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Abstract—A novel design of three dimensional optical receiver
for visible light communication (VLC) indoor positioning system
has been proposed in this paper. We model the optical wireless
channel and utilize modified triangulation method to obtain
more robust receiver position by using at least two LEDs
and one receiver consisting of nine photodetectors (PDs). The
main characteristics are as follows: (1) our design of multi-PDs
receiver is fully expanded into three dimensions compared with
the pyramid structure (PR); (2) based on Multiple-Photodiode-
based Indoor Positioning algorithm [1], we improve the indoor
positioning algorithm by redefining the optimization problem of
obtaining the direction from receiver to LED and using weighted
triangulation method to locate receiver position; (3) the improved
algorithm is implemented and the simulation results are shown
under our three dimensional multi-PDs structure receiver.

I. INTRODUCTION

In modern life, there are many applications where posi-
tioning plays an important role. People have developed the
global positioning system (GPS) to locate world wide position
with error in decameter scales, which brings people much
convenience. However, the accuracy of GPS is too low for
indoor localization. The signal may drop down significantly
since buildings can block the line of sight (LOS) connection.
With the well-developed GPS being indispensable for outdoor
activities, many researchers have been also devoted to seeking
an indoor positioning system to realize indoor localization with
acceptable error.

There are many research projects studying indoor local-
ization using radio frequency (RF)-based, infrared (IR)-based
and ultrasonic-based communication systems. Some systems
conduct a Wi-Fi fingerprint localization method [2] using sub-
sistent infrastructures, yet they need to build an environment-
dependent database and can only get positioning accuracy
with several meters. The RADAR system in [3] implements
a location service within several meters error utilizing the
existing RF data network. But indoor environments often
contain substantial affecting the propagation of infrared RF
signals and thus the accuracy of positioning due to multipath
effects and interference. Others like [4] can achieve good
precision with wide coverage in positioning a Mobile Robot
within an infrared sensor system, yet with the requirement of a
very accurate design and device selection. In [5], an ultrasonic-

based indoor positioning system with centimeter level error is
presented but at the price of high cost for extra hardware.

VLC using visible light instead of RF signals for com-
munication has drawn much attention in recent years. The
light-emitting diode (LED) has been widely deployed because
of long lifespan, high power efficiency, low deployment cost
and illumination functions. Besides, LEDs can be used to
modulate electric signals into optical signals without intro-
ducing interference even at high rates, which turns LEDs into
communication devices with the potential of transmitting high
speed data streams. Therefore, positioning systems based on
VLC have many merits such as no extra infrastructure, no
electromagnetic interference and high accuracy.

Indoor localization based on received signal strength (RSS)
of optical light has been studied in [6]–[8]. Centimeter-level
errors can be achieved in [6] with the assumption of known
height of the receiver. An array of PDs is mounted on the robot
to obtain both RSS and angle of arrival (AOA) information
in order to track the position of a moving robot in [7] with
the assumption of known and fixed heights. Then another
hybrid utilization of AOA and RSS in VLC systems for
three dimensional localization is proposed in [8] and applies
analytical learning rule to solve its non-linear and non-convex
problems, which is pretty complex.

The Miltiple-Photodiode-based Indoor Positioning algo-
rithm [1] based on pyramid receiver is very original and
effective, but there are some places to be improved, like the
structure of the receiver and algorithm. This paper focuses
on a novel design of three dimensional optical multi-PDs
receiver and proposes an improved algorithm to enhance the
performance of indoor localization based on [1]. In our indoor
localization system, we assume that there are at least two
LEDs on the ceiling with known positions in the room coordi-
nate and then we use a three dimensional multi-PDs receiver
to locate its position based on RSS. The main contributions
are as follows.

(a) A novel receiver structure is proposed, which gives
better performance when the height of the receiver is
high, namely, 1.3m-1.7m. The new structure has nine
PDs, which are distributed in three dimensions.

(b) We show a critical problem neglected by the existing
work when the noise is comparable to the signal received
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Fig. 1: (a) shows the top view of the receiver. (b) shows the
front view of the receiver.

by PDs in the luminous flux domain and then the solu-
tion is provided considering the practical environment.

(c) The previous existing algorithm proposed in [1] is
revised in terms of modifying triangulation with weights
in order to earn more accurate results. This can greatly
lessen the error.

This paper is organized as follows. Section II describes the
indoor localization system including some related knowledge.
The proposed improved algorithm is explained in Section III,
which is introduced in detail step by step. The simulation
results are presented in Section IV, where the positioning error
of our novel receiver and improved algorithm are compared
with those of previous work. Then several typical points are
picked to demonstrate the localization error and the paper is
concluded in Section V.

II. INDOOR LOCALIZATION SYSTEM MODEL

A. Novel three-dimensional receiver structure

The existing typical angle diversity receivers can be sep-
arated into pyramid receiver (PR) and hemispheric receiver
(HR) proposed in [9]. Inspired by this, we propose a novel
angle diversity receiver with nine PDs. There are three titled
PDs uniformly distributed with the same elevation angle in
the horizontal plane and six PDs vertically distributed, where
two PDs are placed vertically (like PD4 and PD5) in Fig. 1(b)
around each PD (like PD1) in Fig. 1(a). Note that there are
another PD on the other side of PD4 and same for PD5.

Compared with PR and HR, our design is more robust to
higher and corner positions. For example, when the receiver
is moved approximately with height from 0 m to 1.5 m, the
number of PDs in PR that can receive signals from a certain
LED may decrease. Besides, these PDs in PR receive similar
power since the PDs have similar orientation. Intuitively, we
can see that our three dimensional receiver (TDR) will perform
better considering the structure and application environment.
The main reasons are: (1) it has more chance to receive optical
signals from at least two or even more LEDs for our indoor
positioning system; (2) the more discrepancies the received
signals from different LEDs hold, the less error the positioning
system will produce. As for PR structures shown in [2], when
the number of PDs is increased from three or four to nine, PR

just gets more kinds of similar luminous power from a greater
number of LEDs, which cannot contribute much to positioning
accuracy.

B. Channel Model

Our indoor localization system assumes that there are at
least two LEDs within the LOS link to one multi-PDs receiver,
because only the direction (or the distance) from the receiver
to the LED can be known if there is only one LED. The system
takes irradiated LED optical signal at the LEDs and optical
signal received by PDs as transmitted signal and received
signal, respectively. Then there are K transmitters (LEDs) and
L = 9 PDs. Suppose dji is the distance between the j-th
photodetector and the i-th transmitter, ϕji is the irradiation
angle of optical signal from the i-th LED to the j-th PD with
respect to the normal of the i-th LED (defined as the vector
perpendicular to the LED plane), ψji is the incidence angle of
optical signal from the i-th LED to the j-th PD with respect to
the normal of the j-th PD (defined as the vector perpendicular
to the PD plane), and the effective area of PD is denoted as
A. Then, the channel gain from the i-th LED to the j-th PD
through the LOS optical channel in the luminous domain is
{i : 1 ≤ i ≤ K; j : 1 ≤ j ≤ L}

Hji =
A(m+ 1)

2πd2ji
cosm (ϕji) cos

M (ψji). (1)

Note that the Lambertian emission order m is

m =
− ln 2

ln(cos (ϕ1/2))
, (2)

where ϕ1/2 is the LED semi-angle at half-power and

M =
− ln 2

ln(cos (ψ1/2))
, (3)

where ψ1/2 is the half power angle of incidence of a PD.
ϕ1/2 and ψ1/2 are determined by the properties of LEDs and
PDs. Besides, channel gain Hji in (1) holds only if the optical
LOS signal arrives within the field of view (FOV) of the PD.
Otherwise, the PD detects no luminous power beyond its FOV.

Therefore, suppose the optical luminous flux Φi (in lm) of
the i-th LED is the transmitted luminous power, the luminous
power Pji received from the i-th LED received by the j-th
PD is:

Pji = ΦiHji = Φi
A(m+ 1)

2πd2ji
cosm (ϕji) cos

M (ψji). (4)

Here we give Fig. 2 to demonstrate the geometrical relation-
ship of parameters in the LOS channel.

C. Coordinate Transformation

Through the accelerometer, the normal or orientation N of
the receiver can be obtained shown as in Fig. 3(a), which we
assume is the Z-axis of the receiver coordinate. Now consider
the coordinate Oa is aligned with the room coordinate Or,
then coordinate Oa can be known by shifting coordinate Or

with a vector vr→a. The angle between N and Za-axis is θN
and the angle between the projection of N and Xa-axis is ϕN .



Fig. 2: This is the demonstration of the LOS channel. Oj is
the centrol point of the j-th PD and Nj is the normal of the
j-th PD.

We can get Ob by rotating Oa through ϕN angle along Za-
axis, and then get Oc by rotating Ob through θN angle along
new Yb-axis. For any point Qa in coordinate Oa, if coordinate
Oa is rotated through ϕN along Za-axis, Ob coordinate can
be acquired. Let Qb denote the corresponding position in Ob

coordinate of fixed Qa point. According to linear algebra, we
know the relation among Qa, Qb and rotation matrix Ωz(ϕN )

Qa = Ωz(ϕN )Qb =

 cos (ϕN ) − sin (ϕN ) 0
sin (ϕN ) cos (ϕN ) 0

0 0 1

Qb. (5)

Then we know the position of Qa in room coordinate is

Qr = vr→a +Qa

= vr→a +Ωz(ϕN )Ωy(θN )Qc,
(6)

where Qc comes from the corresponding point Qd in coordi-
nate Od. The point Qd, central point of a PD, is known in
the receiver coordinate Od because the distribution of PD is
defined by us. But we do not know the misalignment angle υN
between Od and Oc, which can help us obtain the positions
of any points that are known in Od and unknown in Oc (or
Oa) coordinate, in order to calculate positions of these points
in room coordinate. Suppose the misalignment angle between
Od and Oc is υN , then the receiver coordinate Od can be
acquired by rotating through υN along Z-axis in Oc. Applying
the same rule above, there is a known point Qd in Od receiver
coordinate, the position Qr in room coordinate Or is

Qr = vr→a +Ωz(ϕN )Ωy(θN )Ωz(υN )Qd. (7)

The geometric relation is shown in Fig. 3.
If we know the discrepancy vector vr→a, we can easily get

the position of every PDs in the room coordinate since we
know PDs positions Qd in receiver coordinate Od. As for υN ,
we let it traverse from 0 to 2π to find the most appropriate
value, which is explained in our algorithm in Section III.

III. PROPOSED POSITIONING ALGORITHM

Our algorithm improves the main approach proposed in [1]
by solving the underlying problem and modifying triangulation
with reasonable weights. The algorithm can be separated into
two steps.

`

(a) (b)

(c) (d)

Fig. 3: Coordinates from (a) to (d) show the procedures of
coordinate transformation.

(1) Calculating the direction from receiver towards the i-
th LED: Through power matrix P , where the element
Pji represents the luminous power of the optical signal
received by the j-th PD from the i-th LED, we estimate
the direction Vi from receiver towards the i-th LED.

(2) Modifying triangulation: Inspired by weighted centroid
localization (WCL) in [10], we use weighted triangula-
tion to estimate the optimized receiver position based on
Vi and positions of LEDs.

A. Calculation of the direction from receiver towards the i-th
LED

In (4), assuming that all LEDs have the same optical
luminous power Φ, we can let ϕji = ϕi and dji = di
for ∀j ∈ {1, 2, ..., L} since the small distance, ∆j , between
the centers of the receiver and the j-th PD, is negligible
with respect to the distance between the i-th LED and the
receiver center, di. Therefore, considering the i-th LED for
i ∈ {1, 2, ...,K} and the j-th PD for j ∈ {1, 2, ..., L}, we
have

Pji = Φ
A(m+ 1)

2πd2ji
cosm (ϕji) cos

M (ψji) (8)

≈ C

d2i
cosm (ϕi) cos

M (ψji), (9)

where C is defined as ΦA(m+1)
2π and is known and constant.

Considering just the i-th LED, we can see cos (ψji) ∝ P
1
M
ji .

Hence, without noise, the planes perpendicular to the normal



Fig. 4: Demonstration of the approach to get Vi without noise
when there are just two PDs within LOS of the i-th LED.

Fig. 5: Here Nj ′ is small with respect to Nj . Suppose Nj ′ is
not big enough relative to noise nj′ , then noise component on
Nj ′ will lead Vi far away from the correct direction, which
will introduce huge error.

vectors with length of P
1
M
ji will intersect at a line (two PDs

within LOS of the i-th LED) or a point (three or more PDs
within LOS of the i-th LED), and the vector Vi from the
receiver to its projection on the line or the intersection point
is pointing to the i-th LED. The geometric figure is shown in
Fig. 4. Note Nj is a vector with a certain length for the rest
context, rather than a vector with length of one unit.

When the noise exists, we need to find a point ω which
minimizes summation of all the distances from ω to the
projection of ω into the planes that are perpendicular to
normals of PDs with length P

1
M
ji , Nj . Lemma 1 in [11]

gives a method to find the point ω. However, they neglect
a critical problem as shown in Fig. 5, where the error would
be unreasonable if Nj is large and small Nj ′ is comparable
to noise.

Therefore, Nj with greater magnitude should be given more
emphasis when we define the optimization problem, which
helps obtain ω through minimizing summation of all the
distances from ω to the projection points ωj on the j-th plane.
Suppose the misalignment angle between coordinate Oc and
coordinate Od is υ, for the i-th LED, the normals of PDs with
length P

1
M
ji are known, denoted as Nj , then we have

ωj − ω = tNj , (10)
ωT
j Nj = NT

j Nj . (11)

Multiplying (10) by NT
j on the left side and substituting NT

j ωj

with NT
j Nj , we can get

t = 1−
NT

j ω

NT
j Nj

, (12)

ωj − ω = −
NjN

T
j

NT
j Nj

ω +Nj . (13)

Let Ej and Fj denote −NjN
T
j

NT
j Nj

and Nj , we have

ωj − ω = Ejω + Fj . (14)

Let W 1
j = ∥Nj∥2 denote weight put on the j-th plane since

greater Nj will produce greater Wj . It means that we lay
higher emphasis on the error resulting from (ωj −ω) part and
the optimization problem in order to obtain ω or Vi is defined
as

ω⋆ = argmin
ω
f(ω)

= argmin
ω

L∑
j=1

(∥Ejω + Fj∥2W 1
j ),

(15)

which gives us

ω⋆ = −(

L∑
j=1

ET
j EjW

1
j )

−1

L∑
j=1

ET
j FjW

1
j . (16)

Denote
∑L

j=1E
T
j EjW

1
j as matrix D with rank r, we get Vi

as following.
1) r = 1: This means there is just one Nj that is none zero,

hence ω⋆ = Nj ;
2) r = 2: This problem is similar as ω = min∥ω∥2, subject

to Dω = b, where b is −
∑L

j=1E
T
j FjW

1
j . The optimal

solution is ω⋆ = DT (DDT )
−1
b;

3) r = 3: We use matrix inverse operation in (16).
Finally, the estimated direction from the receiver to the i-th
LED is Vi = ω⋆.

B. Improved Triangulation

Now directions from receiver position to LEDs, Vi for
i ∈ {1, 2, ...,K}, and the positions of LEDs are both known.
We can use triangulation to estimate the position of receiver.
According to Vi, when there is no noise receiver position s
will be the intersection point of lines, where the i-th line is
defined as ri = hi+ tiVi, {i : 1 ≤ i ≤ K} and hi denotes the
position of the i-th LED. In practical scenario, these K lines
may not intersect at one point due to the additive noise and
the negligible small distance between the centers of receiver
and PD. Therefore, we need to find the point s that minimizes
the summations of L2 norm squares of the vectors from s to
si, where si is the point in line Li and most closest to point s.
The fact that si is within line Li gives us (si − s)⊥Vi, which
can be written as sTi Vi = sTVi. From the expression of line,
we know

sTVi = (tiV
T
i + hTi )Vi. (17)

Or equivalently,

ti =
sTVi − hTi Vi

V T
i Vi

. (18)

Substituting (19) into the line equation, we can get

si − s = (
ViV

T
i

V T
i Vi

− I)s+ (I − ViV
T
i

V T
i Vi

)hi, (19)

where matrix I represents appropriate identity matrix.



Inspired by weighted centroid localization (WCL) in [10],
here we define W 2

i as L2 norm of Vi. Greater ∥Vi∥2 indi-
cates stronger received luminous power or smaller distance
di between the i-th LED and the receiver, where we regard
error coming from smaller distance as important. Let Bi =
ViV

T
i

V T
i Vi

−I , the revised optimization problem can be transformed
into

s⋆ = argmin
s

K∑
i=1

(∥si − s∥2W 2
i ) , g(s)

= argmin
s

K∑
i=1

(∥Bis−Bihi∥2W 2
i ).

(20)

Then we have the optimal s⋆ is:

s⋆ = (

K∑
i=1

BT
i BiW

2
i )

−1

K∑
i=1

BT
i BihiW

2
i . (21)

If matrix
∑K

i=1B
T
i BiW

2
i is not full rank, we consider this

problem as shown in the analysis of (16). Meanwhile, we
calculate s⋆ and the corresponding g(s⋆) for each assumed
υ changing from 0 to 2π and record the pair of values. Then
the desired receiver position is estimated as s⋆ corresponding
with the minimum g(s⋆) over υ ∈ [0, 2π].

IV. SIMULATION RESULTS

Before the results are given, the environment for the
simulation should be noted. We model the wireless optical
communication system in a room of size 5m×5m×3m. There
are four LEDs uniformly distributed in the ceiling considered
as transmitters, that is, ( 53 ,

5
3 , 3)m, ( 53 ,

10
3 , 3)m, ( 103 ,

5
3 , 3)m,

( 103 ,
10
3 , 3)m. The propagation of optical signal from LEDs

follows Lambertian pattern, and we take the Lambertian
parameters m and M as 1 and 1.4, respectively, based on
the experiments provided by [1]. At the receiver side, there
are nine PDs spreading into three dimensions as our design.
Three PDs at the bottom have the same elevation angle of 23◦,
and the PD responsivity (Rp), effective area (A) and FOV of
each PD are 22nA · lux−1, 15mm2 and 1.22rad, respectively
[1]. Eight typical points at two kinds of heights are picked up
to observe the positioning error under different noise variance,
receiver structures and algorithms. As we know, the total
noises include shot noise, thermal noise and the accelerometer
noise, among which the shot noise has dominating effects on
the error in practical measurements [11]. It is also mentioned
that the shot noise is approximately σ2

c = 10−17 (in A2)
when the luminous flux of the LED is P t

o = Φ = 6000lm
and the electric current is around P r

c = 10−6 (in A) [11].
Then we know σ2

o = σ2
c
A2

R2
p
= 10−17 × ( 15×10−6

22×10−9 )
2 = 225

464 ×
10−11lm2, which implies that we could assume that the total
noise variance is approximately 10−12lm2. In the simulation,
we assume that the ambient noise is dominating the noise
from the PD and accelerometer which are negligible in the
simulation. Then we investigate the positioning performance
when the luminous power of transmitted optical signal is
1000lm and noise variance is ranged as [−160,−100]dB lm2.
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Fig. 6: Comparison of the algorithms between with W 1 and
without W 1 under TDR and triangulation.

Higher noise will undermine the effectiveness of algorithms
under each receiver structure since positioning error in meters
level is not acceptable in a room of size 5m×5m×3m.
The results under TDR and improved algorithm are still
promising when the noise variance is lower than −120dB
lm2. Note that the error is averaged by 2000 times and
the typical testing points P1, P2, P3, P4 and P5, P6, P7, P8

represent (2.5, 0, 1.5)m, (2.5, 2.5, 1.5)m, (1.25, 1.25, 1.5)m,
(0, 0, 1.5)m and (2.5, 0, 0)m, (2.5, 2.5, 0)m, (1.25, 1.25, 0)m,
(0, 0, 0)m, respectively.

Under TDR structure, we pick up some typical points to
demonstrate the effect of weight W 1

j in the optimization
problem (15). As shown in Fig. 6, reasonable weight W 1

j

can greatly reduce the error as a result of attenuating the
disturbance of noise when we calculate the directions from
the receiver towards LEDs. Therefore, we have verified the im-
portance of weight W 1

j in our redefined optimization problem
(15). When the receiver position is at some typical points with
height of 1.5m in the room, our revised algorithm referring as
W 1

j performs better than that without W 1 and W 2. When
W 1 exists but W 2 does not exist, the error magnitudes of
corner points, P1 and P4, indicate that the neglected problem
in previous work, as we mentioned in Fig. 5, can be solved
with appropriate weights W 1. Here W 1 and W 2 denote the
vectors composed of W 1

j and W 2
i for simplicity.

We want to know the influence of weight W 2, which works
well especially when the receiver is near to one of the LEDs
while far away from the others. Therefore, position P1 is se-
lected to show that W 2 can help make our improved algorithm
more robust. W 2 can help rectify the mistake coming from the
deflected directions calculated from the receiver to the LEDs
due to noise, which is verified in Fig. 7. As for position like
P2, P3 and P4, it will not make much difference between
triangulation and weighted triangulation.

Fig. 8 shows that our receiver structure is almost always
better than PR when the height is 1.5m. The superiority is
more obvious especially when the noise variance is low. To
demonstrate this more clearly, Fig. 9 contains three point P5,



-160 -150 -140 -130 -120 -110 -100

10
-3

10
-2

10
-1

10
0

P
4
 with W

1
 & without W

2

P
1
with W

1
 & without W

2

P
4
 with W

1
 & W

2

P
1
 with W

1
 & W

2

Fig. 7: Comparison of the algorithms between with W 2 and
without W 2 under TDR.

-160 -150 -140 -130 -120 -110 -100

10
-3

10
-2

10
-1

10
0

P
4
 PR

P
1
 PR

P
3
 PR

P
2
 PR

P
4
 TDR

P
1
 TDR

P
3
 TDR

P
2
 TDR

Fig. 8: Comparison of PR and TDR when z = 1.5m.

-160 -150 -140 -130 -120 -110 -100

10
-3

10
-2

10
-1

10
0

P
8
 PR

P
5
 PR

P
7
 PR

P
8
 TDR

P
5
 TDR

P
7
 TDR

Fig. 9: Comparison of PR and TDR when z = 0m.

P7 and P8 to illustrate that the errors coming from our receiver
structure are also smaller than that from PR using the same
improved algorithm at 0m, which shows that our receiver is
better than PR. Note that the number of PDs in PR should
also be nine when we compare these two different structures.

V. CONCLUSION

We design a novel three dimensional structure receiver
including nine PDs expanded into three dimensions. Using
the accelerometer and the received optical signals detected by
the PDs through coordinate transformation and the Lambertian
equation, the receiver position is estimated by traversing the
unknown misalignment angle υ from 0 to 2π. We propose the
improved algorithm based on [1] with reasonable weights to
reduce the positioning error, which can also solve the practical
problem when the noise is comparable to some received
signals within the FOV of PDs. The weighted triangulation
can decrease the localization error when the receiver is placed
at some edge positions. Simulation results reveal that our three
dimensional receiver performs better than PR angle diversity
receiver. In addition, the comparison shows that our revised
algorithm under three dimensional structure receiver is more
robust to the noise.
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