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Abstract: This paper proposes the orthogonal and non-
orthogonal schemes in the interference environments for visible
light communication ( VLC) systems. The proposed schemes
pay attention to the case when different bit streams from
which
consequently causes inter-cell interference (ICI) and greatly

multiple cells are simultaneously transmitted,
deteriorates the bit error rate ( BER) and channel capacity
performance of the system. The performance of the new
developed multi-cell system in indoor VLC systems is
evaluated. The bipolar phase shift keying (BPSK) modulation
scheme with orthogonal pulses ( OPs) for multiple cells
environments is employed to mitigate the ICI problem and
improve the BER and channel capacity performances. Since
the use of different OPs in each cell requires more number of
OPs, which requires high bandwidth, OPs are reused at certain
Three different OPs,
orthogonal and non-orthogonal pulses ( NOP) reuse, are
compared. This paper investigates the impact of using these
schemes and compared their performances in the ICI

environments. The BER and channel capacity using the

distances. schemes, which are

proposed schemes are comprehensively examined. Simulation
and theoretical results show that the OPs schemes are more
effective in the interference areas of the room and significantly
outperform NOP.
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n recent years, visible light communication ( VLC)
has emerged as a promising technology that has been
used to support communication systems in special scenari-

Received 2015-03-09.

Biographies: Agha Yasir Ali (1979—), male, graduate, aghayasirali@
hotmail. com; Zhang Zaichen ( corresponding author), male, doctor,
professor, zczhang@ seu. edu. cn.

Foundation items: The National High Technology Research and Devel-
opment Program of China (863 Program) (No. 2013AA013601), the
National Natural Science Foundation of China(No. 61223001), the Nat-
ural Science Foundation of Jiangsu Province ( No. BK20140646), the
Research Fund of National Mobile Communication Research Laboratory
(No.2014A03, 2014B03, 2014B04), the Research Fund of Zhongxing
Telecommunication Equipment Corporation, the Fundamental Research
Funds of the Central Universities ( No. 2242014K40033), the United
Creative Foundation of Jiangsu Province (No. BY2013095-1-18).
Citation: Agha Yasir Ali, Zhang Zaichen, Abdeldime M. S. Abdelgad-
er, et al. Mitigation of inter-cell interference in visible light communica-
tion[ J]. Journal of Southeast University ( English Edition),2015,31(4):
437 —442. [ doi: 10.3969/j. issn. 1003 —7985.2015.04.002]

os such as hospitals, conference rooms and universi-
"' VLC has been the object of extensive interest over
the past few years. Many potential applications for this
technology have been suggested. They refer to optical
wireless communication using the visible light spectrum
from 380 to 780 nm. VLC transmits data by intensity
modulation on optical sources, such as light emitting di-
odes (LEDs) and laser diodes. Multiple LED sources are
commonly employed in typical indoor environments be-
cause the optimum illuminance can be met at 300 to 1 500

lux for sufficient illumination'" .

ties

Recently, the study of the multi-cell VLC system has
emerged as an important research topic. One of the major
problems in VLC systems is inter-cell interference (ICI)
due to the overlapping of images from multiple cells. The
multiple input multiple output (MIMO) system for multi-
user environments are introduced and simulation results
are presented in Ref. [2]. The limitation of this system is
that it cannot work in the central area and middle corners
of the room. The complete area of the room is covered
with multiple cells'”’, as shown in Fig. 1. In some areas,
the images overlap. Another solution is proposed in Ref.
[4], in which cell arrangement is proposed for multi-cell
VLC systems to reduce the signal-to-noise ratio ( SNR)
fluctuation, but this technique needs a greater number of
cells and some parts of the room will not be covered by
communication. Guerra-Medina et al. " proposed an op-
tical code-division multiple accesses (OCDMA) system
for multi-user VLC, which utilizes random optical codes
(ROCs) as coding sequences, thus increasing the imple-
mentation complexity of the system. In the same context,
an indoor VLC system which supports multiple accesses
under line-of-sight (LOS) constraints is investigated in
Ref. [6], but the room coverage problem remains un-
solved. Moreover, Chen et al.'” proposed a pre-coding
multi-user MIMO indoor VLC system. Their main prob-
lem is the separation of the receiving data for different us-
er terminals. Some other schemes were proposed in Refs.
[8 —=9]. The optical detectors with different fields of view
(FOV) are utilized and the influence of the FOV of the
proposed system is analyzed, but the FOV of the detec-
tors cannot be changed. Rahaim et al. "' eliminated the
ICI by using frequency partitioning. The available band-
width is divided into K| slots and the neighboring cells u-
tilize separate frequencies to eliminate interference at in-
terference regions. However, this scheme requires LEDs
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with a high bandwidth.

This paper investigates the interference problem in the
interference areas and proposes a scheme to eliminate the
ICI by using orthogonal pulses (OPs), which can be gen-
erated by various techniques as given in Refs. [10 —11].
To extend the network coverage and provide communica-
tion for user terminals in all locations of the room, a no-
vel approach is proposed. It improves the bit error rate
(BER) and the capacity performances of the VLC system
by eliminating ICI. Due to the increase of ICI in some ar-
eas, approximately equal power is received from several
cells, and OPs are formulated. As we increase the num-
ber of OPs, a high bandwidth LEDs is required. The re-
quirement of high bandwidth LEDs can be managed by
reusing OPs at certain distances in the room. The contri-
bution of this work is to provide communication for the
whole area of the room and mitigate the ICI in the over-
lapping areas by using OPs.
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Fig.1 Foot prints of cells and interference areas in the room

1 The Model of Proposed System

In this paper, a model for the source, reflectors, and
receiver is considered in an empty square room. Also,
the proposed techniques can be extended to other rooms in
a straightforward manner. For a low cost VLC system,
the most viable modulation is the intensity modulation and
direct detection (IM/DD), in which the desired wave-
form is modulated onto the instantaneous power of the
carrier. Modeling a VLC link as a linear baseband, the
time-invariant system has impulse response A(¢) with sig-
nal independent additive noise o (¢). The visible-light
channel is modeled as a linear optical additive white
Gaussian noise (AWGN).

Vi no (D) =RA(E) = x(1) +0o(1) (1)
where y, . (1) is the photo-detector current and it repre-
sents the photo sensitivity of the photo-detector (in A/
W); x(1) is the instantaneous input pulse power. The av-
erage time transmitted optical power is given by '

1
P = hmz—Tj_Tx(t)dt 2)

T—o

The average received optical power generally can be
determined by'"”

CLOS O lﬁ<lﬂ
H(0) 05 ={27d’ DA (3)
0 else

Cros = (1 + 1) Apyycos' () g(1h) T(1h) orcos(h)

where H(0) = f h(t)dt is the channel DC gain“zl.

In this paper, the line of sight(LOS) and non line-of-
sight (NLOS) links are considered. The DC gain on the
first reflection H ; is
%dAcos( a) cos(B) O=sy=y
2wDD; G

0 else

Cuios =(1+1 )APD')’COS]( &) 8(P) T(yh) cos(¢h)

where C, s and Cy, s are the variables used in Eq. (3)
and Eq. (4); d is the distance between the receiver and
transmitter; D, is the distance between the transmitter and
reflective point; D, is the distance between reflective
point and receiver; vy is the reflectance factor; dA is the
reflective area of the small region; « is the angle of irra-
diance to the receiver; B is the angle of incidence to the
receiver; [ is the order of Lambertian emission; A, is the
receiving area; ¢ is the irradiance angle; i is the angle of
incidence; T(i)
an optical filter; ¢ is the FOV; p is the refractive index;

g(y)) is the gain of the optical concentrator'".

H(0) . =

is the signal transmission coefficient of

r 0<y<
g(yp) = {sin’y, =y (5)
0 0=y

In the LOS and NLOS, the received power is generally
determined by'"”

P = H(0)Pyos + zHref(O)Ptref (6)

This paper is designed for multiple cells to solve the in-
terference problem in multiple cell environments. The
OPs are bipolar phase shift keying
(BPSK). A binary ‘1’ is represented by a positive pulse
and binary ‘0’ is represented by a negative pulse.

The proposed scheme is designed to eliminate ICI from
multiple cells in the room. Fig. 1 shows the foot prints of
interference areas between cells. This scheme is mainly
effective in those areas. As defined in Ref. [3], the max-
imum area can be covered by cells to provide communica-
tion in every area of the room by adjusting the minimum
acceptable power. Therefore, the covered area of each
cell is mw(A)*/2N for a square shaped room, where A is
the length of the room and N is the number of cells.

The maximum power received at the m-th receiver from
the k-th cell can be obtained from Eq. (6).

transmitted as
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Pr(k, m) = H( ()) LOS(k, m) Pt( k)LOS + z H( O) (k, m)refPl( k) ref
(7)

where P, is the transmitted power from the k-th cell.

t(k)
The total power received from the cell to the m-th receiver
is

N

r(m) = 2

n=

P Pr( n, m) ( 8)

In the proposed scheme, the receiver’s locations are
fixed so that only one matched filter is required per re-
ceiver. If the receiver location is varied, N matched fil-
ters can be used to select the maximum SNR from all
cells. Fig.2 shows that the OPs are generated and distrib-
uted in different cells, and different bit streams are trans-
mitted through OPs. At the receiver end, the maximum
SNR is received from the k-th cell, which is the nearest

cell to the m-th receiver. The power received from other
N

cells is 2 P, ., #0, which can cause the interfer-
n=1,n#k

ence.
The receiver only passes the signal from the k-th cell
because the signals from other cells are orthogonal to the

correlation function of the m-th receiver, as shown in

Fig. 2.
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Fig.2 The VLC proposed model

2 Analysis

The multiple cells (cell,, cell,, ..
ting OPs (x, (1), x,(1), ..., xy(t)), respectively. Allo-
wing the m-th receiver to receive all the pulses from
LOS, the NLOS and matched filter correlator is

., cell,) are transmit-

R,(y,(1) = ZRmy,,(t) (9)
Rm(ym(td)),,:k <() X; =0}
R,(y,(t)),., >0 x, =1

where the maximum power is received at time #,, and R,
is the correlator function of the m-th receiver,

(10)

3

n=1,n#k

t(n, m) =0 (11)

In the case of non-orthogonal pulses (NOPs), all the
cells use the same pulse and bandwidth for transmission.
Therefore, the signals from other cells in Eq. (11) are
considered as noises and they are not equal to zero. The
SNR cannot be affected by the bandwidth but it is affected
by the ICI and distance. Using Eq. (7) and Eq. (8), the
SNR from the k-th cell is defined as'’

2
(Pr(k’ m))
N

(o8 + (3 Pw) )W

n=1,n#k

SNR, =

(12)

where W, represents the bandwidth of the k-th cell.

The channel capacity of NOPs is the same for all cells
because all pulses are using the same bandwidth. The ca-
pacity of NOPs is defined as

2
(Pr(k,m))

(0 +( Y P IW,

n=1,n#k

WII
= —log|[1 +

Coor = (13)

The proposed scheme improves SNR by using OPs.
When each cell uses an OP, the receiver can easily distin-
guish signals from the principle cell. The bandwidth of
OPs used by cells can be defined as

2n—]
Wn - T

s

(14)

where T, is the symbol time. From Eq. (14), the number
of OPs requires high bandwidth LEDs. The high band-
width pulses can affect the SNR. The greater the number
of pulses is minimized by reusing OPs at certain locations
in the room. Substituting Eq. (14) and Eq. (11) into Eq.
(12), the SNR for OPs can be derived as

P ) 2
SNRk _ ( r(k, m))

_ 15
a2 /T, (15)

Note that the SNR performance of OP is affected by its
high bandwidth but NOP is affected by interference.

Substituting Eq. (14) and Eq. (15) into the Shannon
capacity formula, the channel capacity can be improved
by using OPs, specifically in interference areas,

2" M) (16)

Ciop = ﬁbg( 1+ 72" T

As BPSK modulation technique is used in this scheme,
the theoretical BER can be calculated as

BER ., = %erfc( /%) (17)
Consequently, the BER of NOPs is given as
1 (Pr(k, m) ) ’
BER,, = Terfc N R (18)
2
(" +( X Pow))

n=1,n#k
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From Eq. (7) and Eq. (11), we can obtain

2
BER,, = lerfc( sz)) (19)

2 o

3 Simulation Results and Discussion

The setup of simulation program for the indoor VLC
system contains four cells which are located in the ceil-
ing" " and two types of comparisons are given which are
NOP with 40P and NOP with 20P. The receiving plane
is 1.85 m away from ceiling. The center of the room is
selected as the origin of the coordinate, and the other pa-
rameters of the proposed system are listed in Refs. [11 —
12].

Without loss of generality, we assume two typical sce-
narios to simulate BER and the capacity performances of
the system by considering different pulses distributed in
different cells.

Obviously, the proposed scheme is effective, particu-
larly at the center and the interference area of the two
cells, as shown in Fig. 1. From the analytical results, it
is observed that the capacity and BER performances are
mainly affected by the distance and ICI; however, the
proposed scheme is mainly affected by distance.
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Fig.3 Channel capacity and bandwidth

As depicted in Fig. 3 to Fig. 5, the overall capacity
performance is significantly improved by using the pro-
posed scheme. Fig.3 shows the difference of channel ca-
pacity among 40P, 20P and NOP. Note that the highest
channel capacity is obtained when using 40P, and the
high bandwidth cell obtains high channel capacity. In the
case of 20P, the diagonal cells share the same pulse;
therefore, ICI occurs in diagonals of the room and the
channel capacity deteriorates in diagonal cells. In the case
of NOP, the capacity is almost identical between cells,
because the same bandwidth pulses are used. The channel
capacity of NOPs is affected by ICI and decreases rapidly
in the interference area compared to OPs. Particularly, at
a high SNR, the difference between OPs and NOPs is sig-
nificantly high.

Fig. 4 shows the difference of the channel capacity in

the three-dimensional pattern between 4OP and NOP.
Note that the maximum response is obtained by cell, and
cell, because they are using the highest bandwidth. Cell,
uses the lowest bandwidth, therefore, it produces a low
channel capacity. As depicted in Fig.5, the two diagonal
cells use the same bandwidth in the case of 20P; there-
fore, only the channel capacities of diagonal cells are
identical.
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Fig.5 Channel capacity of 20P and NOP

In what follows, we consider the BER performance of
the system. The BER performance is significantly im-
proved by using OPs over NOPs, especially at the center
and interference areas of the room, as shown in Fig. 6 and
Fig. 7. The theoretical and numerical results of 40P,
20P and NOP are compared with diagonals and sides of
the room, as shown in Fig. 6 and Fig. 7. It is clear that
the numerical and theoretical responses are almost identi-
cal. As discussed in the case of 20P, the diagonal cells
share the same pulse; therefore, the interference only oc-
curs between diagonal cells. However, the side cells use
OPs, so the BER responses of 20P and 40P in Fig. 7 are
identical. The maximum BER is in the center of the room
because the equal power is received from all cells. The i-
dentical response for OPs and NOPs are at the corners of
the room. The corners of the room are not affected by
ICI. ICT occurs when a zero transmitted by the principle
cell is falsely identified as the one from other cells. ICI
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increases with the increase of SNR; therefore, the differ-
ence between OPs and NOPs is increased with high
SNRs, as shown in Fig. 8.

Generally, a better BER performance can be achieved
at a high SNR. However, due to interference, the per-
formance of NOPs does not improve significantly. Fig. 8
depicts the scenarios when the SNR are 56, 60, 65, and
68 dB along with the diagonals of the room. The results
show that with the high SNR, the proposed scheme is
more effective.

Simulation results show that the proposed scheme ob-
tains a better BER at the expense of an increased band-
width. Compared 20P with 40P, the 20P requires low
bandwidth and provides comparatively less capacity, and
it also has worse BER performance. Hence, the proposed
scheme eliminates the interference from LOS as well as
from the diffuse path.
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Fig. 6 BER vs. diagonal of the room (SNR =66 dB)
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Fig.7 BER vs. length of the room (SNR =66 dB)

4 Conclusion

We investigate the BER and capacity performances of
our recently proposed scheme in the indoor VLC system
under multi-cell environments. The inter-cell interference
is eliminated by OPs. In this scheme, the BER and ca-
pacity performances are improved. A method to improve
the system performance by utilizing high bandwidth pul-
ses is analyzed.
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=68 dB
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Simulation results show that at a high SNR, the pro-
posed scheme is more effective in the interference areas of
the room. Simulation and theoretical results show that the
proposed scheme removes the limitation of the FOV of the
transmitter and covers the whole area of the room as well
as reducing ICI. When the number of OPs increases,
high bandwidth LEDs are required, which can be man-
aged by reusing OP at a certain distance and significant
improvements of the capacity and BER performances can
be obtained.
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