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Abstract An indoor visible light positioning system using
the received signal strength intensity (RSSI) method and
the trilateration technique with user mobility support is
proposed for healthcare application. Accurate position
information of medical staffs and patients are required for
data transmission, tracking, navigation etc. Seamless data
transmission while user is on the move has been
conceptualized considering the optical network formed by
light emitting diode based transmitters. How efficiently
these services can be rendered depend on the position
accuracy. To investigate factors contributing to higher
position errors in a practical environment, the proposed
system is evaluated through simulation and experiment for
different channel conditions, and the receiver rotation due
to user mobility etc. Simulation results show an average
two dimensional (2-D) position error of 0.32 m in a channel
with a strong background light illumination level of -60
dBm. Experimental results show that the mean position
error is 0.7 m in a normal daytime indoor light condition.

Keywords Visible Light Positioning; Position Error; Rx
Sensitivity; Noise; Incidence Angle, Mobility

I. INTRODUCTION

To deal with exponentially increasing demand for wireless
traffic [1], issues of high location error [2] [3], interference,
propagation loss of radio frequency (RF) waves through walls,
an alternative wireless communication technology based on
visible lights has gained popularity for positioning
[41[51[61[71[81[9]. In real-time critical applications such as
transmission of physiological parameters of patients from the
hospital database to doctors require delay tolerance <300 ms,
data loss less than 10 [10], reliability, authentication of Rx,
and integrity. Unlike RF based technologies, VLC based
localization needs that the devices (smart phone, [Pad) must
have a line of sight (LOS) or a non-line of sight (NLOS)
access to the lighting fixtures within rooms, offices etc. Once
the link between the device and ceiling light is established,
RSSI based positioning [11] is done and subsequently the
patient’s record can be transmitted via LEDs to MS devices
(IPad, etc.). In [12], authors have presented a 1-D positioning
system using 2 LEDs. In this scheme, the Rx is shifted along

the X axis and positioning works if both Rx and transmitter
(Tx) are perpendicular to the floor with equal incidence and
irradiance angles. In [5], an experimental positioning system
was modeled and simulated to obtain the position error (PE)
considering noise and the incidence angle. In this work, the
position accuracies for environments of different sizes were
calculated; however, the values of noise considered for
simulation or experiment were not specified. In [13], authors
proposed a hybrid positioning system using both VLC and RF
technologies known as the carrier allocation VLC (CA-VLC)
system, where RF carrier allocation is used to separate signals
from multiple LED Txs with no inter channel interference
(ISI) at the Rx. Txs broadcast their position coordinates every
time they want to find the position of the Rx. However, there
is no need for this since Txs positions are fixed and can be
saved in a database. Moreover, in the simulation, both the Tx
and Rx were rotated to observe effects on received optical
power and hence the PE. In [14] a VLC positioning algorithm
employing time division multiplexing (TDM) was used to
separate signals from different LEDs and to calculate PE
distribution within a room considering the shot noise. A frame
structure containing channel characteristics was used and the
Rx and Tx were placed vertically upward and downward,
respectively with equal irradiance and incidence angles. In
[15], a VLC Ad hoc network was proposed with detailed
formation of physical layer, and MAC Layer along with
performance evaluation. An adaptive threshold level was
employed to ensure the required link performance under all
ambient noise levels. In the present work, we propose a VLC
based localization system where Txs (fixed on the ceiling) and
Rxs (which are mobile) are not essentially perpendicular to
each other. We have adopted the widely used RSSI and
Trilateration techniques [5][6][14] for position estimation. The
channel adopted is additive white Gaussian noise (AWGN) to
see effect on position accuracy as in [14]. We have carried out
analytical, simulation (2-D) and experimental (1-D) work on
TDM and on-off keying (OOK) based VLC systems to assess
the position accuracy. To this effect, we have considered link
with and without noise, equal and unequal incidence and
irradiance angles.

The rest of the paper is organized as follows. Section II
describes the proposed system model, simulation and



experimental results in Section III, Section IV details about
proposed VLP based healthcare service framework.
Algorithm description and performance analysis through
simulation are given in Section V, finally whole work is
concluded in Section VI.

II. PROPOSED SYSTEM MODEL

The proposed visible light positioning (VLP) system is shown
in Fig. 1(a) with room of size 5x5x3 m’, with 4-LED (Txs: 1-
4) mounted on the ceiling and a mobile Rx located on the floor
level with a coordinate of (x, y, z), z = h, where h is the height
of Rx plane from the ceiling. The Rx could be located
anywhere within the room, which receives lights from all four
Txs considering LOS path d, between the Tx and the Rx as
shown in Fig. 1 (a) and this distance is determined using RSSI.
Employing the trilateration method with the known Tx
coordinates and the horizontal distances
di (i = 1,2,3,4) between Txs and Rx in a 2-D and 3-D plane
for a given fixed Rx height /4, the estimated locations of Rx are
(% cops Vere J and (% op, Ve . ), respectively.
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Fig. 1 VLC based indoor positioning: (a)positioning s‘ystem
inside room (b) system top view (c) Tx || Rx, and & = @ and
(d) Tx || Rx rotation & =

Here we consider a LOS optical wireless channel between the
Tx and Rx, with the channel DC gain given as [4]:

% cos™ (@) Ty () g (el coslel,
Har(0) = 0= ¢ =FoV (1)
0,
@ = FoV

where  Agis the physical area of a photodetector, & is
irradiance angle, m is Lambertian order, ¢ is incidence angle,
T; (@) is the gain of an optical filter, g{gJis the gain of an
optical concentrator, and FaV is range of field of view of Rx.

The position error (PE) is defined by [4]:

PE =[(xgq — %) + (yq — ¥)° 2
Since Txs are fixed at the ceiling facing downward, we
consider two cases for Rx as outlined in the following.

Case 1: Tx; and Tx, are facing downward and the Rx is facing
upward directly, see Fig. 1(c). For the Rx with a fixed
position, the irradiance angle & is equal to the incidence angle
@ where &, @ depend on the Rx position.

Case 2: Tx; and Tx, are facing downward and the Rx is facing
upward but may rotate on its y-axis while held in hand see Fig.
1(d), hence & # g.

Critical Analysis on Rx Rotation and Correction Factor
(CF) with an Example:

The Rx (i.e., Smartphone) orientation with respect to the Tx
depends on its location and whether it is held in hand by a
person; see Fig. 2. In the figure, Ag represents the change in

the angle with respect to the Y-axis (i.e., demonstrating the
person’s wrist movement). The height of the Rx plane from
ceiling is changed by Ah. Thus, the change in the horizontal
distance (dh) can be expressed as: A dh ~ f (A,D).

ceiling

3 vertically upward

/-. - T 0
Rx f
(8 =)

Ix rotated on v-axis by A@ = 15 ( & = @)
5 =

(1.25,3.75)
™2

(2525 _—

~

T = an1|

)

The correction factor

cF= 2

For Adh =1 mm CF = 1 mm/1.77 and m = 0.00036 (i.e., dh =
1.77 m for the Rx position (1.25, 1.25)).

Therefore, the adjusted dgh (gh™ = dh + (dhx LF)= 177+
(1.77 = 0.00056) = 1.77 + 0.00099 = 1.77 + 0.001 = 1.771.
The ratio of changed and actual dh = (ah'f ah)= (1.771 /
1.77) = 0.9999, which is almost 1. This is because CF < L,

and is discarded.
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III. PERFORMANCE ANALYSIS

A. Simulation Results
Simulation is done in MATLAB using parameters in Table I.

Table I. Simulation parameters.

Parameter Value
Transmit power (W) 20
Room size (m’) 5X5X3
No. of LEDs 4
No. of Rx 1

Rx plane height above floor (m) 0.5
Gain of an optical filter 1
Concentrator refractive index 1.5
Photodetector physical area (cm?) 1
Transmitter half angle 40°
Field of view (FOV) of Rx 150°
Grid size (21 X21) to (110 X110)

LoS Received Power Distribution inside Room from 4 LEDs with -100 dBm noise

LOS Received Power (dBm) with Noise

Room Width (m) Room Length (m)



Fig.4 Received power Distribution with Noise (-100 dBm)

Fig. 4 shows the distribution of power received (P,) by the Rx
from 4 Txs at any point inside the room. Mean position error
calculated from equation (1) at each Rx position is shown in
Fig. 5. Here we have assumed that AWGN noise level is at -

100 dBm. The average PE of 4.3x10 "% is obtained from
simulation for an ideal optical channel condition [16], which is
accurate since in an ideal case there will be no PE unlike real
environment.
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Fig.5 Position Error Distribution with Noise (-100 dBm)

Figs. 6 and 7 shows the received power P, and the PE
distributions within a room for AWGN of -60 dBm.
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Table II summarizes different mean PEs for a range of noise
levels, which depicts changing level of the ambient light level
(mostly due to Sun) in a real environment.

Table II. Simulation results for the mean position error with

noise
Noise (dB) Mean_PE (m)
-60 0.319
270 0.035
-80 0.004
90 6.27 %10
-100 1.69 x10*

The total received power and the mean PE as a function of the
received rotation angle ¢ for irradiance angle g# ¢ and a
fixed Rx height of 2.5 are shown in Figs. 8(a) and (b).

Total Received Power vs. varying Incidence Angles
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Fig. 8 Effect of varying the Rx roation angle on: (a) the total
received power, and (b) the mean position error

From Fig. 8(a), P, decreases with increasing g though the
distance between the Rx and the Tx is fixed. Hence, the
estimated position based on the power measurement is
accurate. From Fig. 8(b), the mean PE is found to be in the
order of 10~*m. Starting from & = ¢ = 0, receiver is rotated
on its y-axis gradually downward from 5 degree to 30 degree
with an equal increment of 5 degree. Incidence angle ()
values at each receiver position (x,y) for all different rotation
angles are obtained. The mean PE increases with the Rx
rotation angle, which can be explained numerically as well.
From (1), it is clear that all other parameters are kept constant



while ¢ varies hence H 4, (0) o cosg, Hgp(0) = k- cosg
where k is constant for a fixed Rx position and d is fixed.
Now we have:
cos @ Dci,thusf;. sl 3)

o i

B. Experimental Setup

An experimental setup as shown in Fig. 9(a) with 2 white
LEDs and a photodetector was established with the key
parameters adopted are shown in Table III.

Table III. Simulation parameters

Parameter Value
No. of LEDs 2

No. of Rx 1
Experimental area length =72 cm,
dimension height =75 cm
Semi angle at half power 50°

FoV 150°
Transmit power 34 W

Rx movement
Rx_positions

along the x-axis

0 —48 cm, with equal step
of 6cm
Measurements were initiated from point (0, 0) as shown in
Fig. 9(a) and then the Rx was shifted by 6 cm along the x-axis.
The minimum PE is 0 when the Rx is directly below LED;;
increasing to 1.9 cm when the Rx is moved by 6 cm away in
right direction along the x-axis. The average PE is 0.7 cm with
no additional light sources but with a low level of ambient
noise due to the day light (no direct sunlight). Similarly, LED,
and LED, were turned ON and and OFF, respectively. Each
Rx position can also be found as the intersection of two optical
footprints from 2 LEDs on the floor plan. To study PEs in
presence of the ambient light, the Rx was rotated downward
from an initial horizontal position in both right and left side
and measurements were taken accordingly. The average PEs
for all measurements while keeping LED, ON and LED, OFF
are shown in Fig. 9(b). The incidence angle was kept fixed for
all measurement points for a single set and was calculated
using P,. The maximum mean PE is obtained when the Rx is
tilted right and with LED, being ON. This is because the
incidence angle increases whereas P, decreases [4]. Hence,
the estimated Rx positions vary from original Rx positions.
Similarly, when the Rx is tilted left, and with LED, is ON, the
Rx positions also can be obtained.

LED, LED,

€3 em
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- |
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Fig. 9 (a) Room layout, and (b) measured and estimated Rx’s
Positions along the x-axis

In order to observe the effect of Rx orientations when position
on a desk or being carried by a user we consider a number of
cases. Case 1: The Tx plane is parallel to the Rx plane and
with no noise. Case 2: The Tx plane is parallel to the Rx plane
and with noise. Case 3: The Rx rotation is in the right
direction. Case 4: The Rx rotation is in the left direction. The
mean PEs for these cases are < 1, > 3, ~3 and ~10,
respectively. Note that, for the case 4 the PE is maximum
because of the Rx left rotation, which causes ¢ to increase and
hence P;to decrease thus leading to increased number of errors
in the estimated distance between the Tx and the Rx. The PE
is minimum for the Case 1 as there is no channel noise and the
Tx is parallel to the Rx plane. ¢ is determined from measured
received powers and from a simple geometrical relation
knowing the Rx height and its distance along x-axis directly
underneath the Tx. Almost equal irradiance angles are
obtained using known geometrical parameters and measured
P,, which confirms the accuracy and precision of experimental
measurement as given in Fig. 11. The difference in g is higher
when the Rx is closer to the location just below the Tx and
reduces gradually as the Rx moves further. Based on # , the
direct distance between the Tx and the Rx is determined. Any
errors in the estimated ¢ are contributed to the error in
distance measurements, which of course leads to the position

estimation errors.
|rradinace Angles for different Rx positions, both Simulation and Experiment
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This practical observation can be used to explain the PE
distribution within a room, see Fig. 10. The estimated PE is
higher at positions directly underneath the Tx; and Tx, at the
Rx plane (being maximum 2.5 x 10~*), whereas for other
locations, PE ~ 0. At positions closer to the Rx with respect to



the Tx, both the irradiance and incidence angles are small.
Any error in determining these angles will lead to increased
errors in determining the distance between the Tx and the Rx,
thus higher estimated PEs. In Fig. 10, the mismatch between
measured and simulated irradiance angles are greater when the
Rx is directly underneath the Tx and in its nearby regions
reducing to zero when distance from Tx increases. The error in
measurement of ¢ leads to erroneous horizontal distance
calculation between the Tx and the Rx as given in equation
(8), which causes erroneous Rx position (X., Yeq) and
increased PE.

C. Performance Comparison

The proposed scheme outperforms the work reported in [14] in
terms of (i) the positioning accuracy, where PE and the noise
level are 0.2 mm and -100 dBm, respectively compared 0.043
m and -140 dBm in [14]; (ii) the simulated Rx rotation angle is
in the range of 0 to 30° in both left and right directions
compared to 5° in [14]; and (iii) the Rx position is obtained by
discarding the Tx at the maximum distance from the Rx and
considering the remaining 3 Txs, whereas in [14] all 3
combinations of distances are considered in determining
positions of a Rx using Trilateration and averaging to obtain
the final position when the number of Tx is > 3. This is
complex and time consuming with low position accuracy.
Table IV summarizes comparison of proposed work with [14].

Table I'V. Comparison with existing work [14]

[14] proposed
Range of noise level -140 dBm (direct) to - | -60 dBm (strong lamps
180 dBm (indirect) | background) to -100
sunlight exposure dBm direct sunlight
exposure
Experimental PE for | 0.043 m(-140 dBm) 0.32 m (-60 dBm)
different noise 1.69 =10* m (-100
dBm)
RX orientation angle 5° 30°

IV. ILLUSTRATION OF AN APPLICATION OF VLC BASED

INDOOR POSITIONING SYSTEM IN HEALTHCARE
A. Experimental Set up of the health care application.

A block diagram of 4 rooms representing a modern healthcare
environment with LED based lighting is shown in Fig. 11. Txs
act as access points [15] [17] [18], are connected to central
server and can transmit data to and receive from Rxs
seamlessly.

server

— RxID, LED codes, estimated position, destination (for navigation)
lirkt link lri3 frke
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room1

room2 room3 roomd

Rxmoves in forward direction, from left to right

Fig.11 A Modern Healthcare Environment with LEDs and
Smartphones with Photosensor for Position based Services

Mobility Support:

Smartphone based position tracking and monitoring systems
[19][20][21] are already available in the literature. Seamless or
continuous data transmission is very much important
irrespective or indoors or outdoors [22] exploiting existing
infrastructure.

Fig. 12 depicts the method to handle Rx mobility and handoff
[23] [24] when a person carrying a smartphone moves within
an indoor area covered by Txs acting as access points. If a
room as shown in Fig. 11 is considered as a cell, as Rx moves
within a room it is intracellular movement and when Rx
moves across rooms, it is intercellular movement [25].

Tx1 Tx2

link1

Fig. 12 Seamless Data Streaming from Txs to Moving Rx
causing Handoff

Hybrid systems [26] can be a solution but in hospital
environment, RF interference may cause health hazards. Here,
it is assumed that each and every corner of a room is covered



by Txs. Though rooms are separated by walls, optical signal
may be received by Rx through door between 2 rooms. So,
blocking no longer remains a problem in Intracellular
movement where data streaming seamlessly continues from
one Tx to another based on the minimum distance between
some Tx and a given Rx. Suppose, data are sent to Txs from
server through link 1 when Rx is in room 1. As the Rx moves,
if the distance from current Tx to Rx is more than the
maximum distance (i.e., when Rx is at any corner point, E, of
a room ) and the current Tx position using which location of
Rx is obtained is different from previous Tx position, handoff
occurs. Link between the Rx and Tx is re-established in the
new cell; in Fig. 12, link 1 is deactivated and data streaming
seamlessly continues using link 2. Starting from E1 to I, Rx
receives data from Tx1. At I, distances from Tx1 to Rx and
Tx2 to Rx are the same. Beyond I, distance of Rx from Tx2 is
less than that of Rx from Tx1. Now, link 2 gets activated by
the server and link 1 gets deactivated i.e. handoff occurs.
Thus, Rx receives continuous data stream while on move.

B. Framework of Position Based Services and Modelling of
Data Frames to be Transmitted at Network Layer

Each MS device is assigned with Unique Identification
Number (UID), a fixed parameter and Estimated Location
(EL), a variable parameter. Apart from UID, each PDA has a
IMEI number [22] by which it can be uniquely identified.
Non-MS devices carried by general visitor are not assigned
with any UID. The process of identification of MS and non-
MS devices is shown in Fig.13. This process is executed at the
server with reference to existing database and layout of
hospital ceiling and floor maps.
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Fig. 13 Identification of MS and non-MS users along with

To synchronize between Rx and Tx, a frame sequence (Sync)
with 16 bit preamble of which first 8 bits with alternate 1s and
Os are sent to awake intended Rx from °‘IDLE’ to
‘LISTENING’ mode. Once Rx is in ‘LISTENING’ mode, it
repeats the same sequence of 8 bits it receives and sends back
to sender for completing 2 way synchronization and goes to
‘READY’ mode. Once this ‘return sync’ is received by the
sender, it sends a frame, size and content of which varies with
intended activities. There could be 3 types of activities which
are described in the following. i) Data Transmission: A
device sends a sync message to the central server through Txs;

the central server verifies device ID. If the ID is found in
database, the user is a MS. Then the server verifies EL by
mapping Tx codes and transmits patient records. ii) Tracking:
A flag = 1 is broadcast to devices through Txs that receive
sync message with matching flag. The device then calculates
EL and sends Rx_ID, EL, Tx codes to server. The server finds
physical position of the MS device by mapping Tx codes in
ceiling map and verifies with EL. iii) Navigation: A device
sends a sync message to the central server through Txs. If its
ID is not saved in the server, it is a non-MS device which
receives instructions through Txs to reach to a specified
destination. Sync messages are sent repeatedly unless response
from other end is received.

Sync and frame formats are illustrated in the following.

104 bit

& Y

| Flag =110 | Rx ID | EL| Tx codes | dest |cummjype=un|cast | CRC |

pd N2 \< // >/ N2 > 2 N
Tht gyt s4ni 18t 5bit 2bit 8 bt
1)

16 bit

01010101 D1010101

Fig.14 (i) sync message Fig.14 (ii) Frame format sent from
MS/non-MS device to the server for MS, dest will be NULL
and all zeros

Frames sent from the system to devices have different formats
for different purposes as depicted in Fig. 15.

Flag =1 comm_type = broadcast
(a)
Flag =1 Tx codes | comm_type =multicast
(b)
40 bit
| Flag :1| Rx_IN | Tx codes | dest | comm_fype = mufticast/hroadeast | ACK |
1 it & bi 16 i 5 bit 2bit Bbit
c)
Flag -1 R ID [ comm_type - broadcast
(d)
Bi-memh | Comm-fyns
1] el
il weEsay
10 e
11 el ot
©)

Fig. 15 Different Sync Message Format Sent from System to
MS. (a) for General Tracking of all MS (b) for Tracking of



some Specific MS with Known Rx_ID (c) for Tracking MS in
a Particular Location Mapped to unique Tx_codes (d) General
Frame Format (¢) Communication Types

Communication type signifies communication intended for
single or multiple entities.

Apolication: service (Track, Transmit, Navigate}

MAC Laver Resoves collision that may cccur dunng randor optical channel
accass by Tx and Rx using GSMA/CA protocal [17]

PHY Laver: responsible for defining fremes that ars sent over the VLG medium
fer synchronization and communicaion betwesn LED Tx and smartphones with
photosensaors/detectors

VLG madium
Fig. 16. VLC Protocol Stack

The proposed protocol stack for position based services
consists of different layers as in Fig. 16. Frame structure
defined is used in physical layer for synchronized bidirectional
communication between Tx and Rx. To resolve/avoid
collision due to random optical channel access, we rely upon
CSMA/CA protocol [20]. Proposed Application has been
designed on top of MAC sub-layer. In application layer,
location based services may be tracking MS, transmit patient
record and navigation instructions to non-MS users.

V. ALGORITHM DESCRIPTION

Followings are two algorithms, algorithm 1 for localization,
tracking and navigation within an indoor environment to
determine EL and algorithm 2 for mobility support. First, EL
of a user is computed using RSSI and the Trilateration method
within an indoor environment for the case of 4-LED and Rx.
Then, PE is checked against a predefined threshold which can
be dynamically set in terms of ambient noise and Rx rotation.
If pE is less than threshold then £, Tx rodes, Rx ID are sent
to server to check for the gx jp for MS and non-MS
Following are the steps of positioning algorithm:

Algorithm 1: Positioning and Services - Data

Transmission, Tracking, Navigation

Step 1: LED Txs are transmitting unique codes.

Step 2: Rx at a height & at any point (x, ¥} will receive signals
from all 4-Txs.

Step 3: The irradiance angle (#)is determined by having two
measured powers, power at (f.¢) and at (0.0) (Fig.1), the
position directly underneath LED for all Txs.

Step 4: Obtain direct distance between Rx and each Tx
applying simple trigonometric relation, d #,d5,d f . dfor all 4
Txs and horizontal distances from Rx to underneath points of
each Tx at Rx plane, df .df.df.df for all Txs, as shown in
fig. 1.

Step 5: Apply trilateration with the known 3-Tx positions, and
discard the Tx with the lowest P, level at any (x, y.

Step 6: Determine EL{XE.H_ }’E_gr} of Rx, here Z = hand is fixed.

Step 7: Calculate PE between original and estimated positions
of Rx.

Step 8: Set the threshold PE (PE,;) based on the precision
accuracy required.
Step 9: if PE = PE,,, Step9.1: accept EL
Step 9.2: else discard,  Step 9.2.1: repeat steps 2-9
Step 10: Send EL, Rx_ID, Tx_codes to the server
Step 11: if (Rx_ID = = available)
Step 11.1: User is MS else
Step 11.2: User is non-MS
Step 12: if (User ==MS),  Step 12.1: map EL
Step 12.2: if (sender of sync = = MS)
Step 12.2.1: action = = Data Transmission
Step 12.3: if (sender of sync = = server)
Step 12.2.2: action = = Tracking
Step 13: if (User = = non-MS)
Step 13.1: map EL
Step 13.2: action = = Navigation
END

Algorithm 2: Mobility Support

TO0Mijn; = TOOM, linkii = linkyppamy
Step 1: Rx moves in forward direction starting from room1.
Step 2: Activate [intk, g gm -
Step 3: Start data
Tx, Tx active.
Step 4: :-.flrLd:-St‘!’xﬂri“:Ex = distr, -..‘-'sx_mr.'r}

Step 4.1: handoff = = TRUE

Step 4.1.1: room yppen: = TOOMy,; — next

Step 4.1.2: activate link,prene = linky; — next.
Step 4.1.3: deactivate link;y;.
Step 5: Seamless data transmission through the nearest Tx of
POOM cyrrene

Step 6: Repeat steps 4 to 5 ¥ other rooms when Rx moves.
END

transmission  through nearest

A. Performance Analysis of Rx position based data
transmission in healthcare Application

Data Transmission to MS based on Position Error :

BER is varied from 10 to 10"° and the corresponding % of
successful data transmission has been plotted in Fig. 17 (a) For
a fixed BEER value, mean AWGN inside the whole room at
each Rx has been calculated and that gets added with P,
through noisy channel. Accordingly, there are errors in EL and
if PE is less than threshold which dynamically changes with
varying BER, data is transmitted to the Rx. Threshold is set as
the mean of all PE values at all Rx positions inside a room
that is divided into grid size of 2121 for a fixed EER [24].
With increasing EER, % of successful data transmission
decreases though threshold is dynamically adjusted and this
reflects the fact that with high EER, PE is more and hence,
precision accuracy required in position based data
transmission is violated and the system stops transmitting data.
Fig.17 (b) plots power distribution inside whole room for BER
=10° and an average AWGN of 68 dBm. It is seen that the
range between minimum and maximum power is higher in
comparison to Fig. 4 where average AWGN is -100 dBm.
Threshold of PE for data transmission can be calculated as :



threshold, = 57_ B%_(PE;;)  (17)

k = No of different BER values, i, j = variables used for each
grid position along x and y axis respectively, p=grid size in x-

axis, q=grid size in y-axis

% of Successful Data Transmission

Fig. 16 (a) % of Successful Data Transmission for varying
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Transmission to Rx based on Location information :

Quality of healthcare is dependent on physical distance

between MS and patient among other factors [11].

The patient is assumed to be at the middle (2.5, 2.5) of the

room for now. If the distance is within a threshold (which
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Fig. 18 (a) % of Successful Data Transmission

may vary per system per application), corresponding patient’s
data will be transmitted to the MS. Threshold is varied
between 0.5 m to 2 m. For 100 random MS positions inside a
room, % of average successful data transmission has been
plotted in Fig. 18 (a) for 10 individual runs.
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Fig. 18 (b) Average of % of Successful Data Transmission

and average is plotted in Fig. 18 (b) To achieve successful
data transmission above 50%, threshold should be 1.75 or
more. This threshold may vary in real scenario based on
criticality of illness of patients, low for high critical patients

and vice versa.

o Data Transmission through Nearest LED for Random Receiver Movement within a Room (3m*3m*3m)
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Fig. 20 Data Transmission through Nearest LED for any Rx
Position within Room

If the channel is noise free, data transmission load is
distributed equally inside the whole room among Txs due to
symmetry in position of Txs. But with noise level of -65 dB,
position inaccuracy increases and there is an uneven
distribution of data transmission load of Txs as shown in Fig.
20. Sometimes wrong Tx is identified to be the nearest one
and data will be transmitted through it. In such cases,
performance of healthcare system in terms of real time data
transmission and its speed may degrade.

NRZ
RZ

Fig. 21 Bit Error Rate vs. SNR plot for OOK

In Fig. 21, BER vs. SNR is plotted for transmission of a block
of data of 13 bits for 10000 times when data transmission
speed is 1Mbps. No filter is used and duty ratio of Return to
Zero (RZ) pulse is 0.5. Bit-Error-Rate decreases from 107 to
107 for a variation in Signal-to-Noise ratio (SNR) from 1 to 7.
In fig. 21, Rx sensitivity is fixed at -30 dBm and SNR is
varied from 1 to 10 and random AWGN is generated to get
noise power. Then, for each SNR value, average of noise
powers obtained from 5 individual runs is taken. The plot
shows that noise power decreases with increase in SNR when
signal power is fixed. This plot is intuitively correct and so, it
may be claimed that channel modeling with AWGN is correct.

Average AWGN vs. varying SNR for fixed receiver sensitivity=-30 dBm
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Fig. 22 Average AWGN Noise Level vs. Varying SNRwith
Fixed Minimum Received Signal Power.

Mean Position Error for varying SNR with AWGN
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Fig. 23 Mean Position Error vs. SNR for Fixed Rx Sensitivity
with AWGN in VLC Channel

Fig. 23 plots mean Position Error by varying SNR with fixed

Rx sensitivity of 30 dBm. This figure also shows  that

position error also decreases with increase in SNR for a fixed

signal power. This plot is also intuitively correct.

VI. CONCLUSION AND FUTURE WORK

The proposed work describes a RSSI based VLC positioning
system using Trilateration technique for indoor applications
such as healthcare. The paper also demonstrates that using the
optical network formed by Txs that can act as access points,
seamless data transmission to mobile users is possible. Thus,
irrespective of user mobility, continuous tracking, monitoring,
data transmission can be supported. This solution is low cost
because the infrastructure required is LED based Txs and a
smartphone with a photo sensor as Rx. Effect of real life
factors e.g. Rx mobility and ambient noise on position
accuracy has been thoroughly experimented using a test bed. It
is seen that average position accuracy varies from 0.2 mm to
0.32 m for ambient noise power variation from -100 dBm to
-60 dBm. Then the performance of proposed healthcare
services based on position information is simulated. To get
position based services with satisfactory performance, position
inaccuracy and its effect on performance of data transmission
has been observed by varying threshold, ambient noise and Bit
Error Rate. Simulation results are satisfactory to justify its
correctness.
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