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ABSTRACT
In this paper, we consider a relay system which consists of an optical link followed by a radio
frequency (RF) link. The optical link consists of a light-emitting diode (LED) array as a transmitter
and a digital camera as a receiver. The relay uses the detect-and-forward strategy. The received
pixel values in the optical link are processed using equal gain combining (EGC), best pixel selection
(BPS), and maximal ratio combining (MRC). The system’s bit error rate performance is evaluated
for different values of received optical power as well as for different values of camera-to-optical
source distances. It is found that for a small camera-to-optical source distance EGC outperforms
BPS, while BPS outperforms EGC at higher distances.

INTRODUCTION
The use of mobile electronic devices, such as smart phones, tablets, and laptops, has increased
rapidly in recent years. In addition to an increase in the number of mobile devices, there has been
an increase in the bandwidth required for each of these devices. As a result, wireless networks can
become overburdened in areas where there is a high concentration of mobile users. The underlying
issue is that all the users in a highly concentrated region share a medium with limited bandwidth
and airtime. However, this problem is not present in visible light communication (VLC) systems
that employ a digital camera as a receiver, as each user is spatially separated and thus easier to
distinguish. One way to overcome the issue of high RF signal density is, therefore, to replace
the RF link in these crowded areas with an optical link. In such a system, users’ signals will not
interfere with each other. Furthermore, implementing such a system will benefit VLC-enabled
devices without interfering with the currently existing RF devices.
VLC has received significant attention as a promising communication technique. In [1], it has been
shown that data rates of up to 3 Gb/s are already achievable with a single LED. In addition to
providing secure communication, VLC systems have been shown to be capable of simultaneously
providing room lighting. In [2], it has been shown that adequate room lighting can be provided
while simultaneously providing VLC using LEDs. While VLC will not serve as a complete re-
placement for RF communication, it has some advantages over RF in certain applications. Some
advantages of VLC include the use of unlicensed spectrum and the absence of health issues associ-
ated with RF communication. An additional attractive property of VLC systems is that they do not
interfere with currently existing RF devices. This allows for the simultaneous use of both RF and
VLC without one adversely affecting the other.



In order for VLC to be widely adopted, the data rates it offers must be able to significantly surpass
those of RF communication. One method for increasing the data rate of a VLC system is to increase
the number of LEDs used for each user. When a digital camera is used as a receiver, this forms a
multiple input multiple output (MIMO) communication system. In [3], a model is provided for
a multiuser environment where each user utilizes an LED array as a transmitter. However, the
performance of each LED transmitting independently is not studied in [3].
Our contribution in this paper is a simulation study on the uplink bit error rate (BER) performance
of a mixed optical and RF system. We transmit data using on-off keying (OOK) of the optical
link, and the data is detected at the camera using BPS, EGC, and MRC. The detected data is then
forwarded to the destination by an RF relay using quadrature phase shift keying (QPSK). The RF
channel is modeled using Rayleigh fading.

PROPOSED RELAY SYSTEM
A mixed RF and optical relay system is considered. In the optical link, an LED array is utilized
as a transmitter and a digital camera is used as a receiver. The LED array transmits data on each
LED using OOK. The received pixel values are processed using EGC, BPS, and MRC. A detailed
description on how these processing techniques are performed can be found in [6]. The detected bits
are mapped to QPSK symbols and forwarded to the destination using an RF relay. The LED array
is located at a distance d from the camera and is assumed to be facing normal to the camera’s pixel
plane. The relay is located at a distance dRD from the destination antenna. The channel gain from
the relay to the destination antenna is hRD, and is assumed to be complex Gaussian distributed.
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Fig. 1. A relay system involving optical and RF links. The optical link consists of an LED array as a transmitter, and a
digital camera is used as a receiver.

Let the LED array contain L = Lx × Ly LEDs, where Lx and Ly are the number of LEDs in the
x and y directions respectively, with an inter-LED spacing of lx and ly. For simplification, the two-
dimensional index (x, y) of the LEDs in an array will be rasterized and hereafter referred to by a
one-dimensional index, l = (y − 1)Lx + x. It is assumed that each LED’s image does not overlap
with the other LEDs’ images and is individually resolvable. Because of this, each LED is capable
of transmitting independently, rather than the entire array transmitting one symbol. A model for
the received image, R, is given in [3] and is modified here to model a single user and accommodate
each LED transmitting independently.

R(k) =
L∑
l=1

b
(k)
l S(k,l) + P(k) + N(k) (1)

Where S(k,l) is the signal from the l-th LED during the k-th frame, b(k)l is the bit transmitted by the
l-th LED during the k-th frame, and P(k) is the background illumination. N(k) is zero-mean, signal
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dependent Gaussian noise with variance σ2
m,n = α(

∑L
l=1 b

(k)
l S(k,l)

m,n + P(k)
m,n) + β, where α and β are

constants [4]. A model for the received pixel values is given in [3].
The detected bits are mapped to QPSK symbols and relayed through an RF link. A model for the
RF signal received at the destination antenna is given in [5] as

rRD =
√
PthRDd

−ρ/2
RD a+ nRD (2)

where Pt is the transmission power, ρ ∈ [2, 6) is the path loss exponent, hRD is the complex
Gaussian channel gain with zero-mean and unit variance, and a is the transmitted QPSK symbol.
The noise, nRD, is complex Gaussian distributed with zero-mean and variance σ2

d.

RESULTS AND DISCUSSION
Our simulations use parameters that emulate the Promon 501 high speed digital camera from AOS
Technologies. The camera uses a complementary metal-oxide semiconductor (CMOS) sensor with
a pixel width of 5.5 µm and zero inter-pixel gap. The noise parameters for this camera are α =
0.02654 and β = −0.2127. The LED parameters used in the simulation results are modeled after
the (RL5-W4575) from superbrightleds.com. For this LED, φ1/2 = 37.5o. The reference distance
and focal length used during LED model fitting are d0 = 10 cm and f0 = 4.9 mm. The LED array
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Fig. 2. Source-to-destination BER simulation results at d = 2 m with f = 4.9 mm and dRD = 50 m.

used in the results has L = 16, Lx = Ly = 4, and lx = ly = 3 cm. In MRC and EGC, a square
of pixels of size 3 × 3 is considered to detect each LED, and in BPS only the most centered pixel

3



of each LED is considered. In our simulation results we assume that the background illumination
is constant with Pm,n = 25. In the RF link, the path loss exponent used is ρ = 2.1, and the noise
power spectral density is No = 2× 10−10 Watts/Hz.
Fig. 2 shows the source-to-destination BER performance of the different diversity combining tech-
niques for different received power values, Po = (

∑
m,n Sm,n)2, and relay transmission power, Pt.

It is clear from Fig. 2 that the source-to-destination BER depends heavily on the RF transmission
power, Pt. As the received optical power increases, the BER performance of all the optical diversity
combining techniques gets dominated by the RF link’s error performance. As an example, in the
Pt = 1 mW case, the BER of the RF link is 1.91× 10−4, which is the same as the BER of the three
optical diversity combining techniques with high received optical power.

1 1.2 1.4 1.6 1.8 2
10

−5

10
−4

10
−3

10
−2

10
−1

10
0

d

B
E

R

 

 

BPS
EGC
MRC

Fig. 3. Source-to-destination BER simulation results at different values of d with Po = 25 at d = 1 m, f = 4.9 mm,
Pt = 10 mW, and dRD = 50 m.

In Fig. 3, the BER performance of different diversity combining techniques is compared for dif-
ferent values of d. To see the effects of the decrease in optical power over varying distances, the
received optical power Po at d = 1 m is kept fixed at Po = 25 dB. An interesting result here is that
for a user located at d = 1 m, EGC significantly outperforms BPS, though BPS outperforms EGC
at values of d ≥ 2 m to be seen later in Fig. 4. The reason for this is that as the user moves closer to
the camera, the image of the LED spreads, raising the values of the pixels around the center pixel.
EGC can then exploit these pixels. For BPS, there is no way to exploit these pixels as only the
center pixel is considered. As expected, MRC outperforms both BPS and EGC for all values of d.
In Fig. 4, the source-to-destination BER of the relay system is studied for a different range of d
values. We separate Fig. 3 and Fig. 4 for different ranges of d since fixing Po = 25 dB at d = 1
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Fig. 4. Source-to-destination BER simulation results at different values of d with Po = 23 at d = 6 m, f = 4.9 mm,
Pt = 10 mW, and dRD = 50 m.

m produces very high BER for the range of d values shown in Fig. 4. In this case, we use Po = 23
dB at d = 6 m and is kept constant. In contrast to Fig. 3, Fig. 4 shows that BPS outperforms
EGC for all distances. The results of this simulation show that the error performance of BPS can
vary significantly as distance changes. At d = 6.75 m, the LED images are well centered with the
majority of the LED’s image landing in the center pixel. The result is that the error performance of
BPS is significantly improved. At other values of d, the LED images are not as well centered and
the error performance of BPS becomes more similar to the error performance of EGC.

CONCLUSION
A simulation study is performed on the BER performance of a relay system consisting of an optical
link and an RF link. In the optical link, an LED array is used as a transmitter and a digital camera
is used as a receiver. The received pixel values are processed using BPS, EGC, and MRC. The
detected bits are mapped to QPSK symbols and forwarded to the destination using an RF relay. The
error performance of the relay system is studied for different values of d, Po, and Pt. The results
show that EGC outperforms BPS for small values of d. In cases where d ≥ 2 m, BPS outperforms
EGC for all values of Po and Pt. MRC is shown to provide the best performance for all values of d,
Po, and Pt. While the work done in this paper considers scenarios with one user present, it can be
extended to support multiuser environments.
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