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Abstract— In recent years, optical wireless communication 
(OWC) has been presented as a viable and promising 
technology to achieve a high-speed indoor wireless link. In this 
paper, to fully exploit the advantages of OWC, an optimal 
Lambertian order (OLO) and a handover algorithm are 
proposed and adopted for a cellular indoor OWC system to 
further extend the transmission bandwidth. We firstly describe 
these two techniques for a cellular configuration. Then, the 
channel characteristics including the optical power distribution 
and the RMS delay spread for a four-cell structure are 
simulated and analyzed. The results show that with an OLO 
and a handover algorithm applied on the link, the transmission 
bandwidth of the system can be extended by almost ten times 
compared to the non-optimized scenario. However, the 
improvement contributed by the handover algorithm depends 
on the numbers of the cells and the locations of the users as 
well. 

Keywords—Optical wireless communication (OWC), Cellular 
configruation, Optimal Lambertian order, Handover and 
transmission bandwidth. 

I.  INTRODUCTION 

With the emergence of portable information terminals at 
work and at home, the demand for high bit rate wireless 
service over a short range in local area networks (LANs) is 
continuously increasing. There are a number of RF 
technologies that are currently being used to offer broadband 
wireless communications [1-3]. The IEEE 802.11 a/b/g WiFi 
technologies are widely exploited in commercial products 
due to their low cost, technological maturity, and high 
product penetration [4, 5]. However, the maximum 
transmission data rate is limited to ~ 100 Mb/s. Recently, 
with the rapid growth of internet users, file and video 
sharing, audio and video broadcasting, the rapid growth of 
the bandwidth requirement by the end-users has placed a 
huge pressure on already congested RF systems. To 
overcome this bandwidth bottleneck, the OWC technology 
has shown the potential to achieve both high spatial coverage 
and high bit rates transmission for the indoor wireless 
communications. On the other hand, as a complementary 
technology to RF, indoor OWC systems offer a number of 
advantages such as inherent unregulated bandwidth, low-
cost, inherent immunity to the electromagnetic interference, 
the possibility of wavelength reuse and security at the 
physical layer [6]. Therefore, due to its high degree of 

privacy and security, such systems are the ideal solutions for 
military use or financial transactions.  

The visible light communication (VLC) system 
incorporated with white LEDs lighting has attracted 
considerable attention over the past decade. [7, 8]. The 
illumination of an VLC system is generally restricted to 300 
to 1500 lx based on the International Organization for 
Standardization (ISO) standard [9]. This minimal 
illumination level at visible spectrum (~ 300 lx) offers a 
higher signal-to-noise ratio (SNR), which is >50 dB in 
indoor OWC systems [10]. Therefore, the indoor OWC 
access technology employing LEDs becomes a possible and 
economical solution to overcome the current bandwidth 
congestion problem for the indoor wireless access networks. 
However, the main challenge for VLC providing a high data 
rate transmission is the slow modulation bandwidth of the 
commercial white LEDs, which is typically a few megahertz. 
Fortunately, with the development of the technology, LED 
with a large modulation bandwidth is being designed and 
fabricated. In [11], a LED with a diameter of 50 µm (µLED) 
is introduced, which provides a 3-dB modulation bandwidth 
of at least 60 MHz. There is no doubt that in the near future, 
LED with a higher modulation bandwidth will commercially 
available. In this paper, our theoretical work focuses on the 
OWC technology which provides a bit rate of more than 100 
Mb/s for a single channel.  

Another very important issue for an indoor OWC system 
is the multipath induced intersymbol interference (ISI), 
which would significantly limit the maximum transmission 
data rate of the system [12-14]. Due to the physical 
properties of an indoor environment, the reflection from the 
ceiling, wall and other objectives always exist for an indoor 
OWC system. In addition, for a system employing multiple 
transmitters, the ISI caused by neighbour transmitters is too 
significant to ignore [15]. Therefore, it is necessary to study 
this challenge and mitigate the negative effects. Analysis of 
the multipath time dispersion for an indoor OWC channel 
has been studied in [16, 17]. It is shown that lower multipath 
distortion can be achieved by optimizing the divergence 
angle of the LED and by employing a special configuration 
[17]. A more uniform power distribution is proposed in [18, 
19] where a reduced ISI has been achieved by using a 
holographic diffuser. In [20], spotlight scheme has been 
proposed for the high data rate transmission and the results 
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show that indoor OWC links employing LEDs with small 
divergence angles have lower channel distortion than those 
with large divergence angles. Therefore, an OWC system 
with a multi-cell configuration is proposed as a preferred 
solution to achieve a higher transmission bandwidth. 
However, in the previous studies, little attention has been 
given to optimize the divergence angles of LEDs and its 
impact on the time dispersion and the channel transmission 
bandwidth. In this paper, we propose optimum divergence 
angles of LEDs for a 4-cell configuration to achieve its 
optimal transmission bandwidth. Additionally, taking the 
numbers of users and their locations into account, a handover 
scheme is adopted in this system which further extends the 
channel transmission bandwidth to its best performance.  

 This paper is organized as follows: the system 
configuration and OWC channel characteristics are 
described in Section II. In Section III, the OLO of the LEDs 
and a handover algorithm are introduced. Then, the 
simulation results and discussion are outlined in Section IV. 
Finally, conclusions are given in section V. 

 

II. SYSTEM DESCRIPTION 

A. System configuration 

Fig. 1 shows the proposed indoor OWC link with 
multiple cells configuration. The room has a dimension of 
5×5×3 m3 (length, width, height) which is divided into i 
equal sections (cells). Each cell employs a group of LEDs 
mounted at the room ceiling, which is marked as Si in Fig. 1. 
At the receiving plane, the optical footprint has its maximum 
and minimum intensities at the center and the edge of the 
cell, respectively. Cells have the same beam profile and the 
overall footprint covers the whole floor of the room. The 
divergence angles and the transmitted optical power of LEDs 
for all cells are assumed to be the same. In this multi-cell 
configuration, depending on the locations of the mobile users 
(MUs), it would be advantageous to set all other unused 
transmitters into off mode, which means the LEDs are only 
used for lighting only, and no signal are modulated and 
transmitted. Therefore, the unnecessary ISI caused by the by 
neighbour transmitters are avoided.  
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Fig. 1. An indoor OWC link with a multi-cell configuration. 

 

B. OWC channel model with Lambertian sources 

The indoor cellular OWC channel with the configuration 
is shown in Fig. 1. The radiation is emitted from a particular 

source Si to a MU (Rj) with a location of (x, y, z). The 
incident radiations consist of directly unobstructed LOS 
paths and a finite number of k reflections from walls, ceiling 
and floor within the room. Assuming that the source Si emits 
a unit impulse at t = 0 and normalizing the transmitted 
optical power PTx to 1. The LOS (k = 0) impulse response is 
given by [16]:  

݄଴൫ݐ; S௜, R௝൯

ൌ
ሺ݉ ൅ 1ሻܣ
2π݀ଶ

cos௠ሺ߶ሻ ௦ܶሺߠሻ݃ሺߠሻ cosሺߠሻrectሺ
ߠ
௖
ሻߜሺݐ െ

݀଴
ܿ
ሻ , 

                                                         (1) 
where ܣ is the photodetector surface area, ୡ is the FOV 
(semiangle) at the receiver. TS(ߠ) is the optical filter gain, 
and g() is the  optical concentrator gain. ݀ is the LOS 
distance between S௜ and R௝, c is the speed of light and ߜሺ. ሻ 
is the Dirac delta function. The rectangular function rectሺxሻ 
is defined as: 
 

rectሺݔሻ 	ൌ ൜
1					for	|ݔ| ൑ 1,
0				for	|ݔ| ൐ 1.

 

(2) 
Assuming that all reflectors are approximately Lambertian 
[21], the channel impulse response with multiple optical 
sources and multiple reflections is [22]: 
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 (3) 
The channel impulse response for k-bounce is given by [23]: 
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                        (4) 
where 
 

଴ߦ ൌ
ሺ݉ ൅ 1ሻܣ
2π݀ଵ

ଶ cos௠൫ଵ൯ cosሺߠଵሻ  ଵߠ௥௘௙cosܣ݀

 

ଵߦ ൌ
ଶߠ௥௘௙cosଶcosܣ݀

ଶ݀ߨ
ଶ  

, … , 
 

௞ߦ ൌ
௞ାଵߠcos௞ାଵcos	ܣ

௞ାଵ݀ߨ
ଶ ௦ܶሺߠ௞ାଵሻ݃ሺߠ௞ାଵሻ. 

 
The integration in (4) is performed with respect to the 
surface of all reflectors, which is defined as . ݀ܣ௥௘௙ is 
being the small area of the reflecting element, and ߶௞ and 
 .௞ are the angles of irradiance and incidence, respectivelyߠ
Also ݀௞	is the distance from k bounces to the detector  
The RMS delay spread is given by [14]: 
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ܵ ൌ ቂ׬
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ቃ
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                                                                                            (5) 
where ߤ is the mean delay given by: 

 

ߤ ൌ
׬ ݐሻ݀ݐଶሺ݄	ݐ

׬ ݄ଶሺݐሻ݀ݐ
	 . 

                                                                                      (6) 
and t is the propagation delay time. 

 

III. OPTIMIZATION SCHEMES 

To achieve an optimal transmission bandwidth of the 
proposed cellular indoor OWC link, two optimization 
schemes are combined and adopted into the system. The 
details of these methods are introduced as following:  

A. Optimal Divergence angles of LEDs 

For an OWC link with a cellular configuration in Fig.1, 
due to the different multipath propagation delays, the ISI 
would limit the transmission bandwidth. To overcome this 
problem and to achieve a higher transmission bandwidth, 
the divergence angle of the LED can be tuned to its optimal 
value so that the ISI caused from neighbour cells and 
reflectors can be minimized. For each cell shown in Fig.1, 
the received optical power is maximum at ߶ ൌ 0 and 
minimum at ߶ ൌ ߶୑ୟ୶. The corresponding minimum 
received power which varies with m is: 

 	

	ܲ୑୧୬ ൌ ୘ܲ୶ 	
ሺ݉ ൅ 1ሻܣ

2π݀୑ୟ୶
ଶ cos

௠ሺ߶୑ୟ୶ሻ ௦ܶሺߠሻ݃ሺߠሻ cosሺߠሻ ,

0 ൑ ߠ ൑ ௖	, 

(7) 

where ߶୑ୟ୶ is the maximum irradiance angle and ݀୑ୟ୶ is 
the corresponding maximum distance between the 
transmitter and the receiver within a cell. To increase  	ܲ୑୧୬ 
, it is necessary to maximise 	ܲ୑୧୬ for a given		݉. To do this, 
we calculate the partial derivation of (7) with respect to ݉, 
which is given by: 

 

		߲ ୑ܲ୧୬

߲݉
ൌ ୘ܲ୶	 ௦ܶሺߠሻ݃ሺߠሻ cosሺߠሻ

ܣ

2π݀୑ୟ୶
ଶ cos

௠ሺ߶୑ୟ୶ሻ ൈ 

൛1 ൅ ሺ݉ ൅ 1ሻln൫cosሺ߶୑ୟ୶ሻ൯ൟ	. 
 (8) 

Defining ܭ ൌ ୘ܲ୶	 ௦ܶሺߠሻ݃ሺߠሻ cosሺߠሻ
஺

ଶ஠ௗ౉౗౮
మ, which is 

independent of ݉, (8) can be simplified to: 

 

		߲ 	ܲ୑୧୬

߲݉
ൌ cos௠ሺ߶୑ୟ୶ሻ൛1ܭ ൅ ሺ݉ ൅ 1ሻln൫cosሺ߶୑ୟ୶ሻ൯ൟ	. 

                                              (9) 

 

To find the OLO ݉୭୮୲ , we set  
		డ௉౉౟౤

డ௠
ൌ 0 , which gives:  

݉୭୮୲ ൌ
െ1

ln൫cosሺ߶୑ୟ୶ሻ൯
െ 1, 

                                                               (10) 

Given the definition of ߶୑ୟ୶ above, we have: 

߶୑ୟ୶ ൌ cosିଵሺ
ு

ௗ౉౗౮
ሻ.         

(11) 

݉ ൌ െ
୪୬ଶ

୪୬ሺୡ୭ୱభ/మሻ
 is the Lambertian radiant order relating to 

the transmitter semiangle ଵ/ଶ, (at half power). The optimal 
transmitter semiangle ଵ/ଶ	୭୮୲ at half power can be 
calculated, which is given by: 

ଵ/ଶ	୭୮୲ ൌ cosିଵ

ۉ

ۈ
ۇ
exp൮

െlnሺ2ሻ
െ1

lnሺcosሺ߶୑ୟ୶ሻሻ
െ 1

൲

ی

ۋ
ۊ
,

0 ൏ ଵ/ଶ	୭୮୲ ൏ 90௢. 
(12) 

 

B. Handover algorithm  

In Fig. 1, the entire room is covered by a number of cells 
which transmit the same data. However, in real scenarios, 
MUs are randomly moving around within and between cells. 
To minimize the ISI, cells could be switched into off mode 
when there are no active MUs within them. To achieve this, 
a handover process is adopted into the system and the flow 
chart for a single cell is shown in Fig. 2.  

 

 
Fig. 2. Flow diagram for handover algorithm within each cell. 

Rx ON

Data rate controlling 

User in?

Yes

No

User in?

Yes

No

Delay (Tx hold on)

Tx OFF

State 1

State 2

State 3

State 4

User in?

Yes

No

Report to BS

Tx ON

Cell identifying 

Data rate 
mapping

Control signal

779



In state 1, the BS receiver (the transreceiver integrated 
with Si at the ceiling) is on to detect the presence of a MU 
within a cell. The BS first identifies the address of the active 
cell and then establishes a link with the MU at a minimum 
predicted transmission data rate (see the state 2 in Fig. 2). 
Once the link has been established, the BS will count the 
number of the active cells within the room and then map the 
corresponding maximum transmission data rate for this link. 
Following this a control signal is sent back to each cell to 
adaptive the data rate to its maximum value. If BS fails to 
receive an active signal from MU within a cell, the 
corresponding BS is switched to the off mode. In real 
scenarios, the MU located in overlapping area could be in 
communication with two BSs. To maximize the handover 
efficiency and to avoid too many handovers, the BS will 
continue to provide the coverage for a short time in order to 
confirm the absence of MU. By double checking to ensure 
that there is no signal, the BS will be switched to the off 
mode state, as illustrated by states 2 to 4 in Fig. 2.  

The duration between states 1 and 2 is equal to	 ୦ܶ୭, 
which is defined as the handover time. 

୦ܶ୭ 	൏
ୌ୓ܦ
୑ܸ୙
																																																																																								 

ሺ13ሻ                                     

where ܦୌ୓ is the horizontal overlap distance, and ୑ܸ୙ is the 
typical speed of the MU. 

In [24, 25], it has been reported that the typical speed of 
human is less than 3 m/s ( ୑ܸ୙ ൏ 3	m/s). That means for a 
horizontal overlap distance	ܦୌ୓ ൌ 0.1	m, the corresponding 
	 ୦ܶ୭ should be less than ~ 0.03 second. When MU is located 
within the overlapping area, the MU could be at an equal 
distance from two BSs. In this case, due to the equal 
distance, the multipath induced ISI is very low (it will be 
shown in the following Section IV). Therefore, two BSs are 
active until the MU moves into one of cell.  

 

IV. RESULTS AND DISCUSSIONS 

In order to carry out a comparative study of the proposed 
system employing different optimization techniques, the 
OWC channel characteristics are simulated. In this 
simulation, the computational time for determining the 
impulse response is limited to two bounces	݇ ൌ 2 and the 
bin width of impulse response is defined as ∆ݐ ൌ 0.1	ns, 
which are the same as in [26]. The specifications and the 
parameters are given in Table 1. From (10) and (12), the 
optimum divergence angle of the four-cell configuration can 
be calculated, which is 56o at FWHM. In this paper, only 
four-cell configuration is simulated and presented. However, 
the two optimization techniques introduced in Section III 
could also be adopted in other cellular configurations.    

 

A. Power distribuion with and without OLO 

Fig. 4 (a) and (b) compare the received optical power 
distributions of a four-cell configuration with and without the  

 

 
Fig. 3. Spatial distribution of received power: (a) four-cell configuration 

with 120o FWHM angle, and (b) four-cell with 56o FWHM angle. 

 

 

 

Fig. 4. Spatial distribution of RMS delay spread: (a) four-cell configuration 
with 120o FWHM angle, and (b) four-cell with 56o FWHM angle. 

 

0
1

2
3

4
5

0
1

2
3

4
5

-14

-12

-10

-8

 

X (m)Y (m)
 

R
e

ce
iv

e
d

 p
ow

e
r 

(d
B

m
)

-12

-11.5

-11

-10.5

-10

-9.5

-9

-8.5

0
1

2
3

4
5

0
1

2
3

4
5

-12

-10

-8

-6

-4

 

X (m)Y (m)
 

R
e

ce
iv

ed
 p

o
w

e
r 

(d
B

m
)

-11

-10

-9

-8

-7

-6

(b)

0
1

2
3

4
5

0
1

2
3

4
5

0.5

1

1.5

2

2.5

 

X (m)Y (m)
 

R
M

S
 d

el
ay

 s
pr

e
ad

(n
s)

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

(a)

0
1

2
3

4
5

0
1

2
3

4
5
0

0.2

0.4

0.6

0.8

1

 

X (m)Y (m)
 

R
M

S
 d

el
a

y 
sp

re
ad

(n
s)

0.2

0.3

0.4

0.5

0.6

0.7

0.8

(b)

780



TABLEI: SPECIFICATION FOR CELLULAR INDOOR OWC SYSTEMS 
LED wavelength (ߣ) (1000~500) nm 
LED launched power 200 mW 

LED spacing 0.05 m 
Room  (length, width, height) 5 × 5 × 3 m3 
Half angle FOV of receiver 60 (deg) 
Active area of photodiode 16 mm2 
Gain of the optical filter 1.0 

Reflection coefficient (wall, ceiling, floor) (0.8, 0.8, 0.3) 
Number of LEDs per cell 36 

Cell size 2.5 × 2.5 m2 

 

optimal divergence angle. The received optical power varies 
between -8.4 dBm and -12.4 dBm for non-optimized angle 
(m=1, 120o FWHM) and between -5.6 dBm and -11.7 dBm 
for optimized angle (m= OLO, 56o FWHM). In this case, 
angle optimization allows 0.7 dB and 2.8 dB increase for 
minimum and maximum received powers, respectively.  

 

B. RMS delay spread with OLO. 

To investigate the channel transmission bandwidth, the 
channel dispersion for the described case studies in Table 1 
will be characterized. Figs. 4(a) and (b) show the RMS delay 
spreads of the four-cell configurations with and without 
OLO. By tuning the divergence angle to its optimal value, it 
is observed that a significant reduction of the mean RMS, 
which is decreased from ~ 1.5 ns to ~ 0.4 ns. In addition, the 
multipath distortion at the room corners is quite significant 
because it limits the transmission bandwidth of the system. 
In Fig. 4, it also can be seen that the RMS delay spreads at 
the room corners have a significant reduction as well. From 
~ 2ns to ~ 0.8 for non-optimization and optimization cases 
respectively. 

 

C. RMS delay spread with a handover algorithm 

Fig. 5(a) shows the contour plot of the RMS delay 
spread distribution. The near square area highlighted on the 
x-y axes is the location range for MUs. It illustrates that the 
maximum ܦ୰୫ୱ within the coverage area of the active BS is 
~0.2 ns, thus offering a maximum transmission rate of 500 
Mbit/s. Note that the maximum achievable data rate without 

any equalization is ܴୠ ൑ ൫10ܦ୰୫ୱ_୑ୟ୶൯
ିଵ

 [27]. If all MUs 
are located within two adjacent cells or in the overlapping 
areas between cells except the center of the room (see Fig. 
4(b)), the simulated RMS delay spread for this case is 
depicted in Fig. 5(b). For this case, the maximum ܦ୰୫ୱ ~0.4 
ns, which corresponds to almost half the maximum 
achievable data rate of previous case. Similarly, the 
simulated RMS delay spread for three active cells is 
depicted in Fig. 5(c). The maximum RMS delay spread 
within coverage areas of active BSs is around ~ 1ns, which 
corresponds to the maximum achievable data rate of ~ 100 
Mbit/s. This is the worst case, where the number of MUs 
within cells is high or MUs are moving around randomly 
within all four cells so that all BSs are in the active mode. 
The simulated RMS delay spread distribution for this case 
outlined in Fig. 5(d). The delay spread is the highest with a 
maximum value of ~ 1.2 ns. Hence, the maximum  

 
Fig. 5. The contour plot of RMS delay spreads of a four-cell OWC system: 

(a) 1 BS actives, (b) 2 BSs active, (c) 3 BSs active and (d) 4 BSs active.  

 

Fig. 6. The maximum RMS delay spread of four different cases.  

 

achievable data rate is ~83 Mbit/s. The maximum RMS 
delay spreads for different cases from one to four active cells 
are plotted in Fig. 6. It can be seen the RMS delay spread 
increases with the active BSs. This is due to increased 
number of multipath propagation paths, which will limit the 
achievable maximum data rate. This problem can be 
overcome by using a cell with a small coverage area. 
However this will lead to increase in number of transceivers 
and therefore more handovers, thus leading to increased 
overall system complexity. Therefore, the numbers of cells 
and sizes of the footprints are quite critical for the maximum 
transmission bandwidth, which need to be carefully taken 
into account when designing an indoor OWC system. 

CONCLUSION 

In this paper, a cellular indoor OWC system is studied. 
Two optimization techniques are proposed to increase the 
transmission bandwidth of the system. The results showed 
that there was a significant improvement in the improved 
received optical power as well as the multipath induced 
distortion by using OLO. By adopting a handover algorithm 
in to the system, the transmission bandwidth could be further 
extended. The simulation results showed that with applying 
the handover algorithm, the maximum transmission data rate 
for the best scenario (only one cell in active mode the 
divergence angle of the LED is 56o FWHM) can be 
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improved more than ten times comparing with the worst case 
(All cells are in active mode and the divergence angle of the 
LED is 120o FWHM). 
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