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Abstract—The use of fluorescent antennas in visible light com-
munications (VLC) can significantly enhance the transmission per-
formance by providing both a high optical concentration gain and
a wide field of view (FOV) without being constrained by étendue.
Moreover, as these antennas have the function of optical filtering,
they can be used for supporting wavelength-division multiplexing
(WDM) to boost the transmission data rate. However, there are
several notable challenges when fluorescent antennas are used in
WDM transmission. One challenge is that, due to the relatively
wide absorption spectra of the fluorophores, the signal transmitted
from different light sources can often only be partially separated in
the optical domain. This causes crosstalk between different chan-
nels and consequently, the transmitted signals need to be further
separated in the electrical domain. Another challenge arises from
the performance imbalance among different decoded data streams,
mainly caused by the differences in the frequency response between
different transmitters. To address the first challenge, this paper
introduces a new channel estimation method which enables the
effective acquisition of the channel matrix for each orthogonal
frequency-division multiplexing (OFDM) subcarrier without en-
countering interference. Thus, the signal separation step can be
implemented more successfully in the frequency domain. Moreover,
to overcome the imbalance between the data streams transmitted by
different transmitters, we incorporate pairwise coding (PWC) into
the system. Its performance was demonstrated via a WDM VLC
testbed in which different colors of light-emitting diodes (LEDs)
are configured to transmit independent data and commercially
available fluorescent fibers are used to construct the optical anten-
nas. Taking into account practical indoor illumination needs, we
measured the system’s performance across different illuminance
levels. The results show that the use of PWC can well balance
the performance between different channels, always leading to
significant transmission data rate improvement.

Index Terms—Fluorescent antennas, LEDs, pairwise coding,
visible light communications, wavelength division multiplexing.
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I. INTRODUCTION

V ISIBLE light communication (VLC) is an emerging tech-
nology with the potential to play a significant role in

future wireless networks [1], [2]. Like all other communication
systems, the transmission performance of a VLC link is highly
dependent on the signal-to-noise ratio (SNR) at the receiver’s
output. A common method to enhance the SNR in VLC is
by placing a concentrating lens in front of the photodetector.
However, using a lens can result in a relatively bulky receiver
structure. More importantly, the conservation of étendue implies
that a high optical gain results in a narrower field of view
(FOV) [3]. This means that the performance of many VLC
systems is more susceptible to misalignment between the trans-
mitter and the receiver in comparison to their radio frequency
(RF) counterparts.

Recent research in the development of optical antennas in-
corporating fluorophores has shown many promising results
for building VLC receivers with compact structures and wide
FOVs [4], [5], [6], [7], [8], [9], [10], [11], [12], [13], [14], [15].
The structure of these optical antennas consists of a fluorescent
light emitting layer and a cladding layer. Firstly, as fluorophores
selectively absorb specific wavelengths of light, these anten-
nas are capable of optical filtering. Additionally, thanks to the
presence of the cladding layer, many emitted photons can be
guided to the antenna’s edge where a photodetector is positioned.
The relatively large light-collecting area of the antenna means
that the amount of light received by the photodetector can be
increased, consequently, the SNR of the transmission can be
enhanced. Moreover, because their light concentration is based
on fluorescence, these antennas are not constrained by étendue,
enabling them to achieve both a high concentration gain and
a wide FOV. Another important advantage of employing fluo-
rescent antennas is the short photoluminescence (PL) lifetime
of the selected fluorophores. This characteristic allows them to
respond fast to the changes in the received light intensity, thus
supporting a very high transmission bandwidth [16].

In addition to the above mentioned benefits, the selective
wavelength absorption property of fluorophores means that these
antennas can be used to support wavelength division multi-
plexing (WDM) for boosting the transmission data rate [17],
[18]. This involves constructing a transmitter with multiple light
sources for sending independent data streams and a receiver
with multiple fluorophores with each selectively absorbing the
light emitted from a specific light source. For example, in [17],
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a specially designed fluorescent antenna incorporating two
fluorescent layers made of different organic dyes was explored to
support WDM, with the light sources being a blue light-emitting
diode (LED) and a green LED. Meanwhile, commercially avail-
able fluorescent fibers were utilized to establish WDM links
within a laser-based underwater optical wireless communication
(OWC) system [18]. Despite the many advantages of using
fluorescent antennas for supporting WDM transmission, one
particular challenge shared by these pioneering studies is that,
due to the relatively wide absorption spectra of the fluorophores,
crosstalks between different channels can hardly be avoided.

To mitigate the crosstalk effect, both [17] and [18] treat the
channel as a matrix, with each of its elements representing the
optical channel gain associated with different transmitters and
detectors, and subsequently multiply the inverse of this channel
matrix with the received signals. However, solely focusing on
optical power for constructing the channel matrix means that
this matrix is independent of the frequency of the transmitted
signal, and therefore, the transmission data rate. Furthermore,
the feasibility of computing the inverse of the channel matrix
relies on whether the channel matrix is well-conditioned or not.
As a result, this approach may lead to only partial signal sepa-
ration. This issue is less noticeable with on-off keying (OOK)
modulation which is considered in both [17] and [18]. However,
it becomes obvious when employing orthogonal frequency di-
vision multiplexing (OFDM) modulation, which is now widely
acknowledged as the preferred modulation scheme in the VLC
standard [19]. This is because, when OFDM is used, the low-pass
frequency response of the electrical channel would lead to dif-
ferent channel coefficients for different OFDM subcarriers. As
a result, the channel matrix varies across different subcarriers.
In this case, to more accurately separate the signals transmitted
from different light sources, the separation step should be carried
out individually for each subcarrier. Moreover, even with a signal
separation step implemented, the different light sources used in
WDM, either lasers or LEDs, often possess distinct frequency
responses and bandwidths. This discrepancy can result in signif-
icant performance imbalance among different channels. Similar
to various other multiplexing techniques, such as multiple-input
and multiple-output (MIMO), the overall system’s performance
is often dominated by the data stream decoded with the worst
performance [20]. Therefore, it is crucial to employ suitable
digital signal processing (DSP) algorithms which can balance
performance across the different channels.

In this study, we build a WDM VLC system utilizing LEDs
as data transmitters and fluorescent fibers to create optical an-
tennas. Both the LEDs and the fibers are commercially available
products. At the transmitter, RGB LEDs are employed to gen-
erate white light which is suitable for indoor illumination. At
the receiver, we choose the fluorescent fibers manufactured by
Kuraray to construct the optical antennas. At the current mo-
ment, as only blue absorption and green absorption fibers are
available on the market, the blue LED and the green LED are
configured to transmit two independent data streams, while the
red LED is powered with a DC current. First, we show that,
through careful selection of suitable fluorescent fibers, we can
create a WDM system with its channel being as a triangular
matrix which has better conditions compared to those in [17]

Fig. 1. Schematic diagram to show the use of fluorescent antennas for
WDM.

and [18]. Moreover, instead of considering the channel matrix
only derived from optical power, we take into account the
electrical-to-electrical channel gain in constructing the channel
matrix. Additionally, we consider OFDM modulation and the
signal separation is implemented on each OFDM subcarrier so
that the effects of the low-pass frequency response are taken
into consideration. Furthermore, to obtain the channel matrix of
each OFDM subcarrier, we introduce a new channel estimation
technique designed specifically for this WDM-OFDM system.
This technique is very effective but simple to implement. Also,
this work makes a significant contribution by demonstrating
that, owing to the distinct frequency responses between different
LED transmitters, the decoded data streams exhibit a notable
imbalance in performance. To overcome this imbalance prob-
lem, we integrate pairwise coding (PWC) [21], [22], a tech-
nique previously demonstrated to effectively enhance the per-
formance of various multiplexing systems facing performance
imbalances, including MIMO [23] and polarization-division
multiplexing [24]. In the experiment, we measured the system’s
performance under varying illuminance levels, both with and
without PWC. The measured results show that, when the illu-
minance level is relatively low, the use of PWC can double the
achievable transmission data rate. While the illuminance level
is high, the use of PWC can also increase the data rate by 25%.

The rest of the paper is organized as follows. Section II
explains both the channel crosstalk and imbalance problems
by discussing the spectra of the LEDs, the spectra of the flu-
orophores and the channel frequency responses. Section III then
introduces the details of the PWC encoder and decoder that are
incorporated into our system. This is followed in Section IV by
a description of our new channel estimation method. Section V
describes our experimental setup. Then, the measured results,
including the concentration gain, the channel response, the
signal constellations, and the measured bit error rates (BERs),
are presented in Section VI. Finally, Section VII concludes the
paper.

II. A FLUORESCENT ANTENNA BASED WDM SYSTEM

In this section, we highlight the transmission crosstalk and
the channel imbalance problems in a fluorescent antenna based
WDM system by using our selected LED transmitters and fluo-
rescent fibers as examples.

A. Fluorescent Antenna

To illustrate how a fluorescent antenna works, Fig. 1 shows
some possible light paths when photons pass through the
antenna. Since the fluorophore selectively absorbs specific
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Fig. 2. (a) Spectrum of the RGB LED luminaire, (b) associated CIE coordi-
nates.

wavelengths of light, the incident light outside the absorption
spectrum would pass directly through the antenna without being
absorbed. Alternatively, if the light falls within the absorption
spectrum, the photons can be absorbed by the fluorophore. The
absorption of a photon may be relaxed non-radiatively or result in
the emission of a photon with a longer wavelength in a random
direction. In this case, through total internal reflection, many
emitted photons can be waveguided towards the antenna’s edge,
where a photodetector is positioned. Because the fluorescent
antenna is designed with a much larger surface area compared
to the size of the photodiode, its use can usually increase
the number of detected photons and therefore the SNR at the
receiver output. Moreover, since étendue is not conserved by
fluorescence, the antenna can be used to construct a wide FOV
optical concentrator.

Fig. 1 also illustrates how two different fluorescent anten-
nas can be configured to support WDM transmission. In this
example, each fluorescent antenna selectively absorbs the light
transmitted from one transmitter, and the emitted light within
each antenna is then guided to its associated photodetector.
Consequently, two parallel transmission channels can be estab-
lished. However, Fig. 1 represents an ideal scenario where each
fluorescent antenna exclusively absorbs light emitted from one
specific transmitter without interfering with the light emitted
by the second transmitter. However, in practical applications,
particularly in LED-based VLC systems, achieving this level
of selectivity can be very challenging due to factors such as
the broad emission spectrum of the light source, the broad
absorption spectrum of the fluorophore, and the limited choice of
available fluorophores. As a result, crosstalk between different
channels is likely to occur. In the next section, we provide further
insights into this crosstalk problem by introducing the spectra
of the LEDs and the fluorescent fibers we used in this work.

B. Transmission Crosstalk

In this work, a luminaire was created using three different
Lumileds LEDs: a blue LED (LXML-PR02-A900), a green LED
(LXML-PM01-0100), and a red LED (LXM2-PD01-0050). The
DC currents driving these LEDs were adjusted to produce white
light suitable for typical indoor lighting. Fig. 2(a) shows the
measured optical spectrum of the light emitted by this luminaire
and Fig. 2(b) presents the associated CIE 1931 coordinates. Also,
it can be obtained that the correlated color temperature (CCT) of

Fig. 3. Measured PL decay plots of the Kuraray YS-4 and R-3 fibers.

Fig. 4. Absorption and emission spectrum of the Kuraray YS-4 and R-3 fiber.

the emitted light is 7086 K, which is considered as “cool white”
and suitable for illumination in many indoor environments. In
our specific transmission configuration, the blue and green LEDs
are set up to transmit two independent data streams, while the
red LED is only powered by a DC current, enabling the output
light to be white.

At the receiver, we considered commercially available fluo-
rescent fibers manufactured by Kuraray to construct the optical
antennas. One important reason for choosing Kuraray’s fluores-
cent fibers is their remarkably short PL lifetime. Fig. 3 shows
the measured PL decay results of the considered YS-4 and R-3
fiber using a streak camera system (Hamamatsu, C4780). The
results show that their PL lifetimes are only 1.39 ns and 6.53 ns,
respectively. Given that the 3 dB bandwidth of a fluorescent
antenna can be calculated using

f3 dB =
1

2πτ
, (1)

where τ is the PL lifetime [16], the 3 dB bandwidth of the YS-4
fiber antenna is therefore 72 MHz, and the 3 dB bandwidth of the
R-3 fiber antenna is 15.3 MHz. These values are significantly
higher compared to the bandwidth of a typical LED. Conse-
quently, these antennas would not limit the bandwidth of the
system. Another important characteristic of the fluorescent fiber
lies in their absorption and emission spectra, shown in Fig. 4.
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As explained, one fluorophore should have strong absorption of
the light emitted by the blue LED, while the second fluorophore
should strongly absorb the light emitted by the green LED. This
is another reason why we chose the Kuraray YS-4 and R-3
fluorescent fibers. Comparing Fig. 4 with Fig. 2(a), it can be
seen that the YS-4 fiber strongly absorbs the light emitted by the
blue LED while completely avoiding the absorption of the light
emitted by the green LED. In the case of the R-3 fiber, while it
efficiently absorbs light from the green LED, there is also some
absorption of light from the blue LED. Although it would be
ideal if the second fluorophore only absorbs light emitted by
the green LED, selecting fluorophores that completely avoid
absorbing blue light is quite challenging due to the higher
energy levels of the blue photons. This challenge is particularly
pronounced when considering commercially available products
which have limited options. To the best of our knowledge, when
fluorescent antennas are employed for WDM, channel crosstalk
is so far unavoidable [17], [18]. Fortunately, this crosstalk effect
can be well mitigated using DSP methods. This involves treating
the channels as a matrix, enabling the separation of signals by
computing the inverse of the channel matrix. Consequently,
the key challenge lies in selecting a fluorophore capable of
creating a well-conditioned channel matrix with high singu-
lar values or eigenvalues so that the inverse of the channel
matrix can be computed with good accuracy. In this work,
since two LED transmitters and two photodetectors are used,
the channel can be represented by a two-by-two matrix with
each column corresponding to an LED transmitter and each row
corresponding to a photodetector. If only optical power is consid-
ered [17], [18], the channel matrix after normalization is given
by

H =

[
1 0

0.85 0.81

]
. (2)

In (2), each element’s value is determined by the optical power
of the light emitted from the associated LED and the subse-
quent absorption and re-emission of light by the corresponding
fluorescent fiber. As (2) is a triangular matrix, it is generally
considered well-conditioned. In this case, its singular values
are σ1 = 0.5643 and σ2 = 1.4353. Notably, these values are
higher than the singular values of the channel matrix reported
in [17] (σ1 = 0.5581, σ2 = 1.3532) and [18] (σ1 = 0.2535,
σ2 = 1.2827). To clearly compare the two considered fluores-
cent fibers, their main parameters, including the peak and the full
width at half maximum (FWHM) of the absorption and emission
spectra, are summarized in Table I.

C. Imbalanced Channels

In LED-based VLC systems, the performance of the transmis-
sion is often limited by the bandwidth of the LEDs [3]. Fig. 5
shows the measured frequency response of the blue and green
LEDs used in this work. It can be seen that the two LEDs have
very different frequency responses. In particular, the blue LED
has a 3 dB bandwidth of 4.5 MHz while the green LED’s 3 dB
bandwidth is only 2 MHz. To verify that the use of fluorescent
antennas doesn’t impact the bandwidth of this system, we also

TABLE I
OPTICAL PROPERTIES OF YS-4 AND R-3 FIBERS

Fig. 5. Frequency response measured using the blue LED transmitter and the
green LED transmitter, both with and without placing the fluorescent antenna in
front of the photodetector.

measured the frequency response of the system when different
antennas were used. In the case of the blue LED transmitter, both
the YS-4 and R-3 fiber antennas were considered since both
antennas absorb the blue light. In the case of the green LED
transmitter, only the R-3 fiber antenna was considered, as the
YS-4 fiber does not absorb the light emitted from the green LED.
As expected, the use of antennas in our system has negligible
impacts on the system’s frequency response, thanks to the short
PL lifetime of the fluorophores. These results also indicate that
the transmission bandwidth of the system is dominated by the
bandwidths of the LEDs. Also, the different frequency responses
of the LEDs mean that the channel coefficient between each
LED and each photodetector would vary at different frequencies.
When OFDM is used as the modulation method, this means
that the channel matrix would vary across different OFDM
subcarriers. Therefore, to more accurately separate the signals,
a distinct channel matrix should be obtained for each OFDM
subcarrier. Moreover, the different received optical power by
different photodetectors, combined with the differences in the
frequency response of the LEDs, can lead to significant perfor-
mance imbalances across the transmission channels. Similar to
other multiplexing transmission systems, the system’s overall
performance is typically determined by its weakest channel.
Therefore, implementing DSP methods to balance the per-
formance across channels can significantly benefit the overall
system.
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Fig. 6. Signal processing steps in a PWC encoder.

III. PWC IN WDM BASED VLC

The above described problem motivates the investigation into
the use of PWC to deal with the impact of the performance imbal-
ance. The underlying concept of PWC is to transfer the channel
imbalance to the in-phase and quadrature components of the
transmitted quadrature amplitude modulation (QAM) symbols
and thereby enhancing overall performance. In this section, we
provide a description of the structures of the investigated PWC
encoder and decoder.

A. PWC Encoding

At the transmitter, the binary information bits are first con-
verted to conventional QAM symbols using Gray coding. Since
two LEDs are used for data transmission, two QAM symbols,
Xk = [X1,k, X2,k], are first generated and then sent into a PWC
encoder, as shown in Fig. 6. The PWC encoder produces two
outputs, Zk = [Z1,k, Z2,k], each of which is then loaded onto
the kth subcarrier of the OFDM signal transmitted by a LED
transmitter. To obtain Zk, both X1,k and X2,k are first rotated
with an angle of φ as{

X rot
1,k = X1,ke

iφ

X rot
2,k = X2,ke

iφ.
(3)

I/Q interleaving is then applied to give{
Z1,k = �(X rot

1,k) + i�(X rot
2,k)

Z2,k = �(X rot
1,k) + i�(X rot

2,k).
(4)

where�(·) and�(·) give the the real part and imaginary part of a
complex value respectively and i =

√−1 is the imaginary unit.
The use of constellation rotation and I/Q interleaving means that
the two QAM symbols,Xk = [X1,k, X2,k], which if transmitted
without PWC will exhibit different performance, are now com-
bined so that balanced performance across both channels can
be achieved. The rotation step in (3) is intended to minimize
the BERs for the balanced channels. In previous studies on
PWC [21], [22], it was shown that fixing φ at 45◦ is a nearly

Fig. 7. Signal processing steps in a PWC decoder.

optimal choice. Althoughφ can be theoretically optimized based
on the SNR difference between the two channels, optimizing the
rotation angle is a complex task and can significantly increase
system complexity while yielding only marginal performance
improvements [22]. In this work, due to these considerations,φ is
fixed at 45◦. Next, to generate real-time domain signals suitable
for IM/DD transmission, both Z1 = [Z1,0, Z1,1, . . ., Z1,N−1]
and Z2 = [Z2,0, Z2,1, . . ., Z2,N−1] are constrained to have Her-
mitian symmetry, such that Z1,k = Z∗

1,N−k and Z2,k = Z∗
2,N−k

for 0 < k < N/2, where N is the number of subcarriers [25].
Finally, both Z1 and Z2 are transformed into time-domain
signals using IFFTs. Each of the obtained two signals is used to
drive one of the data-transmitting LEDs.

B. PWC Decoding

At the receiver, the received signal on the kth subcarrier is
given by

Yk = HkZk +Nk, (5)

where Hk is the 2× 2 channel matrix associated with the kth
subcarrier and Nk is the noise component. Then, the signals
transmitted from different LEDs need to be separated to avoid
the crosstalk effect. In line with other related work [17], [18],
we considered zero-forcing (ZF) equalizers, and the signals
transmitted by two different LEDs are therefore separated using

Ẑk = Ĥ−1
k Yk. (6)

where Ĥk is the estimation of the channel matrix, Hk. Next, as
shown in Fig. 7, I/Q de-interleaving is applied to Ẑk, followed
by scaling the output using the singular values of Ĥk, σ1,k and
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σ2,k [23]. The processed results are given by{
X̂ rot

1,k = σ1,k�(Ẑ1,k) + σ2,ki�(Ẑ2,k)

X̂ rot
2,k = σ1,k�(Ẑ1,k) + σ2,ki�(Ẑ2,k).

(7)

At the following step, to obtain the reference points for perform-
ing data demodulation, each element within aM -QAM symbols
set is first rotated by an angle of φ and then scaled based on the
singular values of Ĥk [23] to give

Rk = σ1,k�(Xeiφ) + σ2,ki�(Xeiφ), (8)

where X is an element from a M -QAM constellation symbol
set and Rk is one reference point belonging to the set, Rk, used
for performing decisions.

Finally, the signal is demodulated based on the maximum
likelihood (ML) principle by finding the reference point to X̂ rot

1,k

or X̂ rot
2,k with the shortest Euclidean distance as⎧⎪⎨

⎪⎩
R̂1,k = argmin

Rk∈Rk

{||X̂ rot
1,k −Rk||2}

R̂2,k = argmin
Rk∈Rk

{||X̂ rot
2,k −Rk||2}.

(9)

Since R̂1,k and R̂2,k are paired with original QAM symbols,
they can be directly demodulated into binary bits to recover the
transmitted data.

C. Computational Complexity of PWC

Next, we discuss the computational complexity introduced by
the use of PWC. To simplify the analysis, we also show that both
the PWC encoder and the PWC decoder can be implemented
through matrix multiplication. The processing steps of the PWC
encoder, as shown in Fig. 6, involve a rotation step and an I/Q
interleaver step. These two steps can be implemented together
as a single matrix multiplication, as given by[
�(Z1,k) �(Z1,k)

�(Z2,k) �(Z2,k)

]
=

[
cosφ − sinφ

sinφ cosφ

][
�(X1,k) �(X2,k)

�(X1,k) �(X2,k)

]
(10)

Since computing each element of the resulting matrix involves
2 multiplications and 1 addition, and there are four elements
in the resulting matrix, the total number of operations includes
8 multiplications and 4 additions. Moreover, considering that
N/2− 1 subcarriers are used for data transmission, the over-
all additional operations include 8× (N/2− 1) multiplications
and 4× (N/2− 1) additions compared to the transmitter with-
out PWC. At the receiver side, the use of the PWC decoder also
demands very low computational complexity. For instance, the
I/Q de-interleaving step can be expressed as[

X̂ rot
1,k

X̂ rot
2,k

]
=

[
σ1,k σ2,k

] [�(Z1,k) �(Z1,k)

�(Z2,k) �(Z2,k)

]
(11)

Since this step involves 4 multiplications and 2 additions, the
overall operations include 4× (N/2− 1) multiplications and
2× (N/2− 1) additions. Other processing steps, such as the
singular value decomposition operation used to obtain the singu-
lar values, as well as the rotation step of the QAM constellation

symbols to obtain the decision reference points, need to be
executed only once before data transmission. Consequently,
their computational complexity is negligible.

When the transmission system includes more than two chan-
nels, multiple layers of PWC, as described in [26], can be
implemented to balance performance across all channels. In
this case, the computational complexity of implementing PWC
increases and depends on both the number of layers and the
number of channels. However, in contrast to other approaches
for balancing channel performance, such as power allocation
based methods [27], the incorporation of PWC into our system
does not require channel information at the transmitter side.
Moreover, since it involves only several steps of matrix multi-
plication, its computational complexity would be kept very low.
More importantly, in comparison to the power allocation based
approach, the use of PWC in multicolor LED based VLC does
not affect the optical power of individual LEDs. Consequently, it
does not impact the spectrum of the transmitter, which is required
to provide white light suitable for indoor illumination.

IV. CHANNEL ESTIMATION AND EQUALIZATION

As explained in the previous sections, the channel matrix
associated with each OFDM subcarrier, Hk, is required to be
pre-estimated. In this section, we introduce a new structure of the
transmitted signals which enables the estimation of all elements
within the channel matrix for all OFDM subcarriers without
encountering interference. Moreover, compared to the conven-
tional time domain based channel estimation approach [28], in
which each LED needs to be turned off to transmit a sequence of
zeros to avoid interference between the pilot symbols transmitted
from two LEDs, this new frequency domain based approach
keeps all LEDs on continuously. Consequently, the instanta-
neous light intensity is more stable, and the lighting quality is
less affected. Fig. 8 shows the structure of the signals transmitted
from both LEDs. Initially, two sequences of Npilot pilot symbols
are transmitted. These symbols are used for channel estimation
before any data transmission takes place. The details of the
pilot symbols are shown in Fig. 8(c) and (d). In pilot symbol,
PA, known QAM values are transmitted on odd frequency
subcarriers, Iodd = 1, 3, 5, . . ., N − 1, and the even subcarriers,
Ieven = 2, 4, 6, .., N − 2, are set to zeros. While for the pilot
symbol, PB, known QAM values are transmitted on the even
frequency subcarriers and the odd subcarriers are set to zeros.
Transmission begins with a sequence of Npilot pilot symbols PA

being sent from LED1. Simultaneously, a sequence ofNpilot pilot
symbols PB is sent from LED2. The use of different subcarriers
on the two LEDs allows these subcarriers to be demodulated
without inter-channel interference. Next, another sequence of
Npilot symbols is transmitted, but this time, symbol PB is sent
from LED1 and symbol PA is sent from LED2. The design of
the pilot sequences means that, by the end of the transmission
of pilot signals, each LED has transmitted pilot symbols on
all subcarriers. Also, note that because the transmission of the
pilot symbols is intended for estimating the channel coefficients,
unlike the symbols generated for data transmission, PWC is not
implemented for these pilot symbols. In this case, the received
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Fig. 8. Schematic diagram of the transmitted signals, (a) signals transmitted from the blue LED, (b) signals transmitted from the green LED, (c) pilot symbol
structure of PA, (d) pilot symbol structure of PB.

signal vector on the kth OFDM subcarrier, Yk = [Y1,k, Y2,k],
can be expressed as

Yk = HkXk +Nk (12)

where Xk = [X1,k, X2,k] is the transmitted pilot QAM symbol
vector. In particular, during the first pilot sequence transmission,
the received signals on Iodd subcarriers are given by[

Y1,Iodd

Y2,Iodd

]
=

[
H11,Iodd , H12,Iodd

H21,Iodd , H22,Iodd

][
X1,Iodd

0

]
+

[
N1,Iodd

N2,Iodd

]
(13)

Since Npilot pilot symbols are transmitted in each pilot
sequence, the channel can be estimated as Ĥ11,Iodd =
1

Npilot

∑Npilot

n=1

Y1,Iodd(n)

X1,Iodd(n)
, Ĥ21,Iodd =

1

Npilot

∑Npilot

n=1

Y2,Iodd(n)

X1,Iodd(n)
for all odd subcarriers. Similarly, the received signals on the
even subcarriers are given by[

Y1,Ieven

Y2,Ieven

]
=

[
H11,Ieven , H12,Ieven

H21,Ieven , H22,Ieven

][
0

X2,Ieven

]
+

[
N1,Ieven

N2,Ieven

]
(14)

Therefore, Ĥ12,Ieven =
1

Npilot

∑Npilot

n=1

Y1,Ieven(n)

X2,Ieven(n)
and Ĥ22,Ieven =

1

Npilot

∑Npilot

n=1

Y2,Ieven(n)

X2,Ieven(n)
can be obtained. In the second pilot

sequence transmission, similar to the above calculations, the re-
ceived signal can be used to estimate H12,Iodd , H22,Iodd , H11,Ieven ,
H21,Ieven . Consequently, the channel estimation is completed
after the second pilot sequence transmission and the estimated
channel, Ĥk, can be used to separate signals received in the data
sequence transmission.

V. EXPERIMENTAL SETUP

The block diagram of our experimental setup is shown in
Fig. 9. The two signal sequences intended for transmission,
generated using the method described in the above section,
were first obtained offline using Matlab. Subsequently, these
two signals were uploaded into an arbitrary waveform generator
(AWG, Siglent SDG2082X), with each signal occupying one

channel. To drive a LED transmitter, each signal output from
the AWG was first amplified through a power amplifier (Mini-
circuits, ZHL-32A-S) and then superimposed onto a DC signal
using a bias-T (Mini-circuits, ZFBT-4R2GW). As explained, in
this work, we configured a blue LED (Lumileds, LXML-PR02-
A900) and a green LED (Lumileds, LXML-PM01-0100) to
transmit two independent data streams. The red LED (Lumileds,
LXM2-PD01-0050) was directly powered by a DC signal. These
three LEDs were closely placed and soldered onto an aluminium
PCB board (SinkPAD-II, Tri-Star base). To spatially mix the
light emitted from these three LEDs, an optical diffuser was
placed in front of the luminaire.

At the receiver, as shown in Fig. 10, each antenna consisted of
two bent fluorescent fibers and was coupled with an avalanche
photodetector (APD, Thorlabs, APD130 A). The length of each
fiber was considered to be 35 cm. The benefit of considering this
shape of the antenna is that it can receive incident light from most
directions and the antenna is close to omnidirectional [6], [29].
Fig. 10 also shows the appearance of these two antennas when
illuminated by both the blue LED and the green LED. It can be
seen that both antennas fluoresce under the illumination the blue
LED. This is because, as explained in Section II, both antennas
can absorb the emitted light of the blue LED. This allows both
APDs to receive the signal transmitted from the blue LED. Fur-
thermore, it can be seen from Fig. 10(b) that when exposed to the
green LED, the YS-4 fiber becomes transparent, while the R-3
fiber emits red light. This means, as expected, that only one APD
can detect light emitted from the green LED. This observation
intuitively demonstrates why the channel in our WDM system
can be represented as a triangular matrix. Finally, for both APDs,
their output signals were captured using an oscilloscope (DSO,
LeCroy, 204Xi-A). They were then processed offline to recover
the transmitted data.

VI. TRANSMISSION PERFORMANCE

In this section, we analyze the system’s performance by
showing the measured results, including the concentration gain
of the antennas, the estimated channels, the received constel-
lations, and BERs at various illuminance levels. Furthermore,
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Fig. 9. Block diagram of the transmission system.

Fig. 10. Photos of the antennas (a) under blue LED light, (b) under green LED
light.

we highlight the benefits of employing PWC in the system by
comparing the measured results with and without its usage.

A. Concentration Gain

Typically, the gain of an optical concentrator is defined as
the ratio of the collected optical power with and without the
concentrator. However, in VLC systems, the received signal
strength is influenced not only by the number of photons arriving
at the photodetector, which is directly related to the optical power
of the light, but also by the wavelengths of the photons emitted
from the antenna and whether these wavelengths are sensitive to
the used Si photodetector. Consequently, we define the antenna’s
gain as the ratio of received electrical signal strength, measured
in peak-to-peak voltage, with and without the antenna, while
transmitting a 500 KHz sine wave. For the antenna constructed
from YS-4 fibers, we used the blue LED as the transmitter.
In contrast, for the antenna made of R-3 fibers, we used the
green LED as the transmitter. Moreover, the gain was measured
when the antenna was mounted onto a rotation stage (Thorlabs,
RSP1D/M) with a SMA fiber adapter (Thorlabs, SM1SMA) so

Fig. 11. Measured concentration gain by rotating the antennas with different
angles.

that we could measure the gains at different polar angles of the
incident light. Fig. 11 shows the measured results. It can be
seen that the YS-4 antenna and the R-3 antenna provide a gain
of approximately 4.5 and 3.5 respectively. Moreover, the gains
remained the same when the antenna was rotated. Since the gain
is defined as the ratio by which the amplitude of the electrical
signal is amplified, a gain of approximately 4 means that the
power of the received electrical signal is increased by a factor of
approximately 16. This is equivalent to a 12 dB improvement in
SNR compared to using bare photodetectors. According to the
inverse-square law, an increase in signal strength by a factor of
4 means that, to maintain the same signal strength or the optical
power, the transmission distance can be doubled. In practical ap-
plications, higher gains can be achieved through strategies such
as increasing the fiber length [30], employing multiple fibers [6],
improving the coupling efficiency between the fibers and the
APD, or developing fluorescent antennas with a large Stokes
shift since a large Stokes shift can mitigate the self-absorption
effect and also means that the emitted wavelengths are even
longer, making them more sensitive to Si photodetectors.
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Fig. 12. Estimated channel response of four channels when the transmission
sampling rate is 20 MSa/s per channel and the illuminance level at the receiver
is 560 lx.

B. The WDM Channels

Fig. 12 shows the estimated channels using the method de-
scribed in Section IV. In this example, the transmission sampling
rate was fixed at 20 MSa/s and the illuminance level at the
receiver was 560 lx which is associated with a transmission
distance of 0.5 m. In these plots, the channel coefficients as-
sociated with the signal transmitted by the blue LED, denoted
as H11,k and H21,k, have very similar shapes. This is because
both the shapes of these plots are determined by the frequency
response of the blue LED. Also, despite our APDs being more
sensitive to red light than green light,H21,k has lower values than
H11,k due to the significantly lower absorption of blue light in
the R-3 fiber compared to the YS-4 fiber. H12,k and H22,k are
the channel coefficients between the green LED and the two
APDs, respectively. When comparing H12,k with H21,k, it can
be seen that the channel coefficients have very similar values
for the low-frequency subcarriers. However, as the subcarrier
index or frequency increases, H12,k starts to have lower values
compared toH21,k. This difference is attributed to the frequency
response difference between the blue LED and the green LED,
as shown in Fig. 5. The lower bandwidth of the green LED leads
to lower values of H12,k in comparison to H21,k. Finally, since
the YS-4 fiber does not absorb the light emitted from the green
LED, H22,k contains only noise.

C. The Received Constellations

To clearly show the benefits of using PWC in our system, we
present Figs. 13 and 14 to show the received signal constellations
without and with PWC under identical transmission conditions.
In these examples, the constellations were obtained at a transmis-
sion data rate of 4 Mbps per channel and an illuminance level of
560 lx at the receiver. Fig. 13 reveals distinct differences between
the two channels when no PWC is employed. In particular,
Fig. 13(a) shows that the received signal which is transmitted
by the blue LED has a relatively low noise level, resulting in a
BER of 0. On the other hand, Fig. 13(b) show that the signal
transmitted by the green LED is received with a higher noise
level, leading to a BER of 2.13× 10−4. In this case, the overall

Fig. 13. Received 4-QAM constellations without PWC when the data rate is
4 Mbps per channel, (a) the blue LED channel, (b) the green LED channel.

Fig. 14. Received 4-QAM constellations with PWC when the data rate is
4 Mbps per channel, (a) the blue LED channel before I/Q de-interleaving, (b)
the green LED channel before I/Q de-interleaving, (c) the blue LED channel
after I/Q de-interleaving, (d) the green LED channel after I/Q de-interleaving.

BER is 1.05× 10−4. Next, Fig. 14 is presented to demonstrate
how employing PWC can mitigate the imbalance between the
two channels. Fig. 14(a) and (b) show received constellations
after channel equalization but before I/Q de-interleaving is
implemented. Unlike the conventional 4-QAM, the transmitted
constellation contains nine ‘points’ due to rotation and I/Q in-
terleaving used in the PWC encoder. Before I/Q de-interleaving,
it can be seen that the received signal experiences the same per-
formance imbalance. However, this performance imbalance is
significantly mitigated after implementing I/Q de-interleaving,
as demonstrated in Fig. 14(c) and (d) that the two channels have
always identical performance. Notably, in this example, both
channels achieve a BER of 0.

D. Measured BERs

Next, we show the measured BERs when different trans-
mission data rates were considered. In our experiment, the
constellation was fixed at 4-QAM and different transmission
data rates were achieved by varying the transmission sampling
rate. Fig. 15(a) shows the results when no PWC was used and
the illuminance level at the receiver was 560 lx. It can be seen
that, as expected, the data transmitted by the green LED is
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Fig. 15. Measured BERs at different transmission data rates when the illumi-
nance level at the receiver is 560 lx, (a) without PWC and (b) with PWC.

always demodulated with much higher BERs compared to the
data transmitted by the blue LED for all considered data rates.
Moreover, it also shows that the overall BER is dominated
by the performance of the green LED channel. Considering
the 7% FEC limit of 3.8× 10−3, the achievable data rate was
14 Mbps per channel, resulting in an overall achievable data
rate of 28 Mbps. Fig. 15(b) shows the measured results when
PWC was used. It can be seen that the two channels have almost
identical performance. Compared to Fig. 15(a), the achievable
transmission data rate per channel is increased from 14 Mbps to
17.5 Mbps, and this means, by using PWC, the overall achievable
transmission data rate is increased from 28 Mbps to 35 Mbps.

E. Different Illuminances

Also, the system’s transmission performance was measured
by varying the illuminance level at the receiver. This was
achieved by changing the distance between the LED luminaire
and the receiver. In particular, the transmission distance was
increased from 0.5 m to 0.9 m, with each increment being
0.1 m. This caused the illuminance level to change from 560 lx
to 170 lx so that different recommended illuminance levels in
various indoor settings were considered. For each illuminance
level, we measured the BERs at different transmission data
rates and considered both cases without PWC and with PWC.
Fig. 15 shows the result when the illuminance was 560 lx and
Fig. 16(a)–(d) shows the results at illuminances of 390 lx, 280 lx,
220 lx, and 170 lx. As expected, the BER increases when the

Fig. 16. Measured BER vs transmission data rate at different illuminances (a)
390 lx, (b) 280 lx, (c) 220 lx, (d) 170 lx.

Fig. 17. Achievable transmission data rate at different illuminance levels with
and without using PWC.

illuminance level at the receiver changes from high to low. Also,
we can see that, regardless of the transmission data rate and the
illuminance level, using PWC can always result in a lower BER.
Based on the results shown in Figs. 15 and 16, we also obtained
the data rate at which the BER equals the FEC limit for different
illuminances and plot these results in Fig. 17. First, the results
show that increasing the illuminance at the receiver can always
result in a higher transmission data rate. Most notably, the use
of PWC demonstrates a potential improvement of 5–10 Mbps
in the achievable transmission data rate.

VII. CONCLUSION

The use of fluorescent optical antennas in VLC is very promis-
ing way for enhance the transmission performance. This is be-
cause these antennas can achieve both high optical concentration
gains and wide FOVs without conserving the étendue limit. Also,
their short PL lifetime means that they can support very high
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transmission bandwidth. Moreover, since they are also capable
of optical filtering, one very useful application is to employ them
in supporting WDM transmission, which can significantly boost
the data transmission rate. However, two notable challenges
may arise. One is the crosstalk between different transmission
channels, while the other is performance imbalances among the
received data streams. In this paper, we verified these challenges
through constructing a white light-based WDM VLC system,
utilizing LEDs and fluorescent fibers which are all commercially
available products. Moreover, to address the cross-talk effect, we
have proposed a new channel estimation method that allows for
the effective estimation of individual channel matrices for each
OFDM subcarrier. Unlike previous approaches, these channel
matrices not only consider the optical power ‘leakage’ between
different channels but also include the frequency response of
individual transmitters. Another significant contribution of this
work is the incorporation of PWC in the transmission to balance
the performance between the ‘good’ channels and the ‘bad’
channels. We have demonstrated the benefits of using PWC
by measuring the system performance considering a range of
typical illumination levels. The measured results show that
employing PWC can always lead to substantial data rate im-
provements. Future work will involve developing antennas with
even shorter PL lifetimes and testing the performance of these
optical antennas with high-speed micro-LEDs or eye-safe lasers.
Given that the PL lifetime can potentially dominate transmission
bandwidth in such systems, differences in PL lifetimes among
the fluorophores can lead to greater imbalances between chan-
nels. The use of PWC in such systems is anticipated to yield
further benefits.
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