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Abstract  

This document reports on the measured performances of the V1a demonstrators for IRC and VLC. In case of the 
IRC system they only pertain to the PHY layer, while the VLC measurements encompass both PHY- and MAC-
layer aspects 

Note that it does not document the development of the components in detail, rather key issues that are being 
considered, and the current designs of components. 
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1 Symbols and Abbreviations 

1.1 Mathematical Symbols 

B  Signal bandwidth [Hz] 

� f  Frequency spacing of DMT sub-carriers [Hz]  

L   Sample length of cyclic prefix 

M   QAM modulation order  

N  Number of subcarriers 

P   Sample length of a DMT frame [s] 

T  Duration of a DMT frame [s] 
 
TCP  Duration of the cyclic prefix [s] 
 
TFFT  Duration of a DMT frame without the cyclic prefix [s] 
 
Tsam  Nykvist sampling period [s] 
 
U  Voltage [V] 
 
U0  Voltage Amplitude or DC value [V] 
 
Vnoise  Noise Voltage [V] 
 
Vout  Output Voltage [V] 

 

1.2 Acronyms and Abbreviations 

AC  Alternating current 

ADC  Analogue-to-digital converter 

APD  Avalanche photodiode 

BER  Bit-error ratio 

BS  Base station 

CMOS Complementary metal-oxide semiconductor 

CP  Cyclic prefix 

DAC  Digital-to-analogue converter 

DMT   Discrete multitone 

FEC  Forward error correction 

FFT  Fast Fourier transform 

FIFO  First in first out 

FOV  Field of view 
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FPGA  Field-programmable gate array 

HD  High definition 

HHI   Heinrich-Hertz Institute 

IBM   International Business Machines Corporation 

IR  Infrared 

IRC  Infrared Communication 

LED  Light-emitting diode 

LOS  Line-of-sight 

MAC   Medium-access Control 

NEP  Noise-Equivalent Power 

NRZ OOK  Non-return-to-zero on-off keying 

OMEGA  hOME Gigabit Access 

OOK  On-off keying 

OWS  Optical wireless switch 

PC  Personal Computer 

PD  Photodiode 

PHY  Physical layer 

QAM   Quadrature amplitude modulation 

Rx  Receiver 

SD  Soft decision 

SMA  Subminiature version A 

SNR  Signal-to-noise ratio 

TCA  Trans-conductance amplifier 

Tx  Transmitter 

UT  User terminal 

VLC   Visible-light communications 
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2 Version overview and scope of this report 

A list of demonstrator versions (IRC and VLC) to be set up during the project is shown in 
Table 1. 

 

Version 
# 

Type Data 
rate1 

Date Location Comment 

V1a IRC 
1.25 
Gb/s 

December 
2009 

Oxford  

V1a VLC 
84 Mb/s February 

2010 
Rennes 1-lamp Tx 

V1b VLC 84 Mb/s June 2010 Rennes 16-lamp Tx 

V2a IRC 
280 
Mb/s2 

October 
2010 

Rennes 1 BS, 1 device 

 

V2b IRC 280 
Mb/s 

February 
2011 

Rennes 1 BS, 2 devices 

V2 VLC  100 
Mb/s 

February 
2011 

Rennes 16-lamp Tx, with clock 
recovery 

Table 1: List of IRC and VLC demonstrators. 

 
This report covers performance measurements of IRC V1a and VLC V1b. In case of the IRC 
system only the PHY layer was implemented, while the VLC system consisted of both PHY 
and MAC layer aspects.  
 

3 System overview 

The target of Work Package 4 (Smart Wireless Optic - SWO) is:  

�  To provide infra-red and visible-light communications (IRC and VLC) by use of 
commercially available components. The target data rates were as follows. 

o 1-Gbit/s data rate LOS link within (hot spot) for IRC, 

o Around 100 Mbit/s broadcast for VLC. 

�  To develop a new smart wireless architecture and switch, enabling the best wireless 
optics solution. Also, devise a MAC layer that is adapted to the wireless optic channel. 

 V1a of the VLC system is shown in Figure 1 while the IRC system is shown in Figure 
2.  

 VLC: Siemens addressed the development of the analogue transmitter and receiver; 
Fraunhofer HHI was responsible for the digital transmitter and receiver. Apside was in charge 
of the Optical Wireless MAC sublayer implementation in the optical wireless switch (OWS 
                                                      
1 Net data rate at the PHY layer 
2 Data rate reduction for coverage increase 
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VLC code). The optical wireless MAC layer was devised by France Telecom. France 
Telecom was also in charge of customising the interface card, the application-layer 
demonstration, and the MAC-frame analysis. The data link is bandwidth-limited on the 
transmitter side, due to the LED driving circuit, to around 12 MHz, which poses a hurdle for 
high-speed transmission targeted for OMEGA project. We overcame this challenge with 
spectrally efficient modulation. The data rate achieved for VLC V1a was 84 Mbit/s.  

  

 
Figure 1: VLC V1a system block diagram (left panel) and picture of the prototype (right panel). 

 

 Regarding the IRC prototype 1, the University of Ilmenau and the University of 
Oxford addressed the design and simulation of the analogue transmitter and receiver. The 
University of Oxford was responsible for the complete IRC prototype implementation 
including a Gigabit-Ethernet interface. 

 

   
Figure 2: IRC V1 (grey boxes on opposite sides of the picture). 

  

The IRC PHY relies commercial analogue and digital ICs, while the VLC PHY relies on an 
FPGA card together with commercial analogue and digital components.  
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Part I  

IRC PHY 
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4 IRC PHY Overview 
 

Base 
station 

User  
terminal 1 

User  
terminal 2 

1 2 3 

1 2 3 1 2 3 

 

Figure 2: IR system  

 
Figure 2 shows a diagram of the IR system. A base station (BS) communicates with a number 
of user terminals (UT) within its coverage area. (For the demonstration a single BS and UT 
were fabricated). The BS has three transmitters arranged to give coverage over an area 
approximately 25° horizontally by 8° vertically (25x8). The UT has three receivers arranged 
to match the field of view of the BS  transmitter. The three transmitters and receivers form a 
downlink from BS to UT and an identical uplink is formed from UT to BS using a similar set 
of components. 

Table 2 shows the target specification for the demonstration. System components are described 
elsewhere [OMEGA D4.2a, 2010].  

 

Parameter Value 

Data rate (up- and downlink) 1 Gb/s  

Modulation scheme Non return-to-zero on-off 
keying (NRZ-OOK) 

Line coding 8B10B IBM code 

Line rate (bit rate after coding) 1.25 Gb/s 

System field-of-view (full angle) 
25x8 degrees 

 

Number of Tx and Rx elements 3 

Range (LOS) 
3 m vertical distance (it is 
assumed, the base station is 
3 m above the coverage area.) 

Bit-error ratio without FEC Below 10-9 

Table 2: Overall IRC system specification for demonstrator V1a. 
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5 IRC measurements 

A system consisting of one BS and one UT was fabricated. A photograph of a user terminal is 
shown in Figure 3. A PRBS 215-1 data source was used to test the system. Figure 4(a) shows 
the BER performance against the on-axis link range, showing error free operation (BER < 10-

9) up to 4 m. At a range of 3 m the system has an operating margin of approximately 2.7dB, as 
estimated by the change in power density between these two ranges.  

The coverage area was tested by setting the terminals 3 m apart and translating one terminal at 
right angles to the axis of the system. Correct operation was maintained over a field of view 
corresponding to a coverage area of approximately 1.3m×0.45m.  This corresponds with the 
plot of relative received power shown in Figure 5. Figure 5 is derived from the measured 
transmitter emission patterns and the measured receiver collection characteristics, and shows 
a FOV of approximately 25×8 deg using the –3 dB contour (corresponding to the system 
margin) at the edge of the coverage area.  

Table 3 shows the link budget for the system. The measured overall margin is 3dB, compared 
with an estimated margin of ~7dB. The additional losses are likely to be due to alignment of 
the receiver optical system and additional noise in the limiting amplifier and decision making 
circuitry (which were not taken into account in the receiver sensitivity measurement). 

 
Figure 3. User terminal 
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(a)             (b) 
Figure 4. (a) Measured BER as a function of link range. (b) Received average optical irradiance (3 m link 

distance). 
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The robustness to ambient light was also tested by establishing a link over 3.4m with the 
receiver facing an open window in an office on a sunny day (but without bright sunlight), as 
shown in Figure 6. In addition an incandescent lamp was also placed on the optical axis of the 
system. The total luminous intensity measured at the UT was 1200 lux. The measured BER 
increased from a level below 10-11 (without incandescent lighting) to 10-9, indicating the 
system is highly robust in the presence of ambient light. 

 

 
Figure 5. The measured received power distribution at 3 m range. Contour lines are in dB relative to 

maximum. Theta: diversion from the direct line of sight. 

 

A video-streaming experiment was also undertaken (see Figure 7). In this experiment a PC 
(PC1) served as a video source, which was transmitted over the optical link and played on a 
PC attached to the receiver terminal (PC2). PC2 also served as a video source to PC1 for the 
‘reverse’ optical link. FPGA boards with appropriate coding converted Gb Ethernet frames 
from the PCs into appropriate drive waveforms for the optical links. 

HD video streaming over these links in both directions was reliably demonstrated.  

 

 Cell centre 

Transmitted average optical 
power 

+14 dBm 
(25mW) 

Received irradiance for 3 m 
link distance (simulation) 

-23 
dBm/cm2 

Estimated collection area (on-
axis) 

0.63 cm2 

Available power at the optical 
receiver (Collection area x 
Irradiance) 

~ -25 dBm 

Additional  receiver loss 
inferred from measurements 
(N.B. simulated additional 
loss ~3.3dB) 

~7 dB 
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Measured APD sensitivity ~-35dBm 

Measured system margin ~3dB 

Table 3. Link budget. 

 

 

 
BS 

UT Lamp 

 
Figure 6. Test of the effect of ambient light 

 

 
Figure 7. Video-streaming demonstration. 
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Part II  

VLC MODEM 
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6 VLC system overview 

Figure 1 provides an overview of the VLC V1a architecture and Figure 8 provides a detailed 
overview of the pertinent PHY architecture. Siemens addresses the development of the 
analogue transmitter and receiver (red part), while HHI is responsible for the digital 
transmitter and receiver (black part). The analogue transmitter consists of a driving circuit 
(trans-conductance amplifier, TCA) and the optical transmitter, viz. the LED. The receiver 
consists of imaging optics (positive lens), a colour filter, a photodiode, a trans-impedance 
amplifier, and a band-pass filter. The link is bandwidth-limited3 to ~12 MHz on the 
transmitter side, which poses a hurdle for the OMEGA target data rate of 100 Mb/s. We 
overcome this challenge with multi-level modulation. 
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Figure 8: Block diagram of the VLC V1a PHY. 

 

6.1 Analogue PHY 

On the transmitter side, the digital PHY - developed by HHI - delivers an AC baseband signal 
(U_analogue) to a driving circuit (trans-conductance amplifier, TCA), which linearly 
amplifies the AC signal and transforms it into a current. Then it superposes the AC current 
onto a DC bias, which corresponds to the working point of the connected LED. The total 

                                                      
3 If not stated otherwise, „modulation bandwidths“ refers to the bandwidth at which the electrical power in the 
receiver has dropped by -3 dB from its maximum value. 
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current (I_LED) is fed to the LED, which, in turn, emits a modulated optical signal P_opt. 
The received optical power (P_opt) impinges onto an optical filter, is directed through an 
optical concentrator (lens), and converted into an electrical current I_PD in a photodiode. The  
AC component of the electrical current is transimpedance amplified (U_PD) and band-pass 
filtered (U_PD, filter) before being converted back into the digital domain by aid of an ADC. 

 

6.1.1 Rx 

 
A picture of the analogue receiver is shown in Figure 9. It consists of a two-stage 
transimpedance amplifier with a large area photodetector, a concentrator optic and a optical 
blue filter. All components together with a voltage regulation circuit are assembled on a 
single electrical circuit board. The module allows Battery powered operation. The FOV is in 
the range of 70 deg.  
 

 
Figure 9: Analogue receiver unit. 

 

 

7 PHY measurements 

7.1 Analogue PHY 

7.1.1 Tx 

The equivalent circuit of the LE CW E3B N3P5 (see Figure 10) was inferred with Agilent’s 
Advanced Design System and based on measured impedances. 

Notice that the inductance L of the equivalent circuit does not vary with the electrical current, 
while the two capacitance values, CLED and Cpar, decrease with an increase in LED driving 
current.  

The absolute value of the equivalent impedance as a function of modulation frequency and 
bias current is shown in Figure 11.  
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Figure 10: Equivalent circuit for a LE CW E3B N3P5. Cpar is the parasitic capacitance of the LED 
module. 

 

 

Figure 11: Variation of equivalent impedance for OSTAR E3 as a function of modulation frequency for a 
range of bias currents. 

 

The small-signal modulation bandwidths of the LEDs were inferred as follows. The output 
from an 80 MHz signal generator was added to the DC current by aid of a bias T. The 
composite current fed the LED module. For the E3B module we found a modulation 
bandwidth in the range of 30 MHz (see Figure 12). However, the low differential impedance 
of the LED module (~3 � ), the linearity of the driving circuit, the large bandwidth, and the 
high driving currents together make the development of a suitable baseband modulator a 
challenge. 

A lower estimate of the linearity of the E3 module was inferred from its static transfer 
function, i.e., the dependence of the optical output power on a DC driving current. The 
relevant data was measured for an LE CW E3B N3P5, and the results are displayed in Figure 
13. As can be seen, a second-order polynomial provides a fair fit to the measurement data. 
The measurements of normalised optical power for LED driving current beyond 900 mA were 
influenced by excess heat dissipation from the LED and these values were thus dropped when 
fitting the measured data. Assuming modulation frequencies well below the 3-dB thermal 
relaxation frequency, which typically resides in the range of 0-100 kHz [Kamalakis, 2009], 
the spurious free dynamic range can be calculated from the static transfer function. The 
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corresponding result is shown in Figure 14. As expected, the dynamic range is rapidly 
decreasing with an increase in modulation index.  
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Figure 12: Normalised received electrical small-signal power when using a 1 GHz detector. Both 
measurement values and interpolations based on second-order polynomials are shown. The maximum 

modulation index of the driving current was below 3%. 

 

The driving circuit is based on a two-stage amplifier topology. A DSL chip is used for voltage 
amplification in the first stage and a class-AB amplifier based on bipolar-junction transistors 
for current amplification in the second stage. Typical upper and lower electrical modulation 
bandwidths (link) for two input signals are listed in Table 4. An input of 600 mVpp @ 50 �  is 
the maximum level before the onset of saturation in the amplifier. Three exemplary E-O-E 
gains as a function of modulation bandwidth are shown in Figure 15. 

The optical spectrum of the light emitted by the LED luminaries is shown in Figure 16. 

 

Bias 
voltage/ V 

Corresponding 
bias current/ mA 

Input AC 
voltage Vpp/mV 

Lower 3-dB 
bandwidth/ kHz 

Upper 3-dB 
bandwidth/ MHz 

Max. Modula-
tion Index 

20 700 600 90 ~ 12 0.7 

160 50 ~ 20 0.13 

 

Table 4: 3-dB bandwidths for an OSTAR E3B with different signal AC voltage into the driving circuit. 
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Figure 13: Upper panel: Static transfer function, viz. the emitted optical power as a function of the DC 
driving current, for an OSTAR LE CW E3B N3P5 (circles: measurement data; solid line: least-square-
fitted second-order polynomial). The decrease of the optical power above ~900 mA can be attributed to 

insufficient cooling of the LED chip. Lower panel: Unweighted fit residuals as a function of the DC driving 
current. 
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Figure 14: Spurious free dynamic range as a function of the modulation index for an E2B N3P5, a 
working point of 500 mA, and modulation frequencies below the thermal 3-dB frequency. 
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Figure 15: Small-signal gain (electrical power) of three exemplary VLC transmitters (LED + driving 
circuit) as a function of modulation frequency. The modulation index of the driving current was smaller 

than 0.3%. In total, 24 VLC modules were manufactured. 
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Figure 16: Emitted spectral power from an OSTAR white LED (LE CW E2B-MYNZ-N3P5). The 
discontinuity around 600 nm is an artefact caused by the optical spectrum analyser used (YOKOGAM, 

AQ-6315A). 

 

 

7.1.2 Rx 

 
Bandwidth and Linearity 
The modulation bandwidth of the analogue Rx was measured using a high-speed 850 nm 
VCSEL as optical light source. The setup is summarised in Figure 17. This optical source was 
chosen due to a very high modulation bandwidth (>> 100 MHz). According to the 
measurement values displayed in  Figure 18, the 3-dB frequency of the analogue Rx is ~ 35 
MHz. The characteristic curve shows a small linear distortion at 8 MHz (~ -1 dB kink) which 
should not lead to serious signal violations. 
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Figure 17: Setup for measuring the bandwidth of the analogue receiver. 

 
 

 
Figure 18: Frequency response of analogue receiver. 

 
Gain and NEP 
The transimpedance gain was measured with the same setup as for the BW-measurement. 
Additionally, the photocurrent was monitored with a pico-ampere-meter. The transimpedance 
gain of a 10 MHz sinusoidal optical input signal was found to be ~ 12 k� . 
An NEP-value of 0.44 nW/Hz1/2 was calculated from the RMS-noise at the Rx-output when 
no optical signal was applied to the input (calculated for responsitivity at 500 nm input 
wavelength).  
 
 
Sensitivity 
The sensitivity of the analogue receiver was evaluated by the use of an OOK modulated 
optical 850 nm source. The pattern of the pseudo-random bit sequence was PRBS7, and the 
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data rate 30 Mb/s (see Figure 19). With these conditions a BER of <10-7 was achieved for a 
received optical  power of ~ 2 µW (-27 dBm).  

 

 
 

Figure 19: Eye diagram at 30 Mb/s, PRBS7, -27 dBm 850 nm source. 

 

7.1.3 Analogue PHY link 

Frequency response 
The test conditions were as follows: 
- Signal-generator output: 100 mVpp 
- Scope: DC-coupled, 50 Ohm terminated 
- Distance Tx to Rx: 1.9 m 

The results are shown in 
 

 
Figure 20: SNR as function of modulation frequency 
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SNR 
The receiver noise was measured with LED-bias current and modulator supply voltage 
switched on but without any modulation waveform supplied to the LED driving circuit. The 
RMS amplitude of the noise was found to be 3.3 mV for a detection bandwidth (oscilloscope) 
of 20 MHz. After that a 100 mVpp sine wave was applied to the LED-preamplifier (ZHL-
32A) and the the RMS values at the receiver output were measured for values between 1 and 
40 MHz.  The resulting SNR-values are depicted in Figure 20. 
 

7.2 Digital PHY 

7.2.1 Measurements of DAC+ADC system bandwidth.  

To measure the bandwidth of the DAC and the ADC a simple back-to-back setup shown in 
Figure 21 was used. 

 

Figure 21: Measurement setup for the ADC and the DAC transfer function. 

 
A sinusoidal signal was generated by an AWG (Tektronix, AWG5012) and connected to the 
ADS5527 board (ADC). After conversion into a 12 bit digital CMOS signal, it was fed to the 
DAC5562 board and finally compared with the original signal on a digital sampling scope 
(Agilent MSO7104A). Both ADC input stages were tested (see Deliverable D4.2a). The 
obtained transfer function is shown in Figure 22. It can be observed that the input II provides 
a better performance at low frequencies compared to input I. Consequently, it was decided to 
use input II at the ADC board. 

 

 

  
Figure 22: Transfer function ADC both inputs. EVM: evaluation module. 
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7.2.2 BER measurements of back-to-back electrical link  

The back-to-back performance of the digital PHY including the DAC and ADC was 
performed (FPGA Tx �  DAC �  ADC �  FPGA Rx). 

V1a did not include FEC. The experimental setup is presented in Figure 23, and a short 
description is provided in the following. 

BERT

Conjugate
symmetry

M-QAM mapping

2N-IFFT

CP insertion

Power
pre-equalization

M-QAM de-mapping

4N-FFT

CP removal

Equalization

Channel
estimation

DAC ADC

6-chip
Luminary

Wireless VLC link 
Amplifier

Bias-TPower
supply

LPF

Amplifier

FPGA
Tx

Analogue Tx
front-end

Analogue Rx
front-end

Filter, lens
and PD

FPGA
Rx

Data in Data out

FEC coding FEC coding

back-to-back tests 

BERT

Conjugate
symmetry

M-QAM mapping

2N-IFFT

CP insertion

Power
pre-equalization

M-QAM de-mapping

4N-FFT

CP removal

Equalization

Channel
estimation

DAC ADC

6-chip
Luminary

Wireless VLC link 
Amplifier

Bias-TPower
supply

LPF

Amplifier

FPGA
Tx

Analogue Tx
front-end

Analogue Rx
front-end

Filter, lens
and PD

FPGA
Rx

Data in Data out

FEC coding FEC coding

back-to-back tests 

 
Figure 23: Block scheme of the experimental setups for back-to-back measurements (dashed) and 

complete PHY link (including analogue PHY). The FEC modules will be incorporated in V1b and V2. 

 

A serial pseudorandom bit-stream (223-1) was generated with a bit-error-ratio tester (BERT) 
and was fed to the FPGA (Virtex 5), together with an external clock. FPGA implementation 
was performed using fixed-point arithmetic. The bits were mapped to M-QAM symbols and 
saved in FIFO memory. In order to obtain a real-valued signal at the output of the IFFT 
module, a conjugate symmetry was applied to QAM symbols. In total, N-1 M-QAM 
modulated subcarriers within a bandwidth B (subcarrier spacing B/N MHz) were generated 
with a 2N-point IFFT block. The values for all variables introduced in this paragraph are 
listed in Table 5.After the IFFT, an L-sample long cyclic prefix (CP) was added, and the 
signal fed into a DAC (12-bit resolution). The DAC operated at fDAC = 4B, enforcing 
oversampling to push away the aliasing spectra and to relax timing constraints on the ADC 
sampling. For back-to-back measurements, the DAC was directly connected to ADC with an 
SMA cable (dashed line in Figure 23). 

The modules for DMT demodulation are basically the same ones as in the transmitter, but in 
reverse order. After analogue-to-digital conversion (ADC, 4B sampling rate), the CP is 
removed and a 4N-FFT performed. For proper detection and demodulation, the Rx also 
included a channel-estimation module and one-tap equalisation in the frequency domain. 
Channel estimation was performed by aid of a training sequence (80 DMT symbols long) sent 
once at the beginning of transmission. After equalization, QAM symbols are de-mapped and a 
serial bit stream sent to the BERT.  

Synchronisation is planed to be implemented in the next demonstrator version. In the 
described versions, bit- and frame- synchronisation is achieved over two cable-lines. An 
external clock was used in the Tx-FPGA to provide clock signals for all the modules, and also 



ICT-213311, OMEGA                                                                                                                                                                 1 July 2010 

D4.2a: Physical Layer Design and Specification Page 24 (31) 

for DAC and Rx-FPGA (which in turn provided clocks for all modules and ADC). 
Additionally, a start signal was transmitted from Tx to Rx FPGA for frame-synchronisation 
purposes. Clock management is not shown in Figure 23. 

 

 

Parameter V1a 

Electrical signal bandwidth [MHz] B = 25,5 

Number of independent subcarriers (including dc) N = 8 

QAM modulation order M = 16 

Subcarrier frequency separation 2 2f B ND =  

DMT symbol period without cyclic prefix ( ) 1

FF TT f
-

= D  

(Nyquist) Sampling period 2sam FFTT T N=  

Length of cyclic prefix [samples] L = 1 

DMT symbol period with cyclic prefix 
FFT CPT T T= +  

DMT symbol period with cyclic prefix [samples] 2P N L= +  

Length of the cyclic prefix 
CP samT LT=  

DAC and ADC rate [MHz] 102 

DAC and ADC resolution [bit] 12 

External clock [MHz] 84 

 
Table 5.: Design parameters for digital signal processing in three demonstrator versions. 

 

The digital transceiver of V1a showed stable over-night error-free transmission. 

7.2.3 Measurement of latency time 

Measurements were performed for the full PHY link, however, the contribution of the optical 
link can be neglected because the time needed for the signal processing in FPGA (primarily 
the channel estimation) is much larger than the delay introduced by the analogue PHY (~ 50 
ns) propagation through the optical link.  The time was measured from a start signal at the Tx 
FPGA board to the moment the data re-appeared at the output of the Rx FPGA board. 
Consecutive measurement resulted in a stable latency time of ~ 40µs. 

 

7.3 Full PHY link 

Measurements were performed to test the physical link performance, using the experimental 
setup in Figure 23. As for the back-to-back measurements, a BERT was used to generate a 
pseudorandom bit sequence (223-1), which was fed to the FPGA board. The BER was inferred 
from the retrieved sequence at the receiver.  

Since the primary purpose of the used optical source is illumination, BER measurements were 
performed for different brightness levels (illuminance) in front of the receiver. The various 
illuminaces were realised by setting an appropriate length of the wireless link and were 
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checked by a light-meter placed directly in front of the receiver. Illuminance values between 
400 lx (enough to read and write) and 1000 lx (well-lit office) are recommended by the 
lighting standard for the working environment [EN 12464, 2003]. 

A photograph depicting the measurements of BER as a function of illuminance is presented in 
Figure 24, and the obtained results summarized in Figure 25. 
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Figure 24: Photograph of the setup for full PHY link measurements with one luminary. 
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Figure 25: Measured BER as a function illuminance (distance) for the complete PHY (see Figure 

25Erreur ! Source du renvoi introuvable.). 

 

Figure 25 shows the measured BERs for different illuminances at the receiver, i.e. for 
different lengths of the wireless link. It can be seen that already for 300 lx (distance 1.75 m), 
the link performance lies within the FEC limits. It is expected that larger distances can be 
covered, when several luminaries are deployed simultaneously, as planed for V1b and V2.  

 

8 MAC 

8.1 Back-to-back measurements 

Back-to-back measurements of the MAC sublayer were performed with Chariot software 
version 5.0 [Chariot]. This software is able to generate and analyse MAC frames. 

Summary of the results 

·  Line rate-coding : 84 MHz 
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·  Data rate : 84 Mb/s 

·  Transmission without error (IP – Chariot) : 72 Mb/s 

·  Video transmission without error (VLC) : 63 Mb/s 

 

8.2 Full link (MAC + PHY)  

 The full link measurements are performed for 84 Mb/s (PHY layer) with an 
Ethernet/IP network data analyser (Anritsu, MD1230B [Anritsu]) This frame analyser 
includes the RFC2544 standard (March 1999). The RFC 2544 [RFC 2544] document, from 
IETF organization, defines a specific set of tests to measure and report the performance 
characteristics of network devices. The main tests are: 

- Throughput: maximum rate at which none of the offered frames are dropped. 

- Latency: store and forward versus bit forwarding.  

- Frame-loss rate: percentage of frames that should have been forwarded by the network 
device under steady-state load but that were not forwarded due to lack of resources. 

- Back-to-back frames: fixed-length frame presented with minimum legal frame gap. This 
test was not performed for V1a.  

 

8.2.1 Throughput measurements 

8.2.1.1 Settings 

 

Test Method:  

�  Traffic distribution: one to one  

�  Traffic orientation: unidirectional  

Ports:  

�  VLAN Tag A: OFF  

�  VLAN Tag B: OFF  

�  VLAN ID: 1  

Test frame:  

�  RFC2544 frame sizes: 64, 128, 256, 512, 1024, 1280, 1518 byte  

�  Protocol: MAC  

�  Version of IP: IPv4  

�  Device type: store and forward  

Learning frame (Ethernet modules): 

�  Learning mode: never  

�  Retries: 1 

Measurements: 

�  Duration: 10 s  
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�  Number of trials: 5  

�  Burst size: 1  

�  Initial rate: 10.00% (of 1 Gb/s) 

�  Minimum rate: 0.50%  

�  Maximum rate: 10.00%  

�  Step size: 0.20%  

�  Loss tolerance: 0.0000% 

 

8.2.1.2 Results 

 
Frame size (bits) Frame rate (Mb/s)

64 39.6 

128 62.3 

256 74.2 

512 48.2 

1,024 80.4 

1,280 80.7 

1,518 80.9 
Table 6: Throughput measurements. 

 
All results in Table 6 are close to the theoretical value except for 512 bytes frame size: the 
origin of this difference has not yet been determined. The others values are similar to a radio 
system with a line rate of 84 Mb/s [RFC 2544]. For the demonstration itself (video 
transmission) only the 1518-bytes frame size is of relevance. 
 

8.2.2 Latency 

8.2.2.1 Test settings 

Test Method: 

�  Traffic distribution: one to one  

�  Traffic orientation: unidirectional  

Ports:  

�  VLAN Tag A: OFF  

�  VLAN Tag B: OFF  

�  VLAN ID: 1  

Test Frame:  

�  RFC2544 frame sizes: 64, 128, 256, 512, 1024, 1280, 1518 byte  

�  Protocol: MAC  

�  Version of IP: IPv4  
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�  Device type: store and forward  

Learning Frame (Ethernet Modules): 

�  Learning Mode: Never  

�  Retries: 1 

Measurements:  

�  Duration: 10 s  

�  Number of trials: 3  

�  Burst size: 1  

�  Frame rate: Same as throughput rate (see Table 6). 

 

8.2.2.2 Results 

 For the determination we use the LIFO approach (Last In First Out). It means that the 
timing starts when the last bit of the input frame reaches the Ethernet input port (TX 
OWMAC Card) and ends when the first bit of the output frame is seen at the Ethernet output 
port (RX OWMAC Card). 
 

Frame Size (bits) Average (µs)

64 52.9 

128 59.5 

256 72.8 

512 99.2 

1,024 152 

1,280 178 

1,518 203 
Table 7: Latency measurements. 

 

  The results in Table 7 are within the same range as that of radio systems like 
IEEE 802.11n but all over the board the values for the VLC are better (the corresponding 
values are 196 and 530 µs for 64 and 1 518 Byte respectively) [RFC 2544] . Notice that FEC 
was not implemented in the OWMAC and DMT card. 
 

8.2.3 Frame loss rate 

8.2.3.1 Test setting 

Test method:  

�  Traffic distribution: one to one  

�  Traffic orientation: unidirectional  

Ports  

�  VLAN Tag A: OFF  

�  VLAN Tag B: OFF  
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�  VLAN ID: 1  

Test Frame  

�  RFC2544 frame sizes: 64, 128, 256, 512, 1024, 1280, 1518 byte  

�  Protocol: MAC  

�  Version of IP: IPv4  

�  Device type: store and forward  

Learning frame (Ethernet modules) 

�  Learning mode: never  

�  Retries: 1 

Frame Loss Rate 

�  Duration: 10 s  

�  Number of trials: 3 

�  Burst size: 1  

�  Initial rate: 10% (of 1 Gb/s) 

�  Step size: 1%  

 

8.2.3.2 Results 

 
Frame Size (bits) Frame     

64 Rate (Mb/s) 100 90 80 70 to 10 

 Loss (%) 25.3 17 6.7 < 10-4 

128 Rate (Mb/s) 100 90 80 70 to 10 

 Loss (%) 21.5 12.8 2 < 10-4 

256 Rate (Mb/s) 100 90 80 70 to 10 

 Loss (%) 19 10 < 10-4 < 10-4 

512 Rate (Mb/s) 100 90 80 70 to 10 

 Loss (%) 17.6 8.5 < 10-4 < 10-4 

1,024 Rate (Mb/s) 100 90 80 70 to 10 

 Loss (%) 17 7.7 < 10-4 < 10-4 

1,280 Rate (Mb/s) 100 90 80 70 to 10 

 Loss (%) 16.7 7.4 < 10-4 < 10-4 

1,518 Rate (Mb/s) 100 90 80 70 to 10 

 Loss (%) 16.5 7.2 < 10-4 < 10-4 
Table 8: Frame-loss rate 

  
The results are in correspondence with the physical layer flow. VLC V1a is capable of 
transmitting 84 Mb/s maximum, so any flow in layer 2 larger than this value necessarily 
entails the loss of frame or packets. Once the MAC-sublayer flow is below 84 Mb/s value, the 
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number of frames lost declines very quickly. Notice again, that FEC was not integrated into 
V1a.  
 
 Two more specific tests were performed for two data rate and the results were: 
 

 Result 1 Result 2 

Bit rate (Mb/s) 57.23 72.62 

Transmitted frames 15 364 121 1 225 215 

Average Frame Size (Byte) 1 518 1 518 

Received frames 15 363 405 1 225 187 

Frame loss 716 28 

Frame-error ratio 4.7 10-5 2.3 10-5 
Table 9: Frame-error ratio. 

  
These results (Table 9) are very promising keeping in mind that FEC is not yet implemented. 
The frame-error-ratio was indeed sufficient to submit 3 HD videos in parallel with only minor 
infrequent quality degradations. In addition, the events counter indicates no burst errors. This 
is very positive and will be very useful when the FEC will be integrated in the next version of 
our demonstrator.   
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