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Abstract— Multi-Gb/s visible light communication is 

demonstrated using a commercial off-the-shelf resonant-cavity 

light emitting diode, which is originally rated for 150 Mb/s. By 

applying analog frequency response equalization and multi-

carrier modulation schemes, a transmission capacity of up to 4.3 

Gb/s is obtained over a single wavelength in a close-proximity 

scenario. Nyquist-shaped multi-band modulation and orthogonal 

frequency division multiplexing are applied with high spectral 

sub-carrier efficiencies of up to 8 bits/symbol. The transmission 

rate is experimentally investigated as a function of the loss budget 

and further related to link reach based on free-space 

measurements under clear weather conditions. Analog signal 

transmission is also validated using real-time signal 

(de-)modulation with a high-definition video payload. We further 

demonstrate that on-off keying in combination with simpler 

baseband modulation can be facilitated for data rates of up to 

750 Mb/s. This proves that commercially available light emitting 

diodes can serve as versatile low-cost transmitter. Finally, the 

joint transmission of energy and data has been validated. A 

power feed with an irradiance of 240 W/m2 is experimentally 

shown to enable a remotely supplied optical burst receiver for 

periodic access to Gb/s data rates. 

 
Index Terms— Optical transmitters, Free-space optical 

communication, Visible light communication, Light emitting 

diodes, Modulation, Energy harvesting 

 

I. INTRODUCTION 

IRELESS CONNECTIVITY has become the most 

important sector of telecommunications. Radio 

frequency (RF) technology has rapidly evolved during the past 

decades and has undoubtedly secured its prevalence in this 

field; however, limitations apply in certain cases such as harsh 

environments, backhaul links seeking for high transmission 

capacity or spectrally over-occupied regions. The 

incomparably low data rates of purely RF-based systems 

alongside with high latency, low energy efficiency and lack of 

security of RF-based access are propelling optical wireless 

links [1]. Moreover optical free-space communications do not 

suffer from spectral exhaustion, regulation or electro-magnetic 
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interference phenomena as it applies to RF-based 

communications. The latter result from the typically strong 

confinement of optical signals in terms of beam divergence 

and the line-of-sight prerequisite for optical links, which 

further enhances the security of such communication channels. 

Although optics has the potential to outperform wireless 

technology with respect to the aforementioned impediments, it 

is apparently associated to high cost. 

Impressive strides have been made during recent years in 

order to demonstrate economically viable opto-electronic 

transceiver components. Latest research work has recently 

demonstrated 5 Gb/s transmission using a tailored light 

emitting diode (LED) prototype and multi-carrier formats 

employing high spectral efficiencies per sub-carrier [2] or 

multi-level signals and exhaustive electronic equalization [3]. 

Higher data rates towards 10 Gb/s can be facilitated by means 

of wavelength division multiplexing as shown with up to four 

emission wavelengths [4-6], while laser-based visible light 

communication is anticipated to deliver massive capacities 

well beyond 10 Gb/s [7-11]. 

In this work we experimentally demonstrate high data-rate 

transmission in short reach applications using commercial 

LED technology. For the first time, 4.3 Gb/s connectivity is 

achieved with an off-the-shelf resonant-cavity LED rated for a 

data rate of 150 Mb/s according to its nominal bandwidth 

resulting from expected process variations during 

manufacturing. We further show that simple on-off keying at 

750 Mb/s and analog signal transmission of multi-carrier 

signals can be achieved, which is evidenced by real-time 

transmission of high-definition video payloads. Moreover, the 

extension to remotely powered optical reception terminals at 

such high data rates is experimentally demonstrated for the 

first time. 

The manuscript is organized as follows. Chapter II 

characterizes the LED device as key element in the optical 

link. Chapter III highlights the methodology used for 

experimental performance evaluation, for which results are 

presented in Chapter IV. The joint transmission of energy and 

data for remote powering of the optical receiver is discussed in 

Chapter V. Finally, Chapter VI draws the conclusions. 

II. CHARACTERIZATION OF RESONANT-CAVITY LED 

AS DIRECTLY MODULATED OPTICAL TRANSMITTER 

Laser technology has matured during the past years and has 

fertilized a variety of telecom and datacom applications 
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building on opto-electronic conversion. The coherent light 

source with its high photon flux, narrow emission spectrum 

and high coupling efficiencies poses an ideal transmitter for 

high data rate applications. However, the vulnerability to 

optical back-reflections and other phenomena of free-space 

channels, such as scintillations, puts incoherent light sources 

into the spotlight. LEDs not only provide a low-cost 

alternative with high lifetime but are also far less susceptible 

to propagation effects in free-space channels. Originally 

destined for illumination purposes in the visible-light range, 

re-use of lighting equipment is thinkable for in-door 

communication purposes in the low Gb/s range [4, 5]. Visible 

light can further ease pointing between transmitter and 

receiver while its incoherence contributes to eye safety. The 

use of the visible wavelength region also allows for cost-

effective silicon detector technology. On the other hand, the 

applicability of LED technology for fiber-based 

communication systems is impaired by the low fiber coupling 

efficiency of incoherent light sources [12]. Besides, the wide 

emission spectrum of LEDs leads to modal dispersion under 

fiber-based channels, therefore limiting the transmission 

capacity to values far below these offered by laser-based 

sources.  

A compromise can be found with the resonant-cavity LED 

(RCLED) as it was briefly introduced in a recent work [13]. 

By introducing a resonator structure while keeping the 

reflectivity small enough not to cause operation as laser, both 

a narrow spectrum and spatial directionality offering a small 

radiation angle can be obtained while detrimental propagation 

effects and multi-path phenomena due to coherence of the 

output light are avoided. Such an approach for the transmitter 

is followed in this work. The employed electro-optic converter 

for light generation and direct modulation is based on the 

Roithner Lasertechnik RC-LED-650 resonant-cavity LED 

packaged in a transistor-outline (TO) can. The voltage and 

light output vs. current (VLI) characteristics of the RCLED 

are presented in Fig. 1(a). The RCLED features threshold-less 

operation and shows an optical output power of 0 dBm at a 

bias current of 36 mA. The emission spectrum, which is 

shown as inset in Fig. 1(a), is centered at 657 nm and has a 

full-width half-maximum (FWHM) bandwidth of 6.9 nm. A 

high electro-optic modulation bandwidth is paramount for the 

directly modulated emitter when addressing an application 

such as data transmission. As can be seen in Fig. 1(b), the 

original (■) response of the RCLED features a -3 dB 

modulation bandwidth of 75 MHz at a bias current of 18 mA, 

which prevents the use of this packaged RCLED at high data 

rates. By applying passive frequency response equalization 

with a simple T-type RLC RF-circuit, a 2.4-fold improvement 

in modulation bandwidth is obtained (●). Moreover, there is 

no strong ripple experienced, which is especially important in 

case of baseband modulation where no sub-channel adaptation 

on a frequency-selective basis can be made. The resulting 

modulation bandwidth of 190 MHz for this particular 

commercial off-the-shelf device corresponds to typical values 

found previously for RCLED prototypes [14-16]. The 

moderate roll-off of -2.8 dB/100 MHz can further suit multi-

carrier modulation schemes that slice transmission bandwidth 

and adapt their bit loading accordingly. 

The analog optical transmission of multi-level or multi-

carrier data signals further necessitates linear opto-electronic 

converters. As an important metric of linearity, 

intermodulation distortion measurements have been conducted 

for the RCLED-based link with PIN receiver. Two closely 

spaced RF tones have been injected into the transmitter as 

stimulus, which produces additional frequency components in 

case of non-linearity. This spectral content becomes 

 

Fig. 1.  (a) VLI characteristics of the RCLED and its emission spectrum. (b) Modulation bandwidth before and after analog equalization. (c) Measurement of 

inter-modulation distortions for the RCLED-based link with PIN receiver. 
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challenging in case of third-order intermodulation (IM3) 

distortion adjacent to the two-tone input since these distortions 

can deteriorate the signal of interest. The power ratio between 

fundamental tones and IM3 products describes the spurious-

free dynamic range (SFDR). A high SFDR of 45 dB at a RF 

input power of -5 dBm was obtained (Fig. 1(c)). However, the 

SFDR depends on the RF input power as the IM3 products 

grow faster than the fundamental stimulus when increasing the 

RF input power level. For this reason the related third-order 

interception point (IP3) is considered as additional figure of 

merit. This point corresponds to an arbitrarily high RF input 

power level for which the SFDR becomes 0 dB in case that no 

saturation effects would occur, meaning that the IM3 products 

would intercept the fundamental stimulus in terms of RF 

power level. The input IP3 point for the optical link is 17.8 

dBm, which renders the RCLED as a suitable analog electro-

optic modulator. 

III. EXPERIMENTAL EVALUATION METHODOLOGY 

In order to evaluate the feasibility of the RCLED-based link 

under various scenarios, the experimental performance was 

evaluated under different modulation and detection techniques 

featuring also different transmission channels. Table I lists the 

cases considered for evaluation, which are explained in more 

detail in the following sub-sections.  

A. Experimental Setup 

The experimental setup is depicted in Fig. 2. Three data 

transmission schemes have been investigated, for which the 

RCLED was driven by either an arbitrary waveform generator 

(AWG) for wideband multi-carrier modulation (α in Fig. 2), a 

software-defined radio (SDR, β) whose narrowband multi-

carrier signal was down-converted to an intermediate 

frequency (IF), or a pulse-pattern generator (PPG) for 

baseband modulation (γ). The analog RF equalizer (EQ) 

circuit used for extending the modulation bandwidth of the 

RCLED-based opto-electronic converter was placed at the 

transmitter, followed by an electrical amplifier that drives the 

RCLED while also compensating the equalizer circuit losses. 

The RCLED was biased at 18 mA. Note that the equalizer 

circuit that is a prerequisite for baseband modulation was kept 

even for multi-carrier formats in order to retain the same 

conditions for the transmitter. 

The optical channel between transmitter and receiver was 

implemented by either a free-space path (F) or a fiber-based 

link (M). For the latter, a gradient-index multi-mode fiber 

(MMF) with a 62.5 µm core diameter and a length of up to 1 

km was used. In case of the free-space path, the optical loss 

between RCLED and receiver was varied by means of neutral 

density (ND) filters inserted in the 10 cm light path between 

transmitter and receiver. In this way, the dependence of the 

link data rate on the optical path loss budget was investigated. 

An evaluation over transmission loss rather than range was 

preferred since the latter typically depends on the exact optical 

system used for beam collimation and weather conditions in 

case of out-door links. Nonetheless, free-space measurements 

 

Fig. 2.  Experimental setup to evaluate the performance of the RCLED-based transmitter under various scenarios, including remote energy feeding. 
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Fig. 3.  (a) Free-space setup to correlate loss budget and reach. (b) DSP stacks employed at transmitter and receiver. 
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have been conducted during clear weather using mobile 

measurement equipment in order to relate loss and reach in a 

realistic scenario (Fig. 3(a)). For this purpose, a long-pass 

filter (BF) with a filter edge at 655 nm suppressing 

background light has been additionally inserted in front of the 

receiver. It shall be noted that no fixed installation was 

available for the free-space link, which prevented the 

placement of large lab instruments such as arbitrary waveform 

generators or real-time oscilloscopes. Moreover, extra losses 

need to be taken into consideration in case of severe weather 

conditions [17]. 

At the receiver site, the optical signal is coupled to either a 

PIN photodiode or an avalanche photodiode (APD). A bias 

voltage corresponding to a multiplication factor of 10 was set 

for the APD. The opto-electronic reception bandwidth for 

photodiode and transimpedance amplifier was ~1 GHz and 

650 MHz for PIN- and APD-based optical receiver, 

respectively. The detected signal is then acquired by an 

electrical sink depending on the applied modulation scheme. 

In case of wideband multi-carrier modulation, a real-time 

storage oscilloscope (Α1 in Fig. 2) for subsequent off-line 

digital signal processing (DSP) or an I/Q demodulator with 

local oscillator (Α2) for DSP-less reception of the I/Q 

baseband data has been used. In case of narrowband multi-

carrier modulation for real-time error estimation, a SDR 

receiver with preceding IF up-converter was applied (B). A bit 

error ratio tester (BERT) was used to conduct direct BER 

measurement in case of baseband modulation (Γ). 

Several transmitter/receiver combinations used for 

evaluation are summarized in Table I. An extension of the data 

plane shown in Fig. 2 by an energy feeding mechanism for 

remote powering of the optical receiver is separately discussed 

in Section V. 

 

B. Modulation Formats 

Three multi-carrier formats have been selected for 

performance evaluation. The first is a frequency division 

multiplexed (FDM) format employing Nyquist-shaped 

quadrature amplitude modulation (QAM). Such a modulation 

scheme can be beneficial when spectrum is seen as a scarce 

resource while multi-band access schemes are to be 

implemented in combination with point-to-multipoint 

connectivity with technologically lean user terminal 

equipment based on simple, DSP-less reception without the 

need for broadband electronics. The Nyquist-FDM consists of 

up to 24 sub-carriers, which are individually loaded at a 

symbol rate of 25 MHz having optimal spectral efficiency 

setting according to the received signal-to-noise ratio, which 

has been acquired before data transmission by means of 

channel sounding. A sub-channel spacing of 32.5 MHz was 

chosen as the best trade-off between sub-channel separation 

and spectral occupancy. This separation enables a low-

complexity (passband) receiver to select a particular sub-

channel without being affected by severe crosstalk from 

neighbors. 

Orthogonal frequency division multiplexing (OFDM) has 

been selected as second modulation scheme for superior 

spectral efficiency and occupancy, leading to an optimal use 

of precious modulation bandwidth. In total, 256 sub-carriers 

have been spanned over a modulation bandwidth of up to 1 

GHz for low optical loss budgets. Hermitian symmetry was 

used to yield a real-valued signal for subsequent multi-carrier 

modulation in the baseband at the aforementioned DC bias. 

The QAM format for the 248 data sub-carriers has been again 

adapted to the channel response and optical path loss, as for 

the Nyquist-FDM. The DSP stacks for Nyquist-FDM and 

OFDM modulation at transmitter and receiver are included in 

Fig. 3(b). 

The third format used in the experiment is a narrowband 

OFDM as applied in radio or powerline communication 

systems. The OFDM signal used in this work had 64 sub-

carriers over a modulation bandwidth of 20 MHz. The OFDM 

 

 

 
 

  

 

Fig. 4.  (a) BER performance and spectral efficiency for Nyquist-FDM. (b) Received spectrum. (c) Eye diagrams for one I/Q tributary of sub-carriers 2 and 15. 
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signal at a carrier frequency of 4.6 GHz has been converted to 

an IF of 480 MHz for use with the RCLED-based link. Real-

time transmission has been implemented on the NI USRP-

2953R SDR and is used in combination with high-definition 

video streaming at an image resolution of 1280×720p. 

Finally, the RCLED-based transmitter has been also 

evaluated for baseband modulation with a PPG/BERT set, 

which does not require DSP functionality at transmitter or 

receiver. This case is especially interesting when energy-

conscious links with low implementation complexity are 

sought for. 

IV. EXPERIMENTAL RESULTS 

A. Multi-carrier transmission based on Nyquist-FDM 

Multi-carrier transmission (configuration α-F-A1 in Fig. 2) 

with closely-spaced FDM channels amenable for analog 

demultiplexing serves as the first scenario for performance 

evaluation. Firstly, the back-to-back transmission performance 

with PIN-based receiver was evaluated. This case without 

additional ND filters corresponds to an optical power of -2.9 

dBm impinging onto the receiver, as it was acquired with a 

free-space power meter. Results are shown in Fig. 4(a) for 

several sub-channels. 128-QAM with a corresponding spectral 

efficiency (♦) of 7 bits/symbol can be supported for lower sub-

channels at a BER (▲) below the forward error correction 

(FEC) level, for which a threshold of 3.8 × 10
-3

 was chosen. 

This proves that the RCLED as low-cost transmitter suits 

rather wide sub-channel bandwidths without being affected 

due to distortions arising from excessive ripple at the electro-

optic response. With the given bit loading, an aggregated pre-

FEC transmission capacity of 3.23 Gb/s is achieved over all 24 

sub-channels spanning up to 805 MHz (Fig. 4(b)). The 

spectral efficiency averaged over all sub-channels is 5.38 

bits/symbols. The net data rate is 3 Gb/s after accommodating 

for the typical 7% overhead of hard-decision FEC. 

The eye diagrams for one I/Q tributary at sub-channels 2 

and 15, carrying 128- and 32-QAM respectively, are depicted 

in Fig. 4(c) and show the characteristic Nyquist pulse shaping. 

The eye opening can be clearly observed even in case of 128-

QAM, evidencing the viability of this sensitive format for 

transmission over the RCLED-based link. 

The Nyquist-FDM performance for increased optical loss 

budget emulated through insertion of ND filters is presented in 

Fig. 5(a). The optical budget is referenced to the back-to-back 

case, meaning a coupled optical power of -2.9 dBm at the 

receiver. The obtained Nyquist-FDM data rate (▲) decreases 

with 0.2 Gb/s/dB when increasing the loss budget, leading to 1 

Gb/s transmission at a compatible loss budget of 10.8 dB, 

corresponding to a received optical power of -13.7 dBm. 

DSP-aided receiver implementations can be avoided by 

introducing passband receivers that utilize analog down-

conversion of a specific sub-channel (configuration α-F-A2). 

Such a reception scheme has been evaluated in combination 

with the APD-based receiver and a Nyquist-FDM signal 

comprising of 8 sub-channels from 252.5 to 480 MHz. Each of 

sub-carriers was modulated at a fixed 16-QAM format in order 

to yielding 100 Mb/s throughput per sub-channel. Since the 

channel response of the optical link differs for the particular 

sub-carriers, power loading has been performed to provide a 

similar reception performance for all sub-channels. A BER 

below the FEC level has been obtained after multi-level 

symbol slicing for all of the sub-channels for a loss budget of 

11.5 dB. Figure 5(c) indicates a residual spread of 1.4 dB in 

reception sensitivity at the FEC level, which is explained by 

the frequency-dependent detection performance of the analog 

I/Q demodulator used after the optical receiver. The use of an 

analog reception methodology guarantees simplicity and low 

cost and can co-exist with DSP-based broadband reception in 

a potential multi-user scenario. 

 

B. Wide-band OFDM transmission 

When a single data signal of a single user is to be transmitted, 

the channel can be exclusively exploited by the corresponding 

modulation format. Wide-band OFDM transmission 

(configuration α-F-A1) using the entire modulation bandwidth 

of the optical link has been evaluated in this context. The 

performance for the back-to-back case with PIN-based 

receiver is shown in Fig. 6(a). The spectral efficiency can be 

further increased with respect to Nyquist-FDM due to the finer 

granularity with which the transmission spectrum is resolved. 

256-QAM performance below the FEC threshold is achieved 

for part of the lower sub-carriers. The aggregated data rate 

    

Fig. 5.  (a) Nyquist-FDM, OFDM and baseband rates for various optical loss budgets. (b) OFDM link rate of multi-mode fiber. (c)BER for analog down-

conversion of Nyquist-FDM channels. 
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obtained is 4.62 Gb/s after cyclic prefix removal. The average 

spectral efficiency is 4.87 bits/symbol. Even this is lower 

compared to Nyquist-FDM, the wider OFDM modulation 

bandwidth of 1 GHz (Fig. 6(b)) and the higher spectral 

occupancy result in a higher throughput. On the other hand, 

unlike the case of slicing Nyquist-FDM with a bandpass 

receiver, detection has to be conducted with a broadband 

receiver in case of OFDM. Taking into account the overhead 

for error correction, the post-FEC data rate amounts to 4.3 

Gb/s. In terms of sensitivity to optical path loss the wideband 

OFDM data rate decreases with 0.31 Gb/s/dB and reaches 1 

Gb/s at an optical budget of 11 dB (Fig. 5(a), ■). 

 The link data rate has been further evaluated for the three 

indoor link reaches of 1.2, 2 and 3.5 m rather than solely using 

ND filters for loss budget emulation. The obtained rates are 

introduced in Fig. 5(a), +, and are plotted for the respective 

loss budget that is related to the corresponding reach as 

estimated from the free-space measurements (×). The obtained 

indoor link rates agree with these obtained when emulating an 

increased loss budget in the foregoing short-reach link (■). 

 When using the APD-based receiver, the compatible loss 

budget extends by ~5.3 dB and reaches a value of 16.6 dB for 

a data rate of 1 Gb/s (Fig. 5(a), □). This extension in link data 

rate for a given loss budget is explained by the multiplication 

factor contributed by the APD, which however does not 

translate into a similar capacity-wise improvement in loss 

budget due to the reduced reception bandwidth of the APD. 

Reach-wise a distance of 24 m can be anticipated for this loss 

budget from the free-space measurements (Fig. 5(a), ×), for 

which a directed optical beam at clear weather conditions 

applies rather than an illumination scenario. It shall be noted 

that beam formation and steering of incoherent LED light for 

dynamic focusing and deflection towards (a potentially 

mobile) receiving target has been experimentally shown 

previously [18-20]. 

 As an alternative to free-space based communication a fiber 

channel can act as relay towards an optical hotspot 

(configuration α-M-A1). The coupling of incoherent light to 

the optical fiber determines the link loss and with it the 

maximum achievable link data rate of 1 Gb/s for a short multi-

mode fiber of 40 m (Fig. 5(b)). When increasing the length of 

the fiber, its kilometric attenuation of 13.8 dB/km that results 

from the large scattering losses in the visible light region 

reduces the data rate to 197 Mb/s for the longest fiber span of 

1 km. 

 

C. Real-time narrow-band OFDM transmission 

Besides wideband OFDM, a single-channel narrowband 

OFDM transmission (configuration β-F-B) at the IF of 480 

MHz has been evaluated in terms of block error ratio (BLER) 

measurements with a payload size of 9024 bits/packet. 

Different sub-carrier modulation formats and convolutional 

code rates R have been investigated (Fig. 7(a)). When using 

the PIN-based receiver, 54 Mb/s 64-QAM OFDM with R=3/4 

is supported up to a loss budget of 5 dB, for which a BLER of 

10
-2

 is reached. Higher loss budgets of up to 10 dB can be 

supported through 16-QAM subcarrier modulation. With the 

APD-based receiver, the sensitivity improves by 9.7 to 10.2 

dB in good agreement to the multiplication factor of the APD. 

A loss budget of 16 dB is found for 64-QAM OFDM and a 

BLER of 10
-2

 (▲). This corresponds to a free-space reach of 

~22 m (Fig. 5(a), ×). 

Real-time streaming of HDTV video content (Fig. 7(b)) has 

been performed without the notice of visual artifacts, which is 

also evidenced by the clear constellation diagrams shown in 

Fig. 7(a). 

 

 

 

 
 

  

   Fig. 6.  (a) BER performance and spectral efficiency for OFDM modulation. (b) Received spectrum. (c) BER performance for baseband on-offkeying. 
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D. Baseband modulation 

In the fourth transmission scheme, on-off keying 

(configuration γ-F-Γ) has been performed at three different 

data rates of 250, 500 and 750 Mb/s. In order to facilitate the 

highest data rate of 750 Mb/s with the given electro-optic 

bandwidth of 190 MHz for the RCLED, a rectifier has been 

inserted after the PIN-based receiver serving as duobinary-to-

binary signal converter. In this way, the duobinary signal, 

which is generated by the RCLED having a response close to a 

4
th

-order Bessel filter at a quarter of the bit rate, is transformed 

into the original on-off keyed signal [21]. 

Figure 6(c) shows the BER performance for all transmission 

rates. A low BER of 10
-10

 can be reached for several rates, 

which is evidenced by the clear eye opening. With reference to 

commonly used FEC thresholds at 2 × 10
-4

, the compatible 

loss budgets are 16.5 (■), 14.9 (▲) and 11.9 (●) dB for data 

rates of 250, 500 and 750 Mb/s, respectively. With this, the 

data rate of baseband modulation is found to decrease by 0.11 

Gb/s/dB when increasing the optical loss budget (Fig. 5(a), ●). 

The capability of the RCLED to perform error-free opto-

electronic conversion in combination with baseband 

modulation enables the optical transmitter to serve in a more 

energy-efficient mode in case of lower throughput. 

It shall be stressed that the performance of the 250 Mb/s 

transmission (■) is compromised by the unavailability of a 

suitable low-pass filter (LPF) below 500 MHz to cut electrical 

noise before the BERT. 

V. REMOTE POWERING OF THE OPTICAL RECEIVER 

In certain cases where low-power applications are 

considered, energy self-sufficient sub-systems are of special 

interest. These can be, for example, sensor applications or 

communication equipment with sporadic access to data, 

instructions or synchronization signals. Rather than deploying 

a costly power supply for these low-power devices, the 

required energy for exchange of information can then be either 

harvested from the surrounding or fed from a remote source.  

For the particular case of optical wireless communication, 

the challenge resides in supplying the user terminal through 

the communication channel. Such an approach has been 

recently demonstrated by employing solar-cell like detectors 

capable to receive energy and data streams with data rates up 

to 12 Mb/s [22,23]. In this work, we employ an optical 

detector as simultaneous energy harvester and wake-up 

receiver to facilitate higher burst data rates in the Gb/s regime 

as demonstrated in Section IV. 

The concept was validated with an auxiliary energy feeding 

and signaling channel in parallel to the short-reach data 

channel investigated earlier. For this reason, the data plane in 

Fig. 2 was extended by an energy plane comprising an energy 

source at the transmitter and an energy-harvesting sub-system 

at the receiver. In similarity to a recent work on remotely 

powered network nodes for fiber-based access networks [24], 

the energy feed is provided through a high-power LED 

(PLED) emitting at λP = 850 nm. The collimated pump beam 

illuminates a quad photodetector (QPD) at the receiver with an 

irradiance of 240 W/m
2
. Data and energy channel were 

spatially separated so that the pump does not fall in the field-

of-view of the data receiver. The QPD opto-electronically 

harvests the energy for the operation of the high-bandwidth 

PIN-based data receiver requiring a supply of 90 mA at 2.1V. 

The QPD has a responsivity of 0.45 A/W at λP and a fill factor 

of 39%. It acts as a photovoltaic energy converter that charges 

a primary supercapacitor (C1) with a capacity of 33 mF. A 

boost converter is then used to generate a secondary supply 

rail at a higher voltage, in compliance with the data receiver. 

Periodic power cycling for recharging the secondary supply 

rail after data reception and self-discharge of the secondary 10 

mF supercapacitor (C2) is facilitated through an ultra-low 

voltage CMOS controller with an idle current of ~2 µA. This 

controller does also handle signaling between transmitter and 

receiver, which is integrated on the pump feed with a low 

modulation extinction ratio of 1 dB (Fig. 8(a)). In case of 

detecting a trigger signal (A) that indicates the arrival of a data 

burst at λS with specific length (e.g., 4 ms in Fig. 8(a)), the 

controller activates its data receiver (B) by asserting a 

respective gate signal. The data burst is then received. The 

depletion of the stored energy in the secondary supply rail 

alongside with the activation of the high-bandwidth data 

receiver results in a droop for the received data burst. The data 

receiver is then deactivated (C) and the secondary supply rail 

is re-charged accordingly. 

A typical energy cycling and conversion operation 

following a cold start is depicted in Fig. 8(b). The primary 

energy reservoir is first charged at τ0 by the QPD (X) leading 

 

Fig. 7.  (a) BLER over optical loss budget for real-time narrow-band OFDM reception. Signal constellations are shown for the PIN-based receiver. (b) High-

definition video streaming over RCLED-based link. 
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to a primary supply rail at 1.5V after 2.7 min. This is enough 

to periodically cycle a capacitive boost converter (Y) to charge 

the secondary energy reservoir at τ1 to establish its secondary 

supply rail with up to 2.3V. This one-time procedure takes 16 

min. Self-discharge of the secondary reservoir (Z) after 

disconnection from the energy feed at τ2 during an idle cycle 

of the overall receiving unit amounts to 5% after 42 min and 

periodically requires a short re-charge operation. 

The impact of the remote energy feed on the reception 

performance has been investigated for data bursts with 

variable length. A 20-channel Nyquist-FDM format as 

introduced in Section IV.A has been investigated at a loss 

budget of 6 dB, for which a reach of 2 m can be anticipated 

considering a directed optical beam rather than an illumination 

scenario (Fig. 5(a), ×). The BER shown in Fig. 8(c) relates to 

32-QAM modulation at the central sub-channel, for which a 

BER of 2×10
-3

 is obtained for a locally supplied data receiver. 

The BER degradation with increased burst length results from 

the decreasing signal-to-noise ratio along the burst as the 

supply rail depletes. This effect is visible in the collapsing 

signal constellations and eye diagrams shown in Fig. 8(c). 

However, up to a burst length of 1.4 ms a BER below the FEC 

threshold can be obtained. In view of typically used data 

packet lengths, as for example applied in access-oriented 

Gigabit Passive Optical Network (GPON) systems, the 

feasibility of burst-wise high data-rate transmission is 

validated. Note that simpler modulation formats towards 

broadband on-off keying are less vulnerable and can tolerate 

longer burst lengths in trade-off with a lower data throughput. 

In case that data and energy feeding channel are not 

spatially separated, as it would be the case in longer-range 

links, appropriate measures need to be considered to mitigate 

pump crosstalk noise during the reception of data. These can 

include spectral filtering at the data receiver or temporal 

blanking of the pump during burst data reception. As 

suggested by the slow self-discharge (Z) shown in Fig. 8(b), a 

short interruption in the pump feed can be tolerated in virtue 

of the receiver’s energy storage capability. 

It shall be also stressed that the current demonstration 

assumes an energy autarkic data sink. Given the acceptable 

performance of QAM modulation, simpler on-off keying can 

be a viable low-power solution without the need for additional 

post-processing. However, since the influence of the energy 

feeding scheme on the transmission performance is more 

pronounced in case of higher-order modulation formats, the 

present investigation focused on QAM formats. 

VI. CONCLUSION 

A commercial off-the-shelf TO-can RCLED rated for 150 

Mb/s has been experimentally demonstrated at multi-Gb/s data 

rates. Nyquist-FDM and OFDM modulation schemes with 

adaptive bit loading lead to back-to-back data rates of up to 

4.3 Gb/s over a single wavelength. This high data rate, which 

to our best knowledge is the highest ever shown with 

commercial LED devices, is facilitated through high-order 

sub-carrier formats up to 256-QAM. On top of this, frequency 

response equalization in the analog RF domain allows for 

baseband modulation using simple on-off keying at data rates 

of up to 750 Mb/s, for which an optical loss budget of ~12 dB 

has been found compatible in combination with a simple, PIN-

based receiver. Analog real-time transmission of narrow-band 

64-QAM OFDM signals with high-definition video payload 

has been demonstrated over a loss budget of 16 dB, 

corresponding to a link reach of more than 20 m. These 

transmission experiments in close-proximity scenarios prove 

the maturity of commercially available LED technology as 

optical transmitter for applications in short-reach visible light 

communication. Finally, the concept of joint energy and data 

transmission has been validated through the experimental 

extension of the purely communication-oriented optical link 

by an energy feed. Gb/s burst-mode rates have been proven 

feasible in combination with a remotely powered optical 

receiver and burst lengths of up to 1.4 ms. This opens vistas 

for energy-autarkic terminals requiring just periodic or 

sporadic access to information. 
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