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Abstract—In this paper, we experimentally demonstrate a novel
expanded non-orthogonal multi-band super-Nyquist carrier-less
amplitude and phase (m-ESCAP) modulation for bandlimited
organic visible light communication (VLC) systems. The proposed
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scheme has the same bandwidth requirement as the conventional
m-CAP while breaking the orthogonality between subcarriers by
purposely overlapping them. We compare m-ESCAP with the
conventional m-CAP and a compressed non-orthogonal version
of m-CAP (m-SCAP) in terms of measured bit error rate (BER)
performance, bit rates and spectral efficiencies. We show that the
m-ESCAP system offers improvement in the bit rate of ∼10%
and 20% compared to the m-CAP and m-SCAP, respectively, and
in the spectral efficiency of ∼20% compared to m-CAP. These
gains are achieved at the cost of increased BER, which however
remains below the 7% forward error correction limit.

Index Terms—digital signal processing, multi-band carrier-less
amplitude and phase modulation, non-orthogonal, organic light
emitting diode, visible light communications.

I. INTRODUCTION

THE effective utilization of the transmission bandwidth is
a challenging task in designing future robust high data

rate communication systems. Besides the widely used orthogo-
nal frequency division multiplexing (OFDM) scheme, carrier-
less amplitude and phase (CAP) modulation and its multi-band
variant (i.e., m-CAP) have both been adopted in visible light
communication (VLC) systems recently to support both higher
transmission speed and spectral efficiency [1]–[5]. In addition,
a number of signal processing techniques have been developed
to further improve a VLC system performance, which is
limited predominantly by the inherent modulation bandwidth
of the white light-emitting diodes (LEDs) used as transmitters.
Namely, in spectrally efficient FDM (SEFDM) the individual
subcarriers are squeezed closer together in comparison to
OFDM, thus breaching the orthogonality requirement in order
to save bandwidth in both optical and electrical domains at
the cost of increased receiver complexity due to inter-carrier
interference (ICI) [6], [7]. Contrary to SEFDM, fast OFDM
(FOFDM) maintains the orthogonality between subcarriers
with a spacing of 1/2T , where T is the symbol interval, while
occupying a half of the bandwidth of OFDM, but restricting
the use of symbol alphabets to real-values [8], [9]. In [10],
[11], faster-than-Nyquist (FTN) signaling implemented in the
time domain was reported, which offers improved spectral
efficiency by introducing a controlled level of inter-symbol
interference (ISI) using pulse shaping filters. Moreover, the
improvement in energy efficiency was also reported. Note, a
frequency domain implementation of FTN is also possible as
published in [12].
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As an alternative multi-carrier modulation format to the
aforementioned techniques, m-CAP has recently been inves-
tigated extensively in VLC systems offering higher data rates
and improved spectral efficiency [5], [13]. The working prin-
ciple of m-CAP is based on the splitting the signal bandwidth
into equally spaced sub-bands (or subcarriers), thus reducing
the effect of low-pass frequency response of an LED on indi-
vidual subcarriers [14]. In this context, several new methods to
optimize the system design and enhance its performance have
been successfully reported in the literature. The m-CAP system
where the subcarriers were spaced unequally within the signal
bandwidth was introduced in [15], [16], resulting in improved
achievable data rates (up to 36%) and reduced computational
complexity (80% in terms of real-valued multiplications)
at the cost of marginally increased power requirement. In
[17], the sub-band index CAP (SI-CAP) was proposed with
both spectral and energy efficiency gains over conventional
m-CAP. Akin to SEFDM, reducing the subcarrier spacing
(and hence, the signal bandwidth), purposely overlapping the
subcarriers and violating the orthogonality in the frequency
domain was successfully implemented in super-Nyquist m-
CAP (m-SCAP) as was reported by two separate groups in
[18]–[20]. Without introducing any additional computational
complexity at the receiver, the spectral efficiency gains of 40%
and 25% for 4- and 16-level quadrature amplitude modulation
(QAM) m-SCAP systems, respectively, were experimentally
demonstrated in [19]. In [20], a 2-SCAP 16-QAM system
with a joint multiple-input multiple-output (MIMO) equalizer
at the receiver compensating 5% overlap (i.e., 11% gain in
spectral efficiency) between adjacent sub-bands was proposed
and experimentally investigated.

In [18], [19], we reported the significant bandwidth savings
in m-SCAP VLC. In this paper, we propose the expanded m-
SCAP (m-ESCAP) scheme taking advantages of both m-CAP
and m-SCAP. Here, the redundant bandwidth saved thanks to
the compression of subcarriers is utilized for signal transmis-
sion thus increasing the data throughput. By increasing the
baud rate of individual subcarriers, the total signal baud rate is
improved while the signal bandwidth requirement remains the
same as in conventional m-CAP. However, the orthogonality
between the subcarriers is still infringed to enhance the system
bit rate and the spectral efficiency, which is equivalent to m-
SCAP.

Organic polymer LEDs (PLEDs) are emerging as a com-
plementary alternative to conventional LEDs in VLC due to
their advantages such as ultra-low-cost manufacturing using
wet processing methods, flexible substrates and ability to be
patterned into arbitrary photoactive areas [21], [22]. Organic
LEDs (OLEDs) are increasingly found in high-end display
technologies such as televisions and smart devices, which can
be used for the uplink by intensity modulation of the individual
pixels of the screen. The main challenge facing the widespread
use of this technology in VLC is the relatively low modulation
bandwidth of PLED devices as compared to inorganic LEDs.
This is mainly due to the low charge transport characteristics
of the organic layers, which are significantly lower than for
inorganic semiconductors. To date, transmission data rates
exceeding 50 Mb/s have been demonstrated for OFDM and on-

off keying VLC links using OLEDs and complex equalization
schemes [23], [24].

In this work, we experimentally investigate the performance
of the proposed m-ESCAP system for a highly bandlimited
VLC channel in terms of the transmission data rate, spectral
efficiency and bit error rate (BER). Unlike other published
works on conventional 1-CAP [4], [25] and m-CAP [5],
[13], [26]–[28], we compare the system performance with the
conventional m-CAP [13] and super-Nyquist m-SCAP [19]
using the same experimental test-bed to clearly emphasize
the benefits and drawback of the new system. [19], using
the same physical setup to clearly emphasize the benefits and
drawbacks of the new system. We report that the m-ESCAP
scheme supports both higher data rate and spectral efficiency
compared to the conventional m-CAP at the cost of increased
BER. Compared to the m-SCAP system, the improvement
in measured data rates is also shown, however, at the cost
of slightly decreased spectral efficiency and increased BER.
Moreover, the newly proposed scheme does not introduce any
additional computational complexity and hence can be adopted
in bandlimited VLC systems including organic and inorganic
devices.

A full system engineering approach, from materials to
communication systems, was followed in this work to design
the organic VLC link — the design and generation of novel
semiconductors and materials [29]–[31], using such materials
in the construction of organic optoelectronic devices [32],
[33], optoelectronic circuit design [34], [35], communication
systems design and signal processing [7]–[9], [13], [19], [27].

The paper is organized as follows. The PLED fabrication
process and its electrical characteristics together with the
experimental test-bed are described in Section II. The mea-
sured results and discussions are given in Section III. Finally,
conclusions are drawn in Section IV.

II. SYSTEM UNDER TEST

A. PLED Fabrication Process and Characterization

The polymer-based device used in this work was fabri-
cated in a nitrogen-filled glovebox by sandwiching a 100
nm active polymer layer between a transparent prepatterned
oxygen plasma-treated indium-tin oxide anode (OSSILA Ltd)
[29] covered with a 40 nm layer of hole-injecting poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS,
Heraeus CleviosTM AI 4083), and a thermally evaporated
calcium/aluminum (30/200 nm) metal cathode. We deposited
both the PEDOT:PSS interlayer and the active polymer (PIDT
2TPD), whose chemical structure and synthesis we reported
recently [30], [31], via spin-coating from solution, following
the same procedure used in [30], [36]. The PLEDs consisted
of six independent pixels, each with a photoactive area of 4.5
mm2. To prevent the oxidation of the emissive polymer and
calcium layer, and therefore to enable us to operate the PLEDs
in air, we encapsulated them by covering the metal contacts
and the active area with a layer of epoxy resin (OSSILA Ltd)
and a protective glass slide (OSSILA Ltd). The glue was then
cured by exposing the PLEDs under UV light for 15 minutes
in the glovebox.
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Fig. 1. Electrical characteristics of the PLED: (a) the L-I-V curve, (b) the
emission spectrum (peak at ∼640 nm) and (c) the rise time.

The luminance-current-voltage (L-I-V) curve of the PLED is
illustrated in Fig. 1(a). Considering the dc bias current Ib of 20
mA and 4 V peak-to-peak signal swing (see details in the next
section), the PLED was driven in its pseudo-linear operating
region within the current range of ∼10–30 mA, thus ensuring
optimal performance of the system under test. The PLED
normalized emission spectrum with the electroluminescence
peak at ∼640 nm and the measured rise time tr are shown
in Figs. 1(b) and (c), respectively. From Fig. 1(c) tr = 691
ns and the 3-dB modulation bandwidth of the PLED is ∼500
kHz.

B. Experimental Setup

1) Transmitter: The schematic block diagram of the pro-
posed system is illustrated in Fig. 2. An independent pseudo-
random binary sequence (PRBS) Dm of length 105 was
generated for each subcarrier and mapped onto the M-QAM
constellation alphabet with the modulation order M = 4.
The signal was up-sampled (’UP’ in Fig. 2) by means of
zero-padding based on the number of samples-per-symbol
Ns = Osd2m (1 + β)e, where the oversampling factor Os = 4
without any loss of generality, d·e is the ceiling function and β
is the excess bandwidth parameter of the pulse shaping filters
at the transmitter and receiver (see Fig. 2). After splitting
the signal into its real (in-phase) and imaginary (quadrature)
components, pulse shaping filters are applied. The filters
impulse responses are given as the product of square-root

M-QAM UP REAL

IMAG

RES
CPE DOWNM-QAM

PD

PLED

LENS

DRIVER
+ AMP

BER

Fig. 2. The experimental setup of the proposed m-ESCAP system.

raised cosine (SRRC) filter with a cosine (in-phase) and a
sine (quadrature) wave for individual subcarrier n as given by
[18], [19]:

pnI (t) =

 sin [γ (1− β)] + 4β t
Ts

cos (γδ)

γ
(
1−

(
4β t

Ts

)2 )
cos (2πfnc t) (1)

pnQ (t) =

 sin [γ (1− β)] + 4β t
Ts

cos (γδ)

γ
(
1−

(
4β t

Ts

)2 )
sin (2πfnc t) (2)

where Ts is the symbol duration, γ = πt/Ts and δ = 1 + β.
Clearly, the carrier frequencies fnc of individual subcarriers are
determined by the impulse responses of pulse shaping transmit
filters as:

fnc = Bs (1 + α)

(
1

2m
− (n− 1) (1 + αm−m)

m (m− 1)

)
(3)

where Bs is the bandwidth of transmitted signal, recalling m is
the total number of sub-bands and the subcarrier index is given
by n = 1, 2, . . . ,m. Note, Bs for m-ESCAP and conventional
m-CAP are the same whereas in m-SCAP the utilized Bs is
reduced by α. To improve the data rate while maintaining the
same Bs, the individual sub-bands must be expanded, which
is achieved by increasing baud rates of the subcarriers, thus
resulting in overlapping between them. The subcarrier baud
rate for m-ESCAP is given as:

Rs,sub =
Bs (1 + α)

m (1 + β)
(4)

The concept of the proposed scheme is best illustrated using
the frequency spectrum as shown in Fig. 3 for m = 2 and
α = 20%. As can be seen, the bandwidth occupied by m-
SCAP (dashed line) is reduced by α in contrast to m-ESCAP.
On the other hand, the increased Rs,sub in m-ESCAP leads
to the higher bandwidth requirement (equal to that of conven-
tional m-CAP) while still breaking the orthogonality between
subcarriers. Note, the factor α is used interchangeably to
indicate signal modification, either for bandwidth compression
(m-SCAP), or for the bandwidth expansion (m-ESCAP) when
discussing either format.

Finally, the generated signal is expressed by:

s(t) =
m∑
n=1

(
snI (t) ∗ pnI (t)− snQ(t) ∗ pnQ(t)

)
(5)
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Fig. 3. The ideal spectra of the transmit filters of 2-ESCAP system with
α = 20% (solid line) showing the full bandwidth allocation and overlapping
between the sub-bands (depicted in blue and red). For a comparison, m-SCAP
system is also shown (dashed line).

where snI (t) and snQ(t) are in phase and quadrature compo-
nents of the M-QAM signal for the nth subcarrier, respectively
and ∗ denotes the time domain convolution. The output signal
with the sampling frequency fs = Rs,subNs was loaded into a
Tektronix AFG90002A arbitrary waveform generator (AWG)
the output of which was amplified by 4 times to 2 V ac using
a Texas Instruments THS3202 current-feedback amplifier and
then dc level shifted by 20 mA prior to intensity modulation of
a red PLED (see Fig. 1(a)). The bandwidth of the link was set
to 500 kHz (equal to the modulation bandwidth of the PLED,
see tr = 691 ns in Fig. 1(c)) to ensure no high-frequency
attenuation of the subcarriers and the dominant noise source
tested is the ICI between sub-bands.

2) Receiver: At the receiver, a fixed gain Thorlabs
PDA10A2 optical photodetector (with mounted focusing as-
pheric lens with a focal length 4.51 mm) with a tran-
simpedance amplifier was placed at a 5 cm distance from
the transmitter. Note, the short transmission range is due to
the limited output power of the PLED. The output of the
optical receiver was captured using a real time oscilloscope
Tektronix MSO80604B at a sampling frequency of 62.5 MHz
and saved for data processing in MATLAB. The signal was
resampled to match the original sampling frequency (’RES’)
and passed through the time-reversed receiver filters following
gnI (t) = pnI (−t) for the in-phase and gnQ(t) = pnQ(−t) for the
quadrature components of the signal, respectively. Next, the
signal was down-sampled (’DOWN’) and a common phase
error (CPE) correction algorithm was applied on the received
constellations. Finally, the M-QAM symbols were recovered
and BER of the VLC link was determined by comparing the
transmitted and regenerated (i.e., estimated) bits Em.

Note, the proposed system under test is designed with the
signal bandwidth equal to the PLED bandwidth. Unlike OFDM
using a cyclic prefix (CP) to combat ISI, in m-CAP ISI is
limited and controlled by the excess energy factor of the
pulse shaping and matched filters. In addition, no equalizers

are utilized to investigate the fundamental performance of the
proposed scheme. The main interference is the ICI (generated
by the non-orthogonal subcarriers), which can be minimized
by utilizing a hybrid iterative and sphere decoder at the cost
of increased receiver complexity as in [7].

III. RESULTS AND DISCUSSION

In this section, the measured results are given and discussed,
recalling the parameters used in experiments were: m = 10,
M = 4, β = {0.1, 0.5}, α = {10, 20, 30, 40}% and Bs = 0.5
MHz. Note that, the parameters adopted here are based on
the results reported in our previous works: α and β values
are selected based on our previous studies reported in [18],
[19], [27], while for m > 10 only marginal performance
improvement is achieved as shown in [5], [14]. All the systems
including conventional m-CAP, m-SCAP and m-ESCAP are
compared in terms of BER, bit rate Rb and spectral efficiency
ηse.

The measured BER as a function of the compres-
sion/expansion level α for the systems under test is illustrated
in Figs. 4(a) and (b) for β = 0.1 and 0.5, respectively. For
β = 0.1, m-SCAP outperforms m-ESCAP in terms of the BER
by approximately one order of magnitude for α = 10%, while
for higher values of α, both schemes show similar results. This
is because the m-ESCAP signal has slightly higher bandwidth
requirement and hence experiences additional attenuation com-
pared to m-SCAP system. Note, for α ≥ 20% the ICI is
dominant compared to the noise and similar BERs are reported
as in [19]. Note the sharp increase in the BER for α > 10%
is mainly due to the lower value of β (i.e., reduced excess
bandwidth and steeper frequency response of individual pulse
shaping filters). Both systems support data transmission with
a BER below the 7% forward error correction (FEC) limit
of 3.8 · 10−3 for α = 10%, where Rb and ηse are 1 Mb/s
and 2 b/s/Hz, respectively, for m-ESCAP. For the same α,
ηse is 2.02 b/s/Hz for m-SCAP, however the overall Rb is
reduced by about 10% to 0.91 Mb/s with the advantage of
marginally improved BER performance. The insets display the
constellation diagrams of the 1st subcarrier for both systems
in their respective colors for α = 10%.

For β = 0.5, the BER performance of both systems is de-
picted in Fig. 4(b). The m-SCAP scheme supports transmission
with BERs below the 7% FEC limit for α up to 30% (i.e., error
free for α = 10% and 20%) with the measured Rb of 0.67
Mb/s and ηse of 1.9 b/s/Hz. In contrast, m-ESCAP can support
BERs below 7% FEC for α ≤ 20% offering Rb and ηse of 0.8
Mb/s and 1.6 b/s/Hz, respectively. Note that, the gain in Rb

of ∼19% is achieved at the cost of reduced ηse (i.e., by about
16%) and BER performance. In both schemes, the achievable
value of α is enhanced in comparison to the previous case
(i.e., β = 0.1) since a higher excess bandwidth is utilized,
acting as a guard band and therefore reducing the effect of
the ICI on the transmitted signal. Thus, a larger overlapping
between subcarriers can be supported. Considering α = 30%,
the BER of m-ESCAP is decreased however still remains
below the 20% FEC limit, thus supporting Rb of 0.87 Mb/s
(∼30% improvement in comparison to m-SCAP) and ηse of
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Fig. 4. The measured BER perofrmance of m-SCAP and m-ESCAP systems
for a range of α and for: (a) β = 0.1, and (b) β = 0.5. Inset are the
received constellation diagrams of the 1st subcarriers for both systems in their
respective colors for: (a) α = 10% and (b) α = 20%.

1.73 b/s/Hz (∼9% deterioration). The received constellation
diagrams of the 1st subcarriers in both systems under test for
α = 20% are shown in the inset in Fig. 4(b).

Next, we compare the proposed scheme with the conven-
tional orthogonal m-CAP system with no compression (i.e.,
α = 0%). For β = 0.1 and α = 10%, the measured improve-
ment of ∼10% in both Rb and ηse for m-ESCAP scheme is
reported compared to conventional m-CAP (Rb = 0.91 Mb/s
and ηse = 1.82 b/s/Hz). With higher excess bandwidth (i.e.,
β = 0.5) and α = 20%, Rb and ηse are enhanced by about
∼10% and 20%, respectively, in comparison to Rb = 0.67
Mb/s and ηse = 1.33 b/s/Hz supported by the orthogonal
scheme. In each case, the measured improvement comes at
the cost of higher BER as expected.

The summary of the measured Rb (solid lines) and ηse
(dashed lines) of all the systems under test against α for
β = 0.1 and 0.5 is depicted in Figs. 5(a) and (b), respectively.
Also shown are the 7% FEC BER limits (black dashed line).
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Fig. 5. Measured bit rates (solid lines) and spectral efficiencies (dashed lines)
of the tested systems with highlighted 7% FEC BER target for a range of α
for: (a) β = 0.1 and (b) β = 0.5.

Next, we investigate the signal-to-noise and interference
ratio (SNIR) performance of the proposed schemes against
individual subcarriers as depicted in Figs. 6(a) and (b) for
β = 0.1, α = 10% and β = 0.5 and α = 20% and 30%,
respectively. The SNIR is determined from the measured root
mean square error vector magnitude (EVM) from the captured
constellation diagrams as given by [37]:

SNIR =
1

EVM2
rms

(6)

For β = 0.1, the measured SNIR of both m-SCAP and
m-ESCAP systems for α = 10% is significantly decreased
compared to the conventional m-CAP as expected due to the
ICI, particularly in the center sub-bands, which experience
interference from either side. For instance, at n = 5, the
SNIR values are dropped by ∼6 dB and 4.5 dB for m-ESCAP
and m-SCAP, respectively, compared to m-CAP, see Fig. 6(a).
Moreover, m-ESCAP shows the lowest SNIR requirement (i.e.,
an average of 10 dB) with a 1 dB power penalty for sub-
bands n = 1-6 which increases to > 3 dB for n = 7-10. The
SNIR degrades with increasing n due to the higher bandwidth
requirement of the proposed system in comparison to m-
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Fig. 6. The measured SNIR performance for individual subcarriers for (a)
β = 0.1, α = 10% and (b) β = 0.5, α = 20% and 30%. The conventional
m-CAP system (green solid line) is shown as a reference.

SCAP. A similar trend is observed in Fig. 6(b) for β = 0.5
and α = 20% and 30%. The measured values correspond
to the BER performance illustrated in Fig. 4(b). For higher
compression levels (i.e., α = 30%), the SNIR is severely
reduced and ICI becomes the dominant term causing the link
performance degradation. Note, for α = 20% and 30% the
measured SNIR values are marginally improved for n =1 and
10 since they interfere with only a single adjacent subcarrier.

IV. CONCLUSION

In this paper, we proposed and experimentally verified
the m-ESCAP modulation scheme for a highly bandlimited
organic VLC system, which utilizes non-orthogonal subcarri-
ers for signal transmission having the bandwidth requirement
equal to that of traditional m-CAP. Due to the low PLED
bandwidth, improving spectral efficiency is an important step
toward achieving high data rate links. We demonstrated gains
in the measured bit rate and spectral efficiency of ∼10% in
comparison to m-CAP. The bit rate was also improved (by

nearly 20%) when compared to m-SCAP scheme, however loss
in the spectral efficiency needs to be expected. For all the gains
reported BER was kept below 7% FEC limit. The comparison
of several m-CAP based VLC systems is the focus of future
work while optimizing the systems performance using bit- and
power-loading algorithms.
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