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Abstract—Visible light communication (VLC) allows the dual
use of light-emitting diodes (LEDs) for illumination and com-
munication purposes. With its large bandwidth and immunity to
electromagnetic interference, VLC can be used as complementary
and/or alternative to radio communications. In this paper, we
present a comprehensive experimental evaluation of a software-
defined VLC system with on-off keying for both line-of-sight
(LOS) and non-line-of-sight (NLOS) scenarios. The experimental
set-up is based on a pair of modified National Instruments USRPs
coupled with a custom design front-end. In the measurement
campaign, we vary the distance between 1 to 3 meters with a
step size of 0.5 m. For each point in this LOS scenario, we
measure signal-to-noise ratio (SNR) and bit error rate (BER)
with and without a lens. We also evaluate the effect of the
reception angle (i.e, no strict alignment) on system performance.
We further evaluate the SNR performance for NLOS scenarios
and demonstrate a robust performance due to the wide field-of-
view of the front-end.

Index Terms—Visible light communication, software-defined,
USRP, on-off keying, estimated SNR, LOS, NLOS, indoor mea-
surements.

I. INTRODUCTION

Visible light communication (VLC) allows the dual use of
light-emitting diodes (LEDs) for illumination and communica-
tion purposes [1]. With its large bandwidth and immunity to
electromagnetic interference, VLC has emerged as powerful
wireless access technology. Particularly, VLC has a robust
performance in user-dense environments and is considered
as a complementary technology to WiFi via data offloading.
Furthermore, VLC can be used as a safe alternative in radio-
frequency (RF) restricted areas such as hospital intensive care
units, nuclear plants etc. [2].

VLC is based on modulating the light intensity of LEDs.
In a VLC system, the information is superimposed upon the
direct current (DC) driving the LED [2]. The DC value is
selected according to the desired operating point taking into
account the amplitude constraints. Since the frequency of the
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modulating signal is very high, the flickering of the light inten-
sity cannot be observed by the human eye. Typical modulation
choice for VLC systems is on-off keying (OOK) and pulse
modulation techniques while other modulation techniques such
as orthogonal frequency division multiplexing (OFDM) have
been further proposed to support ultra-high-speeds on the order
of Gbps.

There is already a rich literature on theoretical aspects of
VLC, see e.g., a recent survey [3] and references therein,
covering various aspects of channel modelling, physical layer
design, and networking. The performance of VLC systems
was also evaluated by experimental means. For example, in
[4], a VLC system with OOK non-return zero (OOK-NRZ)
modulation was considered and its bit error rate (BER) was
measured at 2 m distance. In [5], the performance of an
OFDM-based VLC system was experimentally evaluated for
different modulation orders. An arbitrary waveform generator
was used to generate OFDM signals while the signal decoding
was performed offline with MATLAB. In [6], OFDM-based
VLC transmitter and receiver were implemented on FPGA
and its performance was evaluated at a distance of 2 m. While
most of these studies assumed line-of-sight (LOS) scenarios,
the performance of VLC systems was further demonstrated in
non-line-of-sight (NLOS) conditions [7]-[9]. For example, the
channel impulse response of VLC channel was characterized
in [7] using a vector network analyzer and it was reported that
the received power associated with NLOS components were
25-37 dB less than that of LOS at the same distance [7]. In
[8], path loss was measured for a NLOS scenario using a blue
LED. The transmitter and receiver were fixed at 1.815m and
1.716m, respectively, below the ceiling. The received optical
power at different horizontal separations was measured while
orienting the receiver to the maximum received value. The path
loss was 41 dB at 1 meter and increased to 53 dB at 6 m. In
[9], a vector signal analyzer was used to generate 16 QAM and
the impact of receiver angles on the VLC system performance
was investigated. For 40 cm distance between transmitter and
reflector (print paper as a reflector), the received power was
measured as -15.2 dBm for a reflecting angle of 10°.

In addition to the above experiments conducted mainly
with laboratory equipment or dedicated hardware designs on
FPGA or microcontrollers, software-defined platforms, as a
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more flexible prototyping tool, were used in VLC experi-
ments. For instance, in [10], a modified USRP (Universal
Software Radio Peripheral) from National Instruments (NI)
was integrated with an electro-optical front-end built with off-
the-shelf components. This set-up was used to experimentally
evaluate different modulations of IEEE 802.15.7 standard (i.e.,
Manchester encoded OOK and 4B6B encoded PPM). In [11], a
similar experiment with USRPs was conducted using properly
DC-biased binary phase-shift keying and a data rate of 2.5
Mbps was obtained at a distance of 160 cm.

In this paper, we present a comprehensive experimental
evaluation of a software-defined VLC system with OOK
considering both LOS and NLOS scenarios. The experimental
set-up is based on a pair of modified NI USRPs where RF
daughterboards are replaced by baseband LFTX and LFTX
cards [12]. These are coupled with a custom design front-
end recently made available by Hyperion Technologies [13].
This front-end has an electrical bandwidth of 20 MHz and
includes integrated pre/post-equalizers. The receiver has a
wide field-of-view of 170 degrees and supports both LOS
and NLOS connectivity. In the measurement campaign, we
make measurements for SNR and BER. We further investigate
the effect of using lens and receiver/transmitter orientation on
system performance.

The rest of this paper is organized as follows. In Section II,
we describe the system model. In Section III, we discuss frame
detection, symbol timing, DC bias estimation and channel
estimation which are essential for practical implementation.
In Section IV, we present the experimental setup and mea-
surement results. Finally, the paper is concluded in Section V.

II. SYSTEM MODEL

As illustrated in Fig. 1, we consider a VLC system with
OOK. Let S(i), i = 1,---,Lp denote the " transmitted
OOK symbol. The continuous-time waveform can be ex-
pressed as

Lp
t) = <\/E ZS(i) 5(tm)> @pr(t), (O

Block diagram of VLC system under consideration.

where pr (t), Ts and 6 (-) denote, respectively, transmit pulse
shaping filter, pulse duration and Dirac delta function. Here,
P, denotes the transmit power. It is set as P, = 0 if bit ‘0’ is
transmitted, otherwise set as F; = 2P. Therefore, the average
electrical transmit power becomes P. After adding a DC bias
(Vpe), the waveform that drives the LED can be written as

(fz S(i)d(t— iTs)>®pT (t)+Vbe, (2

where A is an amplification factor. The signal goes through the
optical channel. At the receiver side, a photodetector captures
the light and converts into an electric current. The received
electrical signal at the destination can be written as

[Rarep (1) @1(t) @ h(t) +w (1) @ pr (1), (3)

where R is the photodetector responsivity, [ (¢) is the LED
impulse response, & (t) is the optical channel impulse re-
sponse, pr (t) is the receive pulse-shaping filter, and w (¢)
is the additive white Gaussian noise term with mean p,, and
noise variance of orfl. Replacing (2) in (3), we have

t) = <\/17t isu) a(t—m)> @ heysy (1)

+ VRDC + Wy (t) ;

where wg (t) = w () @ pr(t) and Vg, = RVpc ®1(t) @
h(t) ® pr(t). It can be readily checked that the statistics
of wy (t) remain the same as those of w(t). In (4), we
define hesr(t) = ARpr (t) ® L(t) ® h(t) ® pr(t) as the
“effective channel impulse response” incorporating the effects
of propagation channel, front-ends, and pulse shaping. After
sampling the received signal, the i sample can be expressed

as
=P, S (i) heyy (

P (i), i =1,

where wy (i), zpp (i) and h.y s (i) denote, respectively, the i
sample of wy (t), xpp (t) and heys (t). For detection, we first
remove the effect of DC bias. Mathematically speaking, we
have

$LED

rpp (t) =

xpp (
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where V;;C is the estimated value of DC-bias (see Section
III). Using a single-tap equalizer, we can retrieve the message
signal as

~ SN |

S(Z) ~ (\/Ptheff> rpp (Z)

h - (7
= 5@y + @),

hegs

where @ (i) = ((VRDC —V;z;c) +w(2))/\/]7t@ and

—

hegy is the estimate of the channel coefficient (see Section
I10).

III. PRACTICAL IMPLEMENTATION ASPECTS

In this section, we discuss frame detection, symbol tim-
ing, DC bias estimation and channel estimation which are
essential for practical implementation. The frame structure is
illustrated in Fig. 2. Each frame includes a guard band of
length Ls followed by a training sequence with a length
of Lts = Lpp + Lcg. The training sequence is used for
three purposes: i) Frame detection, ii) DC bias estimation
and iii) channel estimation. This is then followed by the
transmission of L data symbols. Finally, another guard band
with a length of Lg is inserted before the transmission of
the next frame. Therefore, a frame has a total length of
Liown = 2Lg + Lts + Lp. Root-raised-cosine (RRC) with
a roll-off factor of 5 is used as a transmitter pulse shaping
filter. After pulse shaping, the total number of samples in a
transmitted frame is given by Ly, = LgownU where U denotes
the up-sampling factor.

First, we perform symbol timing to estimate the sampling
point of the symbol. For this purpose, we use the maximum
output energy method [14]. This finds the sample point where
the average received energy is maximized [14, Chapter 5].
Mathematically speaking, this can be obtained as

# = max |E [V U +7))°]

T

) Z:172a 7Ldown (8)

where Y, (1) ,7 = 1,2,---, Ly, denote the received samples
and 7 = 1,2,--- , U denote the possible delay values.

After symbol timing, frame detection is performed in order
to resolve multiple symbol period delays [15]. The training
sequence for frame detection consists of ones and zeros. Based
on (6), the corresponding received samples can be expressed
as

Tyeros (Z) :VRDC + wy (Z) s =1, Lyeros )
Tones (Z) =V Pt heff + VRDC
. . (10)
+wg (Z)7 = 17"’7Lones

where Lyeros and Lones = Lrpp — Lzeros, respectively, denote
the numbers of zeros and ones used for training. For DC-
bias estimation, we calculate the average of (9) over available
samples which yields

Lyeros
o 1 eros
VRpe =

(1)

(Ezeros 7/ M
LZGI’OS i=1 ( )
After removing the estimated DC-bias, we can then express
(9) and (10) as

Tzeros—DC (Z) = Wy—-DC ('L) y t=1,, Lyeros (12)
Lones—DC (Z) = \/Ftheff (13)
+wy-DC (Z) s =1, Lones

where wgpc (1) = (Vepe — V;;C + wy (i) denotes the
effective noise. It can be readily verified that, theoretically,
the effective noise is still zero-mean Gaussian with a variance
of 0'7%. Utilizing (12), we can estimate the noise power of the
effective noise as

— 1 LZerOS
0—727, = ‘xzerostC (7’)|2 (14)

Liyeros —
i=1

On the other hand, using (13), we can estimate the effective
channel coefficient as

1 Lones

—

heff = m ; Lones—DC (Z) (15)



TABLE I
EXPERIMENTAL SET-UP PARAMETERS

LOS Link distance d [1,1.5,...,3] m
Distance between reflector and Tx- d 05 m
Rx frontends v ’
Electrical Noise power o2 - 48.27 dB
Average electrical  transmitted P 0 dB
power
Training sequence length for frame

. Lrp 80
detection
Training sequence length for chan-

. . Lok 80
nel estimation
Guard band length Lg 6
Number of frames Np 200
Number of data symbols per frame Lp 8000 bit/ frame
Up-sampling factor U 20

7 x 10% Sam-
RP s li t

USRP sampling rate fs plefsec
RRC pulse shaping filter length Lps 40
Roll-off factor 8 0.5

Tx Laptop Tx USRP Tx Front-end

M)

Channel

®

Rx Front-end

i} =

Rx Laptop

Rx USRP
Fig. 3. Block diagram of the experimental set-up.

Based on (14) and (15), estimated SNR can be written as

— 2
— P
SNR[K] = Dierr

2
On

(16)

IV. EXPERIMENTAL SETUP AND RESULTS

Fig. 3 illustrates the block diagram of our experimental
setup. At the transmitter side, the laptop with LabVIEW
software generates the digital signal which is transferred to the
modified NI 2920 USRP with LFTX daughterboard through
an ethernet cable [11]. After digital-to-analogue conversion
(DAC), the signal is delivered to custom-design VLC front-
end [12]. Tx front-end is equipped with a Lambertian pattern
LED with 60 degrees half angle. Tx front-end has 20 MHz and
interchangeable lens mechanism. The optical signal propagates
through the channel and captured by the receiver front-end.
The Rx front-end has a wide FOV of 170 degree which allows
NLOS operation [12]. Both front-ends are compatible with
USRPs and PXIs. This is followed by another modified NI
2920 USRP with LFRX daughterboard. The output of USRP
is a digital signal which is fed to the receiver laptop for
demodulation.

(a) (b)
Fig. 4. Experimental scenarios: (a) LOS (b) NLOS.
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Fig. 5. Constellation and eye diagram of received signal at 1 meter in LOS
scenario with strict alignment (a) without lens (b) with lens.

In our measurement campaign, we consider both LOS and
NLOS scenarios as illustrated in Fig. 4. The length of the
straight line between transmitter and receiver is denoted by d.
Orx and Ogrx respectively define the orientation of transmitter
and receiver. In the LOS scenario (see Fig. 4.a), we consider
two cases: a) strict alignment between Tx and Rx units (i.e.,
frx = 0°) and b) some shift in the orientation of Tx (i.e.,
Orx = 10°). In the NLOS scenario (see Fig. 4.b), transmitter
and receiver do not look at each other and the transmission
depends only on the reflected light from a whiteboard. d,, de-
notes the distance between the whiteboard (used as a reflector)
and Tx-Rx front-ends.

In Fig. 5, we present the received constellations and eye
diagrams for LOS scenario. We assume strict alignment be-
tween transmitter and receivers and set d = 1 m. From Fig.
5.a, it is observed that received constellation is noisy and the
eye diagram is nearly closed when no lens is used. In order
to improve the performance, we use a 24.5 mm plano-convex
lens at Tx front-end to collimate the transmitted light pattern.
This consequently increases the received SNR and gives better
results as can be observed in eye diagrams presented in Fig.
5.b.
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In Fig. 6, we present SNR and BER performance versus
distance. We assume LOS scenario with strict alignment where
d varies between 1 m and 3 m with a step size of 0.5 m.
The estimate of SNR is obtained based on (16) in conjunction
with (14) and (15) where noise power and effective channel
are estimated. In Fig. 6.a, it can be observed that at a distance
of 1 m, 16.87 dB SNR is obtained if no lens is used. This
decreases to -3.4 dB at d = 3 m. When a plano-convex lens
is used at the transmitter, some improvements are observed.
Specifically, we obtain SNR values of 26.65 dB and 8.49 dB
at d = 1 m and d = 3 m respectively. These indicate SNR
improvements of around 9.8 dB and 11.89 dB in comparison
to no lens case.

For BER measurements, we transmit Nr = 200 frames
for each SNR value. Each frame includes Lp = 8000
bit per frame (see Table I). Therefore, the total number of
transmitted bits is NpLp = 200 x 8000 = 1.6 x 10° bits.
We compare the transmitted and received bits and present
the BER for each SNR value in Fig. 6.b. As a benchmark,
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Fig. 7. Receiver SNR versus reception angle for LOS scenario: (a) Otx = 0°
(b) Orx = 10°.

we further include the analytical BER expression for OOK
given by BER = @ (\/ SNR) [16]. It can be readily observed
that theoretical and experimental curves have a close match.
There is about 1.8 dB shift between the two curves as a
result of inaccuracy associated with symbol timing, frame
synchronization and channel estimation. As SNR increases,
the shift between these two curves decreases since estimation
accuracy relatively improves.

In Fig. 7, we investigate the effect of transmitter orientation
for the LOS scenario. We consider d = 1 m and present SNR
versus reception angle. For transmitter orientation, we assume
Orx = 0° (Fig. 7.a) and O1x = 10° (Fig.7.b). As expected,
it can be observed from Fig. 7.a that the maximum SNR is
observed at frx = 0 and SNR decreases as |frx| increases.
In Fig. 7.b. where we set fx = 10°, the maximum SNR is
obtained at frx = 10. In both cases, the employment of lens
increases the received SNR by around 10 dB.

In Fig. 8, we investigate the effect of transmitter orientation
for the NLOS scenario. The transmitter and receiver are
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Fig. 8. Receiver SNR versus reception angle for NLOS scenario at d, =
0.5m: (a) Ox = 60° (b) Orx = 90°

located at an equal distance from the reflecting surface with
dy = 0.5m. We present SNR versus reception angle. It is
observed that for Orx = 60° (Fig. 8.a), the received power
is relatively low when the receiver orientation angle is less
than frx = 40° assuming the employment of lens. Without
a lens, PD provides a wider FOV which gains more power
from the reflected rays even for values of frx smaller than.
At O1x = 90°, the receiver with lens starts to get signal at
almost Ogx = 20°. It reaches the maximum at 50° degrees,
then it starts to degrade dramatically again. Without any lens,
when the receive orientation angle is larger than fgx = 50°,
PD receives more power from the reflected rays.

V. CONCLUSION

In this paper, we have experimentally evaluated the perfor-
mance of a software-defined VLC system. The experimental
set-up was built upon on a pair of modified USRPs where RF
daughterboards are replaced by baseband LFTX and LFTX

cards and a custom design front-end. In LOS scenario, we

varied the transmission distance between 1 to 3 meters with a
step size of 0.5 m. For each point, we measured SNR and cor-

responding BER with and without a lens. For a transmit power
of 0 dB, we obtained SNR = 16.87 dB at a distance of 1 m
without any lens. With the plano-convex lens at the transmitter,
SNR increased to 26.65 dB. We further investigated NLOS
scenarios where there is no LOS component and transmission
relies only on reflected components. Up to SNR= 14.7 dB
was obtained for NLOS scenarios. It was further observed that
even for low values of transmitter/receiver orientation angles,
a sufficiently high SNR (around 14 dB at fgx = 20°) can be
obtained.
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