h̄i p ≥ 0 and pT Hi p ≥ hTi p · a + b, where Hi = h̄i h̄i is a positive semideﬁnite
matrix. For the illuminance requirement, instead of considering everywhere in the room, we uniformly sample M locations
(e.g., the intersection points of the grids) to impose a ﬁnite number of constraints. Let (xk , yk ) denote the kth location and
let ck = [
becomes

h1 (xk ,yk )
h (x ,y ) T
, . . ., N A k˛ k ]
Ar ˛
r

for k = 1, . . ., M. Denote 1 = [1,. . .,1]T be an all-one vector. The power control problem (OP1)

min 1T p

(OP2)

s.t. −pT Hi p + hTi p · a + b ≤ 0,
ck p ≥ ,

i = 1, . . ., N

h̄i p ≥ 0,

i = 1, . . ., N

k = 1, . . ., M

pmin ≤ pi ≤ pmax ,

(31)

i = 1, . . ., N

which is a quadratically constrained linear programming. Since the constraints (31) are non-convex, the optimization problem is non-convex. In the following, we propose an algorithm by means of successive convex approximation to ﬁnd a solution.
The rough idea is that at each iteration, we form a linear approximation of (31) by using its ﬁrst order Taylor expansion,
solve the approximate convex optimization problem, and use the resulting solution as input for next round. To be speciﬁc,
let
fi (p) = −pT Hi p + hTi p · a + b.

(32)

The ﬁrst order Taylor expansion of fi (p) at p(r) is







 

T 

f̃i p, p(r)  f p(r) + −2Hi p(r) + hi a



p − p(r) ,

(33)

which is a linear approximation. The algorithm is described in Algorithm 1. The proposed algorithm satisﬁes each of
the conditions in [24] for the convergence of succesive convex approximation algorithms. The algorithm stops at a
Karush–Kuhn–Tucker (KKT) point, and can ﬁnd a feasible solution with good, if not optimal, objective value.
Algorithm 1.

Successive convex approximation algorithm for solving (OP2)

min

1T p

s.t.

f̃i (p, p(r) ) ≤ 0,

i = 1, . . ., N

h̄i p ≥ 0,

i = 1, . . ., N

ck p ≥ ,

k = 1, . . ., M

pmin ≤ pi ≤ pmax ,

i = 1, . . ., N
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Find a feasible point p(0) in (OP2), and set r = 0.
repeat
∗
Set p̃ be the optimal solution of the following optimization problem
min
1T p
f̃i (p, p(r) ) ≤ 0,

s.t.

i = 1, . . ., N

h̄i p ≥ 0,

i = 1, . . ., N

ck p ≥ ,

k = 1, . . ., M

pmin ≤ pi ≤ pmax , i = 1, . . ., N
Set r ←− r + 1
∗
Set p(k) = p̃
until some convergence criterion is met.

Next, we apply this algorithm to an example. Consider the setting given in Section 5. Now the four LEDs want to communicate with their corresponding receivers, respectively, as illustrated in Fig. 6. The four receivers are placed horizontal,
i.e., their normals are vertical. Suppose that the bit error probability requirement is = 10−5 , the illumination requirement
is =300 lux, pmax = 7500/117 = 64.1026 W and pmin = 5500/117 = 47.0085 W. The convert rate between power and luminous
ﬂux is ˛ = 1/117 W/lm. We apply Algorithm 1 to ﬁnd a power allocation which is a feasible solution to (OP2). In this example,
it only takes three iterations for the algorithm to ﬁnd the solution. The resulting BER bound P̃ebound
, approximate BER P̃ei and
i
exact BER Pei of the four communication pairs are summarized in Table 2. The power solution guarantees that P̃ebound
satisﬁes
i

the requirement 10−5 and the exact BER is below 10−6 . If power control is not performed, and each LED transmits with
typical power p1 = p2 = p3 = p4 = 6300/117 = 53.8462 W, the resulting BERs are also given in Table 2. Without power control,
the second and the third communication pairs fail to satisfy the requirement on P̃ebound
and have higher exact BER than the
i
other two pairs. We point out that here the sum of power is 53.8462 × 4 =215.3848, larger than that found by power control
(which is 212.8917). If we choose smaller power than 53.8462 W for the four LEDs, the resulting BERs are worser and thus
not reported here.

8. Concluding remarks
In this paper, we derived the exact BER expression for VLC systems where there are multiple transmitter–receiver pairs
and interference exists. Unlike the traditional Gaussian interference model which only uses the ﬁrst and the second moments
of the interference, the signal structure of the interference and all of its statistics are preserved in our analysis. Simulation
results showed that the BER predicted by the Gaussian interference model is not accurate in a small-room setting with four
LEDs. Whether the Gaussian interference model is applicable in a large room with many LEDs requires further investigation.
In a VLC system, resource allocation such as power control is important to ensure that the system is operated in an
effective manner. To perform power control, an accurate performance metric is important. While the exact BER can be
analytically derived, calculating the BER requires numerically determining the optimal decision threshold of the matched
ﬁlter output. To circumvent this difﬁculty, we proposed a new approximation for the BER, which is shown to be accurate
by simulations. Finally, we used this metric to formulate a power control problem, which turned out to be non-convex. We
proposed an algorithm based on the successive convex approximation method, which can produce a good power solution.

Appendix A. Proof of Theorem 2

Proof.

For any ﬁxed i = 1, . . ., N, consider P̃ei to be a function of  i . Take the ﬁrst order derivative of (24) with respect to  i

and evaluate it at ˜ i . We have




di 
∼

dP ei 



∼
i = i

=



1
4N−1

−1
exp
√
2 2i


−

WiN ∈ {iN ,1−iN ,1,0}

((1/2)pi hii Rp +


1

+ √
exp
2 2i

···

−

((1/2)pi hii Rp +



(A.1)

Wi1 ∈ {i1 ,1−i1 ,1,0}



p h ((1/2) − Wij )Rp )
j=
/ i j ij
2i2



p h (Wij
j=
/ i j ij
2i2

2

− (1/2))Rp )


(A.2)

2


.

(A.3)
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We know that Wij takes values of { ij , 1 −  ij , 1, 0}. So the possible values of


i 
di 

dP̃e

i =˜ i

1
2

− Wij and Wij −

1
2

are the same. Therefore

= 0. The second order derivative of (24) with respect to  i is
∼

d2 P ei
di2

=

 

1
4N−1

j=
/ i Wij


1
+ √
exp
2 2i

−


1
exp
√
2 2i

(pi hii Rp +



−

(i −

ph W R
j=
/ i j ij ij p
2i2



ph W R )
j=
/ i j ij ij p
2i2

− i )

2



2



2(pi hii Rp +

2(i −





ph W R )
j=
/ i j ij ij p
2
2i

ph W R
j=
/ i j ij ij p
2
2i

− i )

(A.4)


.

(A.5)
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