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Abstract: In the paper, an experimental comparison of pulse amplitude, carrierless
amplitude—phase, and discrete multitone modulations is carried in a visible light commu-
nications link employing white phosphorescent light-emitting diode (LED) as a trans-
mitter. By changing the modulation index, the influence of LED nonlinearity on the
performance is studied. The results indicate similar performance of pulse-amplitude
modulation (PAM) and carrier-less amplitude—phase (CAP) (with a slight advantage of
the former) and substantially worse performance of DMT.

Index Terms: Visible light communications, light-emitting diodes.

1. Introduction

Visible light communications (VLC) with use of white lighting light emitting diodes (LED) as
transmitters is considered an attractive alternative to radio transmission in personal communica-
tions or within the pico-cells of the 5G mobile standard [1]-[3]. Among different lighting LEDs,
the cheapest and most popular are chips emitting blue light covered with a phosphorescent
layer, that converts the blue light into yellow component, which together with the blue one gen-
erates white spectrum. The process of yellow light generation at the phosphorescent layer has
a substantially higher time constant than the chip itself and hence a blue filter is typically used
at the receiver to eliminate this slow component and reduce the inter-symbol interference (ISI).
However, the level of ISI even with the blue filter remains high, and advanced modulation
formats with aid of a serious amount of digital signal processing (DSP) are needed to achieve
competitive bit rates. Usually, three modulation formats of the highest efficiency in direct-
detection short-reach links are considered, namely, pulse amplitude modulation (PAM), carrier-
less amplitude—phase (CAP) and discrete multitone (DMT). In all cases, data rates in excess of
1 Gbit/s has been achieved under typical intra-office lighting conditions [4]-[6]. However,
according to our knowledge, those three modulations have never been directly compared at the
same experimental conditions, with a phosphorescent white LED acting as a transmitter. In this
paper, we aim at filling this gap. So far, similar studies have been carried out in polymer optical
fibers (POF) [7]-[9], and also for RGB lighting LED [10], with the conclusion that DMT is consid-
erably less efficient than PAM or CAP, which present a comparable performance. However, due
to severe nonlinearity of the LED, this comparison is more difficult in the VLC link and must be
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Fig. 1. (a) Diagram of the experimental set up. (b) Detail of the test object used.

done for various levels of the modulation index. The nonlinear behavior of LEDs output power
as a function of modulating current is a well-known phenomenon, which is caused mostly by
thermal effects. A higher modulating current increases the junction temperature and decreases
the efficiency of electrical to optical conversion efficiency [11].

We restrict our analysis to a case, where neither polynomial precompensation nor nonlinearity
counteracting algorithms are employed (like Volterra Equalizer for CAP or PAM [12], or different
methods for DMT [13]). The efficiency of these should be a subject of a further study. The paper
is organized as follows. First, we describe the experimental setup, then we outline the genera-
tion and reception of different modulation formats. Finally, we show the experimental results and
discuss them.

2. Experimental Setup

A block scheme of the experimental setup is shown in Fig. 1(a), and a photograph of it is shown
in Fig. 1(b). The signal of different modulations was first generated offline by a Matlab program
and uploaded to the memory of the arbitrary waveform generator (AWG), which in turn modu-
lated a commercially available visible light (Osram LE UW Q9WP-single LED source) LED via a
specially designed driving circuit. The LED was biased at 500 mA as for this value the best per-
formance was observed. The amplitude of the signal, which modulated the LED was set using
external coaxial attenuators. The modulation index defined as MI = (fnax — fnin)/(fmax + nin)
changed in the range from below 20% to 100% for 16 to O dB of external attenuation, respec-
tively. Obviously, for the highest indices analog clipping of the signal was present. The photo re-
ceiver (p-i-n photodiode Hamamatsu S5972 of 0.8 mm diameter connected to the
transimpedance amplifier TIA MAX3665) was equipped with a convex lens of 3 cm diameter
and 40 mm focal length, and an optical low pass filter with cutoff wavelength at 480 nm to sup-
press the low-speed light component generated by the phosphor layer. The distance from the
LED to the lens was 30 cm, which corresponded to the luminous flux at the lens aperture of 750
Lux. The received signal was fed to digital sampling oscilloscope (LeCroy 204MXi), recorded
there, and the further processing took place off line [see Fig. 1(a)]. We decided to study two
bitrates: 300 Mbit/s and 450 Mbit/s, which were well below the capabilities of the setup
(which allowed for above 1 Gbit/s transmission [6]), but provided a sufficient power margin to
conduct a fair comparison of the schemes. A comparison at higher bit rates (e.g., 600 Mbit/s)
would require increasing the illumination level.

To compare different modulations, two signal amplitude normalization methods are possible.
In the first one, the amplitudes of the signals are normalized to their peak values, which results
in different signal powers, depending on their peak to average power ratios (PAPR). In the
second one, which was applied here, the (electrical) powers of all the modulating signals are
equal. This results in different peak amplitudes for different modulations. As the PAPR is the
highest for DMT, its amplitude was set to unity and amplitudes of signals of the remaining mod-
ulation formats were reduced to have the same (electrical) power as the DMT signal. The ampli-
tude coefficients were set both at the AWG and using external attenuators.
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Fig. 2. (a) LED output power versus bias current with the fitted second-order polynomial. (b) Fre-
quency response of the link measured for 500 mA bias current.
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Fig. 3. Spectra of transmitted signal of different modulations for 300 Mbit/s. (a) PAM. (b) CAP. (c) DMT.

The frequency response of the setup [shown in Fig. 2(b)] exhibits the 3 dB bandwidth (with blue
filter) of 12 MHz. The static nonlinearity characteristics of the transmitter was measured for vari-
able bias current [shown in Fig. 2(a)] is typical for lighting LEDs (e.g., [14, Fig. 2] and [15, Fig. 2]).

2.1 Pulse Amplitude Modulation

The PAM signal consisted of 100 k randomly generated symbols with two or four amplitude
levels (for PAM-2 and PAM-4, respectively). The symbols were oversampled with a factor of 2 to
subsequently perform root raised cosine (RRC) filtering [16], where the roll-off parameter of the
filter was a = 0.2. The spectrum of PAM is shown in Fig. 3(a). After transmission, the signal from
the oscilloscope was resampled and filtered with the transmitter matched filter. Next, downsam-
pling and symbol-spaced decision feedback equalization (DFE) took place. The equalizer had
30 feed forward and 10 backward taps and the recursive least squares (RLS) algorithm has been
used for adaptation of its coefficients. The first 1500 symbols of the data signal were used for the
training sequence. Finally, error vector magnitude (EVM) and bit error rate (BER) were calculated.

2.2 Carrierless Amplitude—Phase

The CAP signal consisted of 50k symbols with two and four amplitude levels, which taking
into account that CAP is a 2-dimensional scheme corresponds to CAP-4 and CAP-16. The sym-
bols were mapped into the inphase and quadrature components, upsampled with a factor of 4
and convolved with the transmission filters, which are [16]

ai(t) = g(t)cos (27rfs1 ‘o t) (1)
and
da(t) = g(t)sin (2wfs1 pt t) @)

for the inphase and quadrature components, respectively, and where g(t) is the RRC filter hav-
ing roll-off factor «. The baud rate (f;) for CAP signal was half of the PAM baud rate so that the
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throughput of both modulations with the same level number was equal. The spectrum of CAP is
shown in Fig. 3(b). Due to the shift towards higher frequencies (for « > 0) the CAP signal oc-
cupies higher bandwidth than corresponding PAM signal of the same roll-off, number of levels
and bit rate. After transmission the signal was resampled, filtered with transceiver filters and
downsampled to the symbol rate. The DFE, its convergence algorithm and training sequence
length was the same as in PAM case, with the only difference that now it is a complex equalizer
(with 2 x 4 filters) [17].

2.3 Discrete Multitone

DMT is a variant of orthogonal frequency division multiplexing (OFDM), which applies Hermi-
tian symmetry to the transmitted symbols to yield a real-valued time-domain signal and hence is
well suited to low-pass channels such as VLC. The DMT signal in the experiment consisted of
126 subcarriers (and the FFT size of 256), and the length of the cyclic prefix (CP) was 30 sam-
ples. The number of DMT symbols was 2000 to ensure roughly the same data volume as in the
two previous modulations. The clipping level was set at the level of about 11 dB, which is typical
for this modulation [7]. A single tap phase/amplitude equalizer was used at the receiver to follow
the constellation rotation due to the lack of the synchronization between the transmitter and
receiver. After the initial training over 50 symbols this equalizer operated in decision-directed
mode. The frequency of the highest subcarrier was 150 MHz regardless the bitrate. Fig. 3(c)
shows example spectrum of a DMT signal with even powers of all subcarriers. Before the actual
transmission, EVM and SNR for different subcarriers were estimated using a training signal hav-
ing all subcarriers loaded with quadrature amplitude modulation (QAM-4). Next, the bit and
power loading has been done using a slightly modified Fischer's algorithm [18]. This procedure,
given the target bit rate and SNR in the subcarriers, loads the bits to minimize the BER.
Although the BER can be estimated directly from the algorithm, the signal with the new bit and
power loading was generated once again and transmitted for verification. Example bit and
power loading along with the measured BER and constellations are shown for 300 Mbit/s trans-
mission in Fig. 4.

3. Results and Discussion

The comparison of modulations BER performance vs. bit rate for 300 Mbit/s is shown in Fig. 5.
The BER behavior is typical for a system with nonlinearities. For high signal powers (low attenu-
ation) the nonlinearity is the primary cause of signal distortion. Thus, when attenuation is in-
creased, the nonlinearity influence is relaxed and BER decreases for any modulation. However,
if the signal power is decreased too much, the noise influence increases and BER rises again.
The results can be analyzed in two different regions. In the first one, the performance is limited
by nonlinear distortions. This region extends for the attenuation range of 0—7 dB for 2 level PAM
and CAP and for approximately 0—10 dB for 4 level PAM and CAP and DMT. The second region
(linear region) is for respectively higher attenuation values and here the dominating source of in-
terference is the receiver noise. At the intersection of the two regions all the modulations exhibit
minimum BER. This behavior is also confirmed in the eye and constellation diagrams, which are
shown in Fig. 6 for three different attenuation levels. For 3 dB attenuation a significant amount
of nonlinear distortions is observed, which manifests by asymmetry and unequal spacing be-
tween the amplitude levels for PAM-4. In CAP, the symbols with higher distance from the con-
stellation center are more distorted, and as the P-I curve has a different slope for low and high
currents, asymmetry of the distortion is also visible. For 16 dB attenuation, the diagrams are dis-
torted mostly by the noise. For 7 dB attenuation (corresponding to the MI of app. 58%) the dia-
grams show performance close to optimum. It should also be noted that received power at
minimum BER for PAM-2 and CAP-4 was higher than for the remaining modulations (as it corre-
sponded to a lower attenuation), which also explains their better performance. These results
confirm a quite intuitive fact that 2 level modulations are more immune to nonlinearity then mod-
ulations with higher number of levels. The optimum attenuation level for DMT was similar as for
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Fig. 4. Power loading, bit assignment, and BER vs. subcarrier number and exemplary received con-
stellations for 300 Mbit/s DMT transmission with 7 dB attenuation.
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Fig. 5. BER vs. modulating signal attenuation for 300 Mbit/s (a) and 450 Mbit/s (b).

CAP-16 and PAM-4. This also suggests a lower immunity of multicarrier modulations to nonline-
arity. The second conclusion from Fig. 5 is that the 2-level modulations performed better than
the 4-level. Obviously, this is partially caused by the mentioned immunity to nonlinearity and could
be reversed for higher bit rates, where the equalization penalty might dominate over the multi-level
penalty. At some point, this happens for 450 Mbit/s [see Fig. 5(b)] in the linear range. Based on these
two figures, we can also conclude that PAM-2 performance was clearly better than CAP-4, although
CAP-16 and PAM-4 behaved quite similar (with a slight advantage of CAP-16). Finally, the DMT per-
formance was substantially worse than the performance of 2-level modulations.

The influence of nonlinearity on the DMT modulation is readily seen in Fig. 7, where values of
signal to interference + noise ratio (SINR) are calculated based on EVM for each subchannel.
For a high attenuation (e.g., 16 dB), the power of the DMT signal is the least, and the system
performance is limited by receiver noise, and the SINR approximately follows the frequency re-
sponse of the link [shown in Fig. 2(b)]. For a low attenuation (e.g., 3 dB), the power of the signal
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Fig. 7. Estimated SINR versus DMT subcarrier number for various attenuator levels [dB] (given in
the legend) and 300 Mbit/s transmission.

is the greatest, which reduces SINR for low frequency channels due to nonlinearity. However,
the high frequency channels SINR is boosted, as the increase of the signal power prevails over
the nonlinear distortion. This is because of the low signal power for these channels. In effect, for
high signal power (low attenuation) the value of SINR is roughly the same for all channels, ex-
cept for those close to the cut off frequency.

The worse performance of DMT in the presence of non-linear distortions as compared to
2-level PAM ad CAP modulations may be explained by studying their amplitude probability
density functions (PDF). If we consider the static nonlinearity only [see Fig. 2(a)], the powers of
second, third and higher order distortions are given by higher order moments of the modulating
signal, i.e., my = E(x*), mg = E(x®) for the second- and third-order distortions, respectively.
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The DMT modulation has a Gaussian PDF, and therefore, it has greater values of high order
moments, thus it generates higher levels of nonlinear distortions. The CAP and PAM PDFs are
more compact and therefore they generate lower levels of nonlinear distortions.

To validate this theory, we performed careful calculations of SINR, taking into account actual
PDFs of the modulations and the static nonlinearity shown in Fig. 2(a). If there is no additive
noise in the system, the SINR can be defined as

Plin
Pnlin ( )
where the power of useful signal is
Pio = [ e(x— xias) P (x) e @

—00

and where a is the slope of the P-I curve f(x) at Xpias, and pdf(x) is the amplitude probability
density function of the modulation. It is noted that modulation PDFs are symmetrical against 0.
In a similar way, the power of the nonlinear distortion is

o0

Priin = / (f(X — Xpias) — a(x — xb,-as))zpdf(x)dx. (5)

—00

PDFs of different modulations were derived analytically [19]. The results indicate that for the
same modulating power, the SINR for DMT is 3-5 dB lower than for PAM-2 (see Fig. 8). This
figure also explains the worse operation of 4-level modulations, although based on this theoret-
ical calculation of SINR a bit better operation of PAM-4 could be expected in the experiment.
Finally, CAP-4 and PAM-4 exhibit similar SINR for the same signal power level (see Fig. 8).
However, as it comes to BER, CAP-4 is much better as its constellation points are further apart
than in PAM-4.

4. Conclusion

In this paper we have experimentally compared three advanced modulation formats in a trans-
mission link employing a white lighting LED with phosphorescent layer. As the LED introduces a
significant level of nonlinear distortions, the performance was compared as a function of the
modulating index, whereas in a fairly linear link such as POF [7]-[9], the power efficiency of a
modulation (low PAPR) is the key factor, in the VLC link studied in this paper, it is the immunity
to nonlinear distortions that determines the final performance. The results indicate that 2-level
PAM and CAP modulations exhibit better immunity to nonlinear distortions and allow for lower
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BER than their 4-level counterparts. The operation of PAM-4 and CAP-16 was similar to DMT.
The lowest BER was achieved with PAM-2.
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