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Abstract: In this paper, we propose a non-line of sight (NLOS) visible light positioning (VLP)
system using a binocular camera and a single light emitting diode (LED) for the realization
of 3D positioning of an arbitrary posture. The proposed system overcomes the challenges of
the shadowing/blocking of the line of sight (LOS) transmission paths between transmitters and
receivers (Rxs) and the need for a sufficient number of LEDs that can be captured within the
limited field of view of the camera-based Rx. We have developed an experimental testbed to
evaluate the performance of the proposed system with results showing that the lowest average error
and the root mean square error (RMSE) are 26.10 and 31.02 cm following an error compensation
algorithm. In addition, a label-based enhanced VLP scheme is proposed for the first time, which
has a great improvement on the system performance with the average error and RMSE values of
7.31 and 7.74 cm and a 90th percentile accuracies of < 11 cm.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Location-based services as one of the most critical items required in intelligent and context-
aware Internet-of-thing (IoT) systems are becoming increasingly important especially in indoor
environments [1], where the global positioning system (GPS) does not work well since the radio
frequency (RF) signals are easily obstructed [2]. To provide enhanced indoor location-based
services, several positioning technologies based on different wireless signals have been proposed
including wireless local area network (WLAN) [3], RF identification (RFID) [4], Bluetooth
[5], ultra-wideband (UWB) [6], and visible light [7–11]. WLAN, RFID, and Bluetooth-based
positioning systems have lower accuracy and must create and maintain the RF map frequently [12].
Whereas UWB-based positioning systems have higher accuracy but are costly [6]. Compared
with the RF-based positioning technologies, the visible light positioning (VLP) system offers
great potential because of its immunity to RF-induced electromagnetic interference, free and
unrestricted spectrum, and a much higher level of security [13,14]. VLP uses light-emitting
diodes (LED) lights and image sensors or photodiodes (PD) as the transmitters (Tx) and the
receivers (Rx), respectively, to detect the signals and to estimate the relationships between the
Txs and the Rxs. Considering the widespread use of LEDs-based lights in buildings and COMS
cameras for monitoring and in smart devices we are seeing more research works in both VLP
systems and the development of computer vision algorithms [15,16].

In VLP there are two key steps of signal acquisition from the Tx and establishing a relationship
between the world coordinate system (WCS) and the camera coordinate system (CCS). However,
there are challenges to be addressed in both two steps including (i) the shadowing/blocking of
the line-of-sight (LOS) paths between Txs and Rxs that result in the link failure; and (ii) how to
compute the camera pose and the LED position in CCS. To address these issues, several options
have been investigated including (i) VLP systems based on NLOS paths [17]; and (ii) the use
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of a geometric relationship constructed using multiple LEDs to determine the camera pose and
LEDs–positions [18,19]. However, capturing a sufficient number of LEDs within the limited
field of view (FOV) of the camera is a problem. Therefore, VLP using a lower number of LEDs
or a single LED is much more attractive and viable in many practical application scenarios. In
such systems, LEDs with beacon signals together with a camera looking at LED to estimate the
angle of roll are required [20–22]. In addition, the position of a LED in CCS needs determining
using the diameter ratio of the LED and its projection on the captured LED image. But no works
have been reported on overcoming these challenges at the same time.

In this paper, we propose a NLOS VLP system using a binocular camera (BCam) and a single
LED for the realization of 3D positioning of an arbitrary posture and to demonstrate its operation.
What is more, we determine the coordinates of transmitted light reflection points on the ground
on CCS based on the binocular stereo vision model [23]. The camera pose is then measured
using an inertial measurement unit (IMU). In addition, for the first time, we propose a label-based
enhanced (LBE) VLP scheme to improve the system performance of the NLOS VLP.

The remainder of this paper is organized as follows. Section 2 provides a description of the
system model. The presented NLOS VLP scheme based on a BCam is elaborated in Section
3, whereas Section 4 presents the analyzes of experiment results on the positioning. Finally,
conclusions are provided in Section 5.

2. System model

The proposed NLOS VLP system is composed of a NLOS optical camera communication (OCC)
subsystem for obtaining the received signal and a binocular stereo vision (BSV) model for
transforming the coordinate of a single point from the pixel coordinate system (PCS) into CCS. In
this section, first, we present an OCC signal recovery model followed by a BSV model. Next, we
present an algorithm to estimate the position of the camera and an error compensation algorithm
to optimize its performance. The schematic block diagram of the signal recovery process in OCC
is depicted in Fig. 1.

Fig. 1. The processes of signal recovery in OCC.

2.1. OCC signal recovery model

In OCC, which is different from PD-based visible light communication (VLC), the focus is more
on the estimation of the gray value of a single pixel on the image due to a pixel being the smallest
unit of the imaging processing. Note, the received radiation intensity is given as [24], and here
we will take the ambient light into consideration, which can be expressed as:

r(u, v, t) = a(u, v) + l(u, v)s(t), (1)

where a(u, v) is the radiation intensity of ambient light and l(u, v) is the integral of radiation
intensity of the LED with no modulated signal in the region of pixel (u, v) , and s(t) is the
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modulate signal. Here is the image formation model is defined as:

i(u, v) = k
∫ ∞

−∞

r(u, v, t)f (u, v, t)dt + n(u, v), (2)

where k is the sensor gain that converts radiance to pixel gray value, and n(u, v) is image noise.
Note, (i) the image noise is a random variation of brightness or color information in the images
captured, which is the degradation in image signal caused by external sources and is always
present in digital images during image acquisition, coding, transmission, and processing steps.
Noise increases with the sensitivity setting in the camera, length of the exposure, temperature,
and even varies amongst different camera models; and (ii) f (u, v, t) is the exposure function of
the camera. The line-by-line exposure characteristics of rolling shutter-based camera can be
expressed as a rectangular time window function related to a pixel row v as given by:

f (u, v, t) = e(tv − t), (3)

where e(tv − t) is a shutter function, which is defined as:

e(tv − t) =

{︄
1, t ∈ (tv − ∆t, tv)
0, t ∉ (tv − ∆t, tv)

, (4)

where ∆t is exposure time per row of pixels and tv is the exposure time of a pixel in a row v.
According to Eq. (3), Eq. (2) can be rewritten as:

i(u, v) = k∆ta(u, v) + kl(u, v)g(v) + n(u, v), (5)

where g(v) is the convolution of shutter function e(tv − t) and signal function s(t), which can be
expressed as:

g(v) = g′(tv) =
∫ ∞

−∞

e(tv − t)s(t)dt = e ∗ s(tv) = e ∗ s(v∆t). (6)

It is known that k∆ta(u, v) is the ambient light component, which is a constant, and we can
obtain Eq. (5) when the LED is turn off, which is given as:

ia(u, v) = k∆ta(u, v) + n(u, v). (7)

Note, provided the image has a high level of signal-to-noise ratio (SNR) then the influence of
n(u, v) can be ignored . Here, we use the frame subtraction to filter the ambient light component
in Eq. (5), i.e., the noise, therefore we have:

∆i(u, v) = kl(u, v)g(v). (8)

Performing Fourier transform, following summation of pixel values per row will results in:

I(ω) = L(ω) ∗ (E(ω)S(ω)). (9)

Note, in Eq. (4) can be changed artificially, which means that we can choose different exposure
time slots per pixel row. Two images with different exposures (one long and one short) are
captured sequentially. Since the period of long exposure is much longer than the period of the
time signal, it can be considered that the long exposure image always has the same time signal
with the short exposure image [24]. Therefore, we can recover the signal function by the two
different exposure forms (Eq. (9)), which is given by:

I1(ω) ∗ (E2(ω)S(ω)) − I2(ω) ∗ (E1(ω)S(ω)) = 0. (10)

The temporal signal s(t) consists of a small, discrete set of temporal frequencies Ω =
[w1, w2, . . . , wm]. So that I⃗1 can be regarded as a vector, which consists of different frequency
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components of I1(ω), i.e., I⃗2, E⃗1, E⃗2,and S⃗. Equation (10) can be expressed in a matrix form as:

(I1E2 − I2E1)S⃗ = 0, (11)

where I1 and I2 are Toeplitz matrices defined by I⃗1 and I⃗2, respectively. E1 and E2 are diagonal
matrices defined by E⃗1 and E⃗2, respectively. S⃗ can be solved by the linear equations in (11).

2.2. Binocular stereo vision model

A BSV model can be used to determine the coordinate of a single point in space on CCS
according to the pixel coordinates of its projection point on the left and right CCSs. Assuming
the coordinate of a point P in space on left and right CCSs are Pl and Pr, respectively, see Fig. 2,
the transformation is as:

Pl = RPr + T, (12)
where R and T are the rotation matrix and translation vector from right CCS to left CCS, whose
value can be determined by calibrating the BCam. We assume that, the projections of point P
on the left and right cameras are P1 and P2, respectively, and their coordinates are (u1, v1), (u2,
v2) accordingly. Let zl and zr represent the coordinates on z-axis on CSS of the right and left
cameras, respectively. Thus, there will be a relationship between PCS and CCS as given by:{︄

zlt1 = KlPl

zrt2 = KrPr
, (13)

where t1=(u1, v1,1), t2=(u2, v2,1), Kl and Kr are the internal parameter matrix of left and right
cameras. Note, the value of Pl is calculated by solving Eqs. (12) and (13).

Fig. 2. The model of binocular stereo vision.

2.3. BCam position estimation (BPE) algorithm

We can establish a transform relationship about the point P from WCS to left CCS, thus having:

Pl = RlPw + Tl, (14)

where Rl and Tl are the rotation matrix and translation vector, respectively. The position of the
left camera in WCS can be expressed by:

Wl = −R−1
l Tl. (15)

The value of Rl in Eqs. (14) and (15) can be measured by an IMU so that the value of Tl can
be determined. And therefore, the target position of the left camera can be readily determined.
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Actually, Eqs. (12) and (13) may have no real solutions due to the system error, which involves
the camera’s parameter error, and the estimation error of the projections coordinate in PCS.
In this work, we transform the problem of solving Eqs. (12) and (13) to find the minimum of
reprojection errors of P1 and P2. There is an optimum solution for solving the minimum value
point for the 2D reprojection error function, which is given as:

Pl
∗ = arg min

Pl

{︃∥︁∥︁∥︁t1 − KlPl/zl

∥︁∥︁∥︁2
+

∥︁∥︁∥︁t2 − KrR−1(Pl − T)/zr

∥︁∥︁∥︁2
}︃

. (16)

Finally, the corresponding target position expression can be obtained as given by:

W∗
l = Pw − R−1

l P∗
l . (17)

2.4. BPE error compensation algorithm

From Eqs. (16) and (17), we can see that there are three main sources of system errors, which are
due to the camera parameters, IMU angle estimation, and the estimation error of the symmetric
point on PCS. In order to simplify the error analysis, the parts of system errors come from the
camera parameters and IMU angle estimation will not be taken into consideration. We focus on
the impact of the estimation error of the symmetric point on system performance and propose
an error compensation algorithm to compensate it. Therefore, we first give the system errors
function through Eqs. (16) and (17), which is given as:

∆Wl =W∗
l − W′

l = R−1
l (P′

l − P∗
l ) = R−1

l ∆Pl, (18)

where ∆Wl is the system errors including both the estimation errors on the x, y, and z axes, and
W′

l is the estimation value of the proposed system. P′

l and ∆Pl are the estimation value and
the estimation error of point P on the CCS of left camera, respectively. Due to the IMU angle
estimation error be ignored, the value of Rl in Eq. (18) can be determined. According to [25],
the estimation error on z-axis is much larger than that on x and y axes in ∆Pl , which is also
consistent with the results in later experiment. Because of this, we think of the estimation error
of zl is the most important factor that influenced the system error. Therefore, we design an error
compensation (EC) algorithm for BPE, which can compensate the system error on z-axis by
optimizing zl. In EC, we only discuss the error of zl . Expanding Eqs. (12) and (13) into the form
of equations, zl can be expressed as:

zl = flxfrxt0/(frx(u1 − ul) − flx(u2 − ur)), (19)

where ul is abscissa of the projection of the focus of the left camera on PCS, and flx is the ratio of
the focus length with the length of each pixel of the left camera, i.e., ur , frx . We have chosen z′l
as the measured value of zl and ∆zl is regarded as the error of zl which is expressed as:

∆zl = zl − z
′

l = zlz
′

l(flx∆u2 − frx∆u1)/flxfrxt0, (20)

where ∆u1 and ∆u2 are the estimation errors of u1 and u2, respectively. Obviously, the pixel
size of highlighted areas around the symmetric point on PCS will decrease with the increasing
zl. This is being verified experimentally with the result shown in Fig. 3(a). Note, in line with
the consistency of relative errors, we can consider that there is an inverse proportional relation
between ∆u1, ∆u2 and zl. By this relationship, ∆zl is linear with z′l through Eq. (20).

In this work, we have developed an experimental testbed, where the LED is fixed at a height
of 40 cm above the ground, and the camera is facing up to the reflected point of the LED to
ensure that Rl is the identity matrix to eliminate the influence of the IMU angle estimation error.
Fig. 3(b) shows the measured data points and the linear fitting of the absolute value of ∆zl as a
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Fig. 3. Error analysis: (a)linear fitting of the square of the highlight areas surrounding the
symmetric point and the reciprocal of the height of the camera, and(b)linear fitting of the
absolute value of ∆zl and the measured value of the height of the camera to the symmetric
point of the LED.

function of zl, which is a linear relationship. Note, we found that the results obtained are affected
by the camera sensitivity and the flatness of the floor. Note, the camera ISO was set to 50 to
ensure that the LED edges can be captured and detected. Considering that the linear effect is not
significant the error of z-axis increases with the camera height from the LED symmetry point on
CCS. Therefore, to compensate for the error we have used the coefficient λ = 0.112 of linear
fitting, which is given as:

z∗l = z
′

l(1 + σλ/(1 − λ)), (21)

where σ is a Boolean variable, which is used to decide whether the measured value of zl needs to
be optimized.

The implementation of the EC algorithm is illustrated in the flow chart in Fig. 4, in which H
is the highlighted areas around the symmetric point. Assuming σ = 1, we can calculate both
(u1, v1) and (u2, v2) for zl = z∗l through Eq. (13). Note, (i) if both are in the highlighted areas
around the symmetric point, then σ = 1, else, σ = 0; (ii) with σ determined, zl can be optimized;
and (iii) then, determine the target value on z-axis following EC algorithm by substituting in
Eq. (17). We choose the target value on the x, y and z axes with the BPE algorithm and EC
algorithm, respectively as the final results.

Fig. 4. The implementation processes of the EC algorithm.
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3. Proposed system

The proposed system block diagram is depicted in Fig. 5. It is composed of two mains of NLOS
OCC and BCam-based position estimation subsystems. Note, the signal acquisition at the Rx
in the NLOS OCC subsystem is the main feature of the proposed system, which can also be
realized in the OCC signal recovery model [26]. As for the position estimation subsystem, we
have proposed two different schemes. The first estimates the camera position through the BSV
model and a BPS algorithm by considering the symmetrical point of LED on the ground as the
point P. Note that, the NLOS VLP works on the floor of an ordinary room. However, the system
performance decreases as the ground roughness increases. What is worse, when the roughness is
too large, the highlight area may not exist (cannot be detected) on the picture and the NLOS VLP
may not work. In order to overcome this problem, we have proposed a LBE VLP scheme, where
the point P in the BSV model is replaced with a label, which is the orthographic projection of the
LED on the reflecting surface and needs be marked in advance. Compared with the NLOS VLP
detecting the highlight area by the pixel gray value, the LBE VLP identifies the label by its shape,
so that rough reflection has less influence on it.

Fig. 5. A block diagram of the proposed system.

3.1. NLOS VLP

At the Tx, the location of the LED in WCS (x0, y0, z0) is first coded prior to the intensity
modulation of the LED for transmission over the free space channel. At the Rx, a BCam captures
the reflected lights from the ground using both the long and short exposure modes; and the
background scene when the LED is off. The software of ZED Explore is chosen to control the
two cameras at the same time. Actually, the processes of signal recovery in OCC in Fig. 1 are
mainly for a single camera, which can be realized by one of the left or right camera of the BCam,
and left camera is chosen in this work. Note the followings: (i) an IMU module at the left camera
measures the camera pose; (ii) the OCC signal recovery mode is used to obtain the LED position
(x0, y0, z0); (iii) determine the WCS coordinate of the symmetric point of the LED about the
ground, i.e., (x0, y0, −z0) ; and (iv) the projections on the left and right cameras of the LED via
NLOS paths is equivalent to the projections of symmetrical point via the LOS paths. Because of
latter, the symmetrical point can be considered as the point P in the BSV model to realize NLOS



Research Article Vol. 30, No. 20 / 26 Sep 2022 / Optics Express 35438

VLP. The coordinate of the symmetric point on PCS is then regarded as the geometric center of
the fit ellipse following ellipse fitting that highlight areas surrounding the symmetric point, see
Fig. 6(a). Next, following the extraction of the projection coordinates of the symmetric point
in PCS under a long exposure time and with the WCS coordinate of the symmetric point, the
camera position in WCS can be estimated using the BPE algorithm.

Fig. 6. Pixel coordinates extracting of reference points: (a) pixel coordinates extraction of
the symmetric point by ellipse fitting and the label from the pictures captured by left and
right cameras. Note, photos taken by the left and right cameras are combined into a single
photo with the scale of 3840 × 1080, and (b) corner point detecting for the label.

3.2. Label-based enhanced VLP

The LBE VLP scheme is basically the same as NLOS VLP except for replacing the point P in
the BSV model with a label, which is the orthographic projection of the LED on the reflecting
surface that should be marked in advance. Because of this, in the LBE VLP, the coordinate of the
label on WCS can be calculated according to the LED coordinate. Like the NLOS VLP, we can
also use the NLOS OCC subsystem to receive the LED coordinate. Meanwhile, we can use the
BCam to identify the label. The detailed process involved in this scheme is very similar to NLOS
VLP except for the labels being considered as reference points. The WCS coordinate of the label
is determined by the geometric relations between the label and the LED, which is (x0, y0, 0). We
have used the corner points detection method to process photos from the left and right cameras to
recognize the label that is the intersection of two straight lines. Note that, the coordinate of the
label on PCS is the average of four corner points coordinates, see Fig. 6(b).

4. Experimental implementation and results

4.1. Experiments setup

The experimental testbed for the proposed system is illustrated in Fig. 7(a). The Tx is composed
of the STM32 microcontroller unit (MCU) operating at the frequency of 3.3 kHz, a driver module
and a LED positioned at a height of 1.96 m from the floor level with its illumination projection
on the floor is the WCS. At the Rx, a ZED2 binocular camera is used to capture two images from
left and right camera, whereas IMU is for measuring the camera pose. First, we calibrated ZED2
to obtain the internal parameter matrix of its two cameras. We found that the rotation matrix
between the two cameras is an identity matrix with only the x-axis displacement. Thus, we have
R = I and T = [t0, 0, 0] in Eq. (12), where t0 is a constant. Note that, for each experiment we
adjusted the position of ZED2 to ensure that its projection on the floor is a test point as shown
in Fig. 7(b). We measured the height of ZED as the coordinate of z-axis of the test point. By
comparing the coordinate of the test point with the coordinate of ZED2, which is estimated using
the proposed system, we determine the system error. We carried out this for a total 60 points,
see in Fig. 7(b), and estimated the root mean square error (RMSE) and the cumulative error
distribution function (CDF). All the key system parameters used are given in Table 1.
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Fig. 7. Proposed system: (a) hardware testbed, and (b) the test environment.

Table 1. System parameters.

Parameter Value

Testbed scale 200 × 200 × 196cm3

Each unit gird scale 20 × 20cm2

Output frequency of MCU 3.3 kHz

LED type White LED

LED output power 1.4 W

LED operating voltage 5 V

LED coordinate (0,0,196)

Symmetric point coordinate (0,0,-196)

Label coordinate (0,0,0)

IMU mode WHEELTEC N100

IMU DOF 9

Binocular camera mode ZED2

Binocular camera scale 3840 × 1080

R I
T (12,0,0)

4.2. NLOS VLP

Here, we have determined RMSE values and the average positioning errors for 60 data sets
through its absolute value of the difference between the estimated value of proposed system and
the measured value on the x, y, and z axes. The experimental results are shown in Table 2, where
the lowest 3D average error and the RMSE are 37.2 and 44.6 cm, respectively. In addition, we
have calculated the average errors for 60 data sets of 6.96, 6.01, and 35.32 cm for the x, y, and z
axes, respectively. Fig. 8(a) depicts the 2D positioning performance of the x − y plane for the
test point and NLOS VLP, from which we can see that the NLOS VLP system generally has a
good performance for the x − y plane except for some test points far away from the LED have
a poor deviation. And Fig. 8(b) displays the CDF plots for the x, y, and z axes and for the 3D,
respectively. The CDF plots for the x and y axes are consistent with the results of Fig. 8(a), which
can achieve 90th percentile accuracies less than 15 cm. However, the performance obtained for
the z axis and 3D, i.e., 80th percentile accuracies of < 60 cm, is not satisfactory. Comparing with
NLOS VLP with no EC, the lowest average error and the RMSE values are decreased by 26.10
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and 31.02 cm, respectively. Note that, (i) the 90th percentile accuracy has dropped down to 50
cm; and (ii) the CDF curve is showing the effect of the EC algorithm, see Fig. 9.

Fig. 8. System performance of NLOS VLP: (a) 2D positioning performance of x − y plane,
and (b) CDF of x, y, and z axes and 3D.

Fig. 9. CDF of z-axis and 3D with and without EC in NLOS VLP scheme.

Table 2. System performance.

Type x [cm] y [cm] z [cm] 3D [cm] RMSE [cm]

NLOS VLP 6.96 6.01 35.32 37.27 44.59

NLOS VLP with EC 6.96 6.01 22.58 26.10 31.02

LBE VLP 3.62 3.24 4.50 7.31 7.74

4.3. LBE VLP

We have carried tests, measurement and the performance evaluation for the LBE VLP scheme,
where we estimated the RMSE and the average positioning errors for the 60 sets of data as in
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NLOS VLP. The experimental results are shown in Table 2, where the (i) lowest average error
and the RMSE are 7.31 and 7.74 cm, respectively; and (ii) average error for the x, y, and z axes
are 3.62, 3.24, and 4.50 cm, respectively. Fig. 10 displays the CDF plots for the x, y, and z axes
and for the 3D, respectively, in which both x, y, and z axes can achieve 90th percentile accuracies
less than 8 cm, and the performance of 3D can achieve 90th percentile accuracies are < 11 cm.

Fig. 10. LBE VLP CDF of x, y, and z axes and 3D.

Compared with the NLOS VLP, the LBE VLP obviously has improved performance at the test
point a longer distance from the LED in x − y plane, see Fig. 11(a). Fig. 11(b) depicts the CDF
performance as a function of the error distance for of the z-axis and 3D for the LBE VLP, NLOS
VLP, and NLOS VLP with EC algorithm. The LBE VLP has (i) the smaller estimation error of
the reference point (the label or the symmetry point) on PCS, and (ii) the smaller estimation error
on CCS because the distance from the symmetry point to the camera is much larger than the
distance from the label to the camera (Note that the distance between the LED and the ground

Fig. 11. Performance comparisons: (a) 2D positioning performance of x−y plane compared
between LBE VLP and NLOS VLP, and (b) comparisons of the error of z-axis and 3D
among the LBE VLP, NLOS VLP and NLOS VLP with EC.
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is 196cm). Therefore, it is obvious from Fig. 11 that the LBE VLP scheme offers the best
performance compared with NLOS VLP with EC and NLOS VLP.

5. Conclusion

We proposed a NLOS VLP system based on a binocular camera and a single LED for realization
of 3D positioning of an arbitrary posture, where it overcomes shadowing/blocking experienced
in LOS paths between Txs and Rxs and the need for sufficient numbers of LEDs being captured
within the camera’s FOV. We developed a dedicated testbed and evaluated the system performance
of two different schemes by considering 60 locations in an area of 2 × 2 × 2m3. For NLOS VLP
with the symmetric point of the LED, the lowest average error and the RMSE were 37.27 and
44.59 cm, respectively. Using an error compensation algorithm the average error and the RMSE
were reduced to 26.10 and 31.02 cm, respectively. On the other hand, with the proposed scheme
of LBE VLP with a label on the reflecting surface both the average error and the RMSE were
further reduced to 7.31 and 7.74 cm, respectively and achieved 90th percentile accuracies of less
than 11 cm.
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