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Part I 

IR PHY 
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1 IR PHY overview 

Deliverable D4.2a “Physical Layer Design and Specification – Demonstrator 1“ describes the IR PHY-layer of 
prototype V1. For demonstrator V2, the basic system concept remains unchanged. The concept relies upon line 
of sight (LOS) transmission and a multiple transmit and receive element design. However, compared to 
demo V1, demo V2 exhibits a significantly increased system FOV (from 15° half cone angle to 45°), and a 
reduced data rate (from 1 Gb/s to 224 Mb/s PHY layer net data rate). Table 1 summarises the PHY specification 
of demo V2. 

 

Parameter Value 

Data rate (up- and downlink) 224 Mb/s  

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

Line coding 8B10B IBM-code 

Line  280 Mb/s rate (gross bit rate, 10/8 × 
data rate) 

System field of view (half cone angle) 45° 

Number of Tx- and Rx-elements 7 

Range (LOS) 
Up to 4.5 m (it is assumed that the 
base station is 3 m above the 
coverage area) 

Bit error rate (BER) Below 10-9 

Table 1: Key parameters of demonstrator V2. 

 

The major goal in developing demo V2 is to achieve a system FOV of 45°, which enables a coverage that is 
large enough for a “truly” wireless network. Since demo V2 is also based on commercial opto-electronic 
components, this increased coverage has to be bought at the expense of a decreased data rate. This problem will 
be addressed in section 2. 

Demonstrator V2 uses 7 differently aligned transmit and receive elements each having a (half angle) FOV of 
15°. These elements can be turned off and on individually, where the Tx-element control is accomplished by the 
OWS (optical wireless switch). The automatic Tx-control function is not implemented in prototype V1. (In 
addition, only 3 and of 7 elements are implemented in the V1 prototype.) As in demo V1, the Rx-element 
selection is based on a selection combining, which is rather a ‘Select Good Enough’ than a ‘Select Best’ method, 
cf. D4.2a. 

Demonstrator V2 is based on the same modulation and line coding scheme (NRZ on-off keying combined with 
8B10B IBM-coding, cf. D4.2a). Thus the filter designs (5th order Bessel filter for noise rejection, first order high 
pass filter for ambient light blocking, cf. D4.2a) differ only in a factor 4 scaling (just as the data rate) and are not 
described again. The same holds for the line clock recovery: The loop bandwidth of the data retiming PLL needs 
to be scaled by a factor 4. However, the number of training bits required to obtain clock synchronisation remains 
the same for a given signal to noise ratio.  

As described in D4.2a, the 8B10B decoder is synchronised by means of a unique comma symbol, which is also 
used for frame synchronisation. The major difference compared to demo V1 is that the demo V2 encoder and 
decoder are now implemented on the OWS card.  

Section 2 addresses the trade-off between coverage (system FOV), transmit power and data rate, and underpins 
the requirement of a factor 4 data rate reduction compared to demo V1. The residual conceptual design and 
modelling (modulation and coding, filter design, element control, synchronisation and PHY frame structure) is 
not described, since it differs only in a scaling. 

Section 3 describes the IR prototype. 
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2  Link budget estimation 

2.1 Demonstrator V1 link margin 

The demonstrator V1 PHY-layer offers a net data rate of 1 Gb/s, but achieves this value at the expense of a 
restricted system FOV to only 15°. For the demo V1-modelling, the following key parameters/characteristics 
were assumed: 

·  7 transmit and receive elements, where each element has a half power angle of 5° (half cone angle, 
corresponding to a system FOV of 15°), 

·  25 mW average optical transmit power per element, 

·  Each 0.2 2mm APD is equipped with an ideal optical concentrator. 

Figure 1 shows the demo V1 link margin (as obtained by modelling) on the x-y-grid as a function of the receiver 
position, where the base station is located in the centre. The black circle indicates the coverage area 
corresponding to the desired 15° system FOV, if the base station is located 3 m above the receiver plane. 

 

 

Figure 1: Demonstrator V1 link margin (predicted by modelling) over the x-y-grid. 

 

2.2 Demonstrator V2 link budget modelling 

For the demonstrator V2 design, the targeted system FOV is 45°. The number of individual transmitter and 
receiver elements is not intended to be increased compared to the demo V1-modelling for the following reasons: 

·  For more elements, a complete redesign of the electrical part (especially the selection combining 
circuitry) would be required. 

·  The volume and weight of the current design, where each APD is equipped with its exclusive optical 
concentrator, increases with the number of elements; more elements are not desirable even from that 
point of view.  

·  Imaging optics could offer a much higher spatial resolution (and thus directional gain), but need to be 
combined with laser/ photodiode arrays which are not commercially available yet at the required speed. 

Thus the demo V2 system FOV of 45° demands for a per-element FOV of 15° – 3 times more compared to 
demo V1 – , which reduces both the available transmit as well as the receive gain by a factor 32 = 9. Such an 
optical power penalty (factor 81, corresponding to 19 dB) cannot be compensated without reducing the data rate, 
too, because: 
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·  Forward error correction (such as Reed-Solomon coding known from fibre optical systems) promises a 
coding gain, but not more than 3 – 4 dB in the optical domain. 

·  At 1 Gb/s, more Tx-power is not realistic as a result of the crucial laser diode driver performance. 

·  More detector area can hardly be obtained, since large area photodiodes are not available at this speed. 

Thus, for demonstrator V2 it was required to reduce the data rate by (approximately) a factor 4 to 224 Mb/s. This 
data rate reduction promises several advantages for the link budget. First of all, it enables the usage of low 
capacitance photodiodes with a much larger area. This increases the receiver sensitivity altogether with the 
detector area. Furthermore, since the laser diode drivers operate at a reduced speed, higher Tx-powers are 
possible. 

2.2.1 Required Tx-power compared to demonstrator V1 

Figure 2 shows an estimation of the relative required transmit power of demo V2 (operating at 224 Mb/s) as a 
function of the per-element FOV. The results were obtained by incorporating the parameters of commercial 
photodiodes into numerical analysis. Crucial photodiode parameters are presented in Table 2. It is always 
assumed that: 

·  The receiver utilises an optical bandpass filter with 10 nm spectral width. 

·  The receiver is exposed to diffuse background light with an spectral radiance of 0.04 � W/(mm2·sr·nm). 

 

 Demo V1 Demo V2 

Photodiode Sil. Sens. 
APD  

AD500-
1.3G-TO5 

OSI PIN  
RD-07 

Hama APD 
S9251-15 

Hama PIN 
S3883 

Sil. Sens. 
PIN PS1-5 

Sil. Sens. 
APD 

AD1900-9 
TO5i 

lR (A/W) 0.43 
@ 830nm 

0.55 
@ 900nm 

0.52 
@ 830nm 

0.6  
@ 830nm 

0.52 
@ 800nm 

0.6  
@ 850nm 

Active area 0.2 mm2 7.1 mm2 1.77 mm2 1.7 mm2 0.9 mm2 3 mm2 

Capacitance 2.5 pF 10 pF @ 30V 3.6 pF 6 pF 4 pF @ 20V 8 pF 

Capacitance  
per area 

12.5 pF/mm2 1.41 pF/mm2 2.03 pF/mm2 3.53 pF/mm2 4.44 pF/mm2 2.7 pF/mm2 

Table 2: Photodiode parameters used for simulations. 

 

Figure 2: Required transmit power of demo V1 compared to demo V2 as a function of the per-element 
FOV for various commercial photodiodes (numerical estimation). 
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Among the considered photodiodes, the best performance can be achieved with the Silicon Sensor APD 
AD1900-9 TO5i, but the OSI PIN photodiode RD-07 shows also good results1. At the targeted per-element FOV 
of 15°, it is necessary to increase the transmit power by only about 6 dB compared to demo V1, if the Silicon 
Sensor APD is used. 

2.2.2 Demonstrator V2 link margin over the x-y-grid 

Figure 3 shows the link margin for the desired 45° half angle FOV, which corresponds to the planar coverage 
area indicated by the black circles. The Tx-power is assumed to be 20 dBm, i.e. 100 mW. Ideal optical 
concentrators with a refraction index of 1.5 are supposed. Both, the OSI PIN photodiode and the Silicon Sensor 
APD show theoretically a very similar performance. The prototype is based on the Silicon Sensor diode, since an 
APD relaxes the effort for the preamplifier circuitry. 

 

Figure 3: Estimated link margin for demo V2 for two different photodiodes (left: OSI PIN RD-07, right: 
Silicon Sensor APD AD1900-9 TO5i). The base station is located in the centre, 3 m above the Rx-plane. 

2.2.3 Demonstrator V2 receiver sensitivity 

In Figure 3, bright diffuse skylight [Djahani/Kahn, 2000] with a radiance of 0.04 � W/(mm2·sr·nm) was assumed. 
In this situation, the APD promises a 4 dB sensitivity advantage over the OSI PIN photodiode. However, since 
the APD exhibits less area, this advantage is almost compensated with respect to the required Tx-power. 

Figure 4 discusses the impact of the background light level. Depending on the daytime, season, weather etc., a 
radiance value of 0.04 � W/(mm2·sr·nm) may be several orders to pessimistic. Figure 4 shows clearly that the 
background light induced shot noise has almost no impact on the receiver sensitivity, if the PIN photodiode is 

used. The noise is dominated by the2f  noise component. The situation changes notably, if the APD is applied. 

 

Figure 4: Receiver sensitivity depending on the background light level. 

                                                      
1 These two photodiodes are used in the next sections for further analysis. 
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3 IR demonstrator V2 

3.1 System design 

This section describes the design and construction of the IR demonstrator. An angle diversity system was 
fabricated, similar to demonstrator V1, but using a 7 channel system in order to obtain a field of view of 
approximately 90° (full cone angle) at each transmitter and receiver. A single base station (BS) and two user 
terminals (UTs) were fabricated, each of which have identical physical layer components. For modelling 
purposes the BS is assumed to be 3 m above the UT, with a 6 m coverage diameter at the UT plane. The longest 
link is therefore ~ 4.2 m. Each transmitter and receiver ‘unit’ has a field of view of 30° (full angle). 

Figure 5 shows the functional block diagram of the physical layer (PHY) of the BS (or UT as they are identical). 
Transmit data from the MAC passes into a 1x7 selector, that allows a desired group of transmitters (shown as 
Tx1..7 on the diagram) to be activated under control of the MAC layer. (In practice this control was not 
implemented and all transmitters are selected.) Light from these propagates to the receiving terminal, where it is 
detected by one, two or three of the seven receivers, depending on the angle at which it is incident on the 
terminal. Each receiver converts this to an analogue signal, which is then thresholded to an ECL logic level. 
Each receiver has an ‘above threshold’ signal, which indicates that a strong enough signal to achieve a 
BER < 10-9 is received. This signal is fed from each of the receivers to a priority encoder which selects the ‘first’ 
receiver where the signal is above threshold. This might be called ‘Select Good Enough’ and is inferior 
compared with Maximal Ratio Combining or Select Best, but a simple priority encoder integrated circuit can be 
used to implement this strategy, so it was sufficient for this demonstration. This signal is then routed to a clock 
and data recovery circuit. 

The system works in a true ‘burst mode’, so that the transmitters only emit significant radiation when there is 
data to send. The first part of each data packet is a synchronisation preamble, which ‘wakes’ the system up so 
there is valid retimed data entering the MAC before the frame synchronisation and payload is received. The 
preamble therefore has to be long enough for the receiver output to create valid data, for the first good channel to 
be selected, and for the clock recovery unit to phase lock to the received data, and this requires careful design of 
each of these components in order to minimise the length of the preamble. In order to keep the clock recovery 
unit frequency locked whilst no data is being received a 101010.. data stream is fed from the MAC into the clock 
recovery unit (not shown on the diagram). A line rate of 280 Mb/s is used in the demonstration, which 
considering the 8B10B coding corresponds to a maximum data rate of 224 Mb/s. 

 

Tx selector
switch

Tx 1

Tx 7

Rx 1

+Vbias

7-to-1
demux

RSSI comparator 
and decoder

RSSI

Signal

2-bit 
address

Clock and 
data recovery

M
A
C

L
A
Y
E
R

Transmit
data

Rx 7

+Vbias

Received
data

Clock

Control
Tx selector

switch

Tx 1

Tx 7

Rx 1

+Vbias

7-to-1
demux

RSSI comparator 
and decoder

RSSI

Signal

2-bit 
address

Clock and 
data recovery

M
A
C

L
A
Y
E
R

Transmit
data

Rx 7

+Vbias

Received
data

Clock

Control

 

Figure 5: A block diagram of the IR-PHY transmitter  and receiver interface for a single terminal. The 
MAC layer is produced by Apside/FT. 
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3.2 Optical design 

3.2.1 Transmitter 

A commercial driver IC and 860 nm laser was used as a transmitting source, emitting approximately 80 mW 
(average power). In order to meet the full coverage angle of 90° (cone angle) a 30° (full angle) Lambertian 
diffuser was used. This also renders the source eyesafe. The optical layout used is similar to that shown in Figure 
6. Details of the optics used are found in Table 3, and the components themselves are shown in Figure 7. 

Laser

Singlet 
lens

Diffuser

 
Figure 6: Demo V2 transmitter optical layout. 

 

(a) (b)(a) (b)
 

Figure 7: (a) Transmitter board. (b) Front view of transmitter showing diffuser. 

3.2.2 Receiver 

The receiver uses a 3 mm2 APD with a commercial transimpedance amplifier for initial amplification. This is 
followed by a limiting amplifier, incorporating a threshold detect to implement the ‘Select Good Enough’ 
scheme. The receiver (measured at the preamplifier output) has a sensitivity of ~ -38 dBm at ~ 300 Mb/s (NRZ-
OOK with the required BER). 

In order to simplify the receiver optical design and to increase the collection area of the optical system a custom 
optical concentrator was specified for the receiver. Figure 8 shows a cross section of a receiver channel, 
including the concentrator. The concentrator has a simulated gain of ~ 32, compared with a maximum theoretical 
gain of ~ 40, and a design field of view of 30° (full angle). 

 

Concentrator

Avalanche 
Photodetector

 
 

Figure 8: Single channel receiver schematic. 

An interference filter is used to reduce the effect of ambient light in this system also. The passband shift for 
signals that enter the receiver at the edge of the angular field of view must be accounted for and a filter width of 
23 nm was chosen to ensure high transmission of the signal for all entry angles. Figure 9 shows the receiver 
assemblies. 
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(a) (b) (c)(a) (b) (c)
 

Figure 9: (a) Receiver board. (b) Concentrator. (c) Front view of receiver showing interference filter. 

 

3.2.3 Margin 

Assuming a transmitted power of approximately + 19 dBm and a receiver sensitivity of -38 dBm the expected 
margin is 57 dB. Optical modelling indicates that there is a margin of 3.5 dB on-axis and 1.5 dB margin 15° off-
axis, at a range of 4.2 m. Table 3 summarises the target optical and optoelectronic specification for demo V2. 

 
Transmitter Transmitter stored in demo_diode_collimated_nonseq_11 

Laser power 80 mW 

Laser emission angles (half angle) 8° / 30° (modelled as a Gaussian) 

Laser wavelength 860 nm 

Spacing to transmitter 9.0 mm (Not important between 8-11mm) 

Collimating lens 62591 (Edmund) f = 12.7 mm D = 12.7 mm (singlet) with VIS-NIR 
coating 

Diffuser Luminit 30° full angle 

Receiver Custom optical concentrator 

Material Acrylic (PMMA) index 1.48362 

Optical filter 23 nm custom interference filter 

Entrance diameter 1.05 cm 

Total height 1.53 cm 

Max theoretical gain 32.9 

APD 1.95 mm diameter APD 

Link budget Max Min 

Transmitted average 
communications power (at source, 
before lens) 

+19 dBm (80 mW) +19 dBm 

Link loss (simulated) 50.5 dB -52.5 dB 

Additional losses (diffuser and filter 
– estimated) 

~ -2 dB ~ -2 dB 

Receiver sensitivity -37 dBm -37 dBm 

Estimated margin 3.5 dB 1.5 dB 

Table 3: Optical and optoelectronic specification. 
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3.3 Results 

Results from performance evaluation are shown in deliverable D4.6b. Figure 10 shows a picture of a complete 
terminal. The seven transmitters are on the left of Figure 10(a) and the receivers on the right. 

 

(a) (b)(a) (b)
 

Figure 10: (a) Complete terminal. (b) Internal view of terminal. 
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Part II 

VLC PHY
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4 VLC system 

4.1 VLC system overview 

Figure 11 provides a block-diagram overview of a VLC PHY. While our VLC demonstrator is somewhat more 
complex than that (due to driving 16 LED lamps in lock step), this diagram provides useful insight into the 
respective parts of the VLC PHY developed. We can also use this diagram for fleshing out who was responsible 
for what. Siemens addressed the development of the analogue transceiver (red part), while HHI was responsible 
for the digital transceiver (black part). The analogue transmitter consists of a driving circuit (trans-conductance 
amplifier, TCA), a bias T for adding the AC signal onto the LED bias current (DC), 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. This data link is bandwidth-limited on the transmitter side to 
~12 MHz, which poses a challenge for the OMEGA target data rate of 100 Mb/s. We overcome this challenge 
with pre-distortion and multi-level modulation (see Section �4.3). 
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Figure 11: Block diagram of the VLC PHY. 

 
The signal-transmission chain works as follows. On the transmitter side, the digital PHY 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 an electrical current. Then it superposes the AC current onto a DC bias 
current, which corresponds to the working point of the connected LED. The total current (I_LED) is fed to the 
LED, which, in turn, emits a modulated optical signal P_opt. The received optical power impinges onto an 
optical concentrator (lens), is directed through an optical filter, and converted into an electrical current I_PD in a 
photodiode. The AC component of the generated electrical current is then transimpedance amplified (U_PD) and 
band-pass filtered (U_PD, filter). 
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4.2 Analogue part 

4.2.1 Transmitter subsystem 

4.2.1.1 LED characteristics 

In order to illuminate even a portion of the OMEGA showroom (~ 60 m2 footprint) with a manageable number 
of LEDs, OSTAR lighting modules were chosen, since they provide a noticeable higher luminance flux than 
comparable high-power LEDs (see, e.g., [LUXEON, 2006]). A picture of a 6-chip OSTAR module with a 
collimation lens is shown in Figure 12, and a typical emission spectrum is shown in Figure 13. The technical 
parameters of the two OSTAR modules that were available on the market at the beginning of the OMEGA 
project are summarised in Table 4. The table also states the total number of OSTAR modules (four- and six-
chip) needed to illuminate the showroom at an illuminance of 400 lx. In order to keep the overall complexity of 
the VLC prototype low, the 6-chip OSTAR version was chosen, viz. E3B. 

 

Figure 12: Top view of a 6-chip OSTAR E3A through imaging optics that is mounted on top of the LED 
module. Due to the magnification of the imaging optics the six thin-film chips that are operated in series 

are readily distinguishable. 
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Figure 13: Radiant 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). 

For the development of the driving circuit at least three system parameters were needed: the LED’s equivalent 
circuit and its linearity. The equivalent circuit of the LE CW E3B N3P5 (see Figure 14) was derived as follows. 
The protection diode was removed from the LED package and the complex impedance of the remaining circuit 
was measured for small-signal distortion as a function of the modulation frequency and the bias current. The 
corresponding equivalent circuit was inferred with Agilent’s Advanced Design System. The passive components 
of the equivalent circuit are shown in Figure 14. 



ICT-213311, OMEGA                                                                                                                                                             15 February 2011 

D4.2b: Physical layer and Specification - Version 2 Page 23 (94) 

OSTAR type E2B E3B 

No. of LED chips 4 6 

Bias voltage/V 11.6 - 16.4 17.4 - 24.5 

Typical bias voltage/V 15 22 

Corresponding typical bias current/A 0.7 0.7 

Corresponding luminous flux/lm @ 0.7 A driving current 250 - 350 380 - 540 

Corresponding typical luminous intensity/cd 100 140 

Maximum bias current/A 1 1 

Maximum pulse current2/A 2 2 

Full viewing angle at half illuminance3 130° 130° 

Number of modules needed to illuminate the entire 
OMEGA showroom4 @ 400 lx 

~ 68 - 95 ~ 44 - 63 

Table 4: Electro-optical specifications of OSTAR E2B and E3B [Osram, 2008a; Osram, 2008b]. 

 

 

Figure 14: Equivalent circuit for a LE CW E3B N3P5. Cpar is the parasitic capacitance of the LED 
module. 

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. By aid of the equivalent 
circuit the frequency dependence of the total impedance and thus the LED transfer function can be analysed. The 
equivalent impedance ZEQ is given by 
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where j is the imaginary unit and w the angular modulation frequency. The absolute value of the equivalent 
impedance is shown in Figure 15 as a function of modulation frequency and bias current. The depicted curve 
was calculated by aid of the above equation and the capacitance and inductance values were measured with the 
aforementioned setup. The decrease of the parasitic capacities with an increase in bias current results in an 
increasing slope of the curves in Figure 15. The equivalent circuit served as place-holder in the simulations 
accompanying the driving-circuit development. Also, notice the comparably small absolute value of the LED 
impedance. 

                                                      
2 T < 10 #s, duty cycle < 0.1, board temperature 25°C 
3 In absence of any collimation optics. 
4 Footprint: 60 m2 
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Figure 15: Variation of equivalent impedance for OSTAR E3 as a function of modulation frequency for a 
range of bias currents. 

 

The 3-dB frequency of the circuit is defined as the frequency at which the absolute value of the equivalent 

impedance is 2  times that of the value at w = 0. The values for the 3-dB frequency at different bias currents 
are depicted in Table 5. 

 

LED driving current/ mA  Estimated 3-dB frequency/ MHz 

500 54 

700 37 

900 32 

Table 5: Values for the 3-dB frequency of the OSTAR-E3 equivalent circuit for three LED driving 
currents. 

 

In other words, 3-dB modulation bandwidths up to ~35 MHz should be attainable with the module chosen. This 
was corroborated with direct measurements. Applying the output from an 80 MHz signal generator to a bias T, 
which in turn fed the LED module, we inferred the values in Figure 16. For the E3B module we find indeed a 
modulation bandwidth in the range of the predicted value (30 MHz). However, as discussed in section �4.2.1.3, 
the low differential impedance of the LED module (~3 � ), the linearity of the driving circuit, the large 
bandwidth, and the high driving currents altogether make the development of a suitable baseband modulator a 
formidable challenge. 
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Figure 16: 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%. 

 

 

Figure 17: Upper panel: Static transfer function, viz. emitted optical power as a function of 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: Un-weighted fit residuals as a function of the DC 

driving current. 

 

A lower limit of the linearity of the E3 module was estimated 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 17. As can be seen, a second-order polynomial provides a fair 
fit to the measurement data. The measurements of normalized optical power for LED driving currents beyond 
900 mA were influenced by excess heat dissipation from the LED and these values were hence dropped upon 
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, 2011], the spurious free dynamic range (SFDR) 
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can be calculated from the static transfer function. The corresponding result is shown in Figure 18. As expected, 
the dynamic range is rapidly decreasing with an increase in modulation index.  
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Figure 18: 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. 

 

4.2.1.2 Driving-circuit specification 

By aid of the above LED parameters the following requirements for the LED driving circuit can be inferred. 

·  An overall modulation bandwidth of the link of 10’s of MHz (target: ~30 MHz).  

·  Bias current of 700 mA (typical lighting bias current) and DC voltage of 21 V, which corresponds 
to a DC power of ~15 W. 

·  Modulation index between 0.3 and 1 (Grubor et al. achieved a modulation index of 0.25 [Grubor et 
al., 2007]), which corresponds to an AC peak power between ~30 mW and ~400 mW. 

·  Strong linearity. The spurious free dynamic range below the 3-dB bandwidth has to be much larger 
than 20 dBc. 

·  Input signal voltage 1 Vpp and signal current 20 mApp (50 �  impedance). The power gain needed is 
6 dB and smaller, while the voltage and current gains approach 3 dB and 15 dB, respectively. 

 

4.2.1.3 Driving circuit 

The driving circuit is based on a two-stage TCA 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 for two input signals are listed in Table 6. An 
input of 600 mVpp @ 50 �  is the maximum level before the onset of saturation in the amplifier and thus non-
linearities that are more pronounced than those of the LED itself (see Section �4.2.1.1). Three exemplary E-O-E 
gains as a function of modulation bandwidth are shown in Figure 19, and the circuit layout is shown in Figure 
20. A picture of one of the 24 analogue transmitters assembled at Siemens AG is shown in Figure 21. 

 

Bias 
voltage/ V 

Bias 
current/mA  

Input AC 
voltage/mVpp 

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 6: 3-dB bandwidths for an OSTAR E3B with different signal AC voltage into the driving circuit 3.0. 
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Figure 19: 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. 

 
 

 
Figure 20: Driving circuit for OSTAR E3. Yellow box on the left: DSL chip. 
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Ostar white light LED with 
beam shaping element 
(PMMA-lens)

Analog LED current driver 
electronic
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Figure 21: Picture of the analogue emitter developed by Siemens AG. SMA adapter on the right: 
Analogue input signal to the driving circuit. Red and blue plug: voltage supply for trans-conductance 

amplifier. Yellow cable: bias current for the LED module. Black cable: ground. Notice: mirror image of 
the circuit layout in Figure 20. 

 

4.2.1.4 LED modules 

The LED modules (E3A) are directly mounted onto a heat sink integrated next to the PCB (see Figure 12). On 
top of the LED, a factory-designed astigmatic lens is mounted which converts the emission from the rectangular 
LED module into a circular light spot. The divergence angle of the emitted radiation is 76° at half illuminance. 

 

4.2.1.5 Distribution of the analogue signal 

The digital signal generated by the digital PHY needs to be replicated so that 16 VLC transmitters can be 
operated in lock step. In order to decrease the system complexity, we chose to first translate the digital DMT 
signal into the analogue domain, and thereafter to replicate and distribute it. The topology of the chosen signal-
distribution network is shown in Figure 22. A passive 1:16 power splitter with a high rejection ratio and very low 
cross talk serves as the replicator. In order to match the output voltage levels to those of the input to the analogue 
transmitters, a broadband baseband amplifier was sandwiched between the DAC output and the splitter input. 
The cabling chosen consist of RG 58 (standard BNC), while SMA connectors were chosen in order to simplify 
the ease of setup. As a final step we had to decide on the distribution topology and the cable length. Only a star 
topology was found to produce a low enough phase delay between two VLC transmitters [Shrestha, 2009].  
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Figure 22: Block diagram of the analogue signal-distribution network devised for the OMEGA VLC 
demonstrator. The impedance of all connections is 50 � . The main components of the network is a 

broadband amplifier (Mini-Circuits, ZHL-32A) and a passive 16-port power splitter (Mini-Circuits, ZSC-
16-12+). Load: analogue VLC transmitter. 

 

4.2.1.6 Integration into the showroom 

For the ease of installation of the demonstrator and for enabling maximum accommodation to architectural 
constraints, we chose to install one emitter each in the centre of tiles exhibits an identical footprint as that of the 
tiles already installed in the showroom ceiling (see Figure 23). A diffuser was installed in front of the imaging 
optics in order to reduce glare, and the analogue transmitters were then directly mounted on top of the tiles (see 
Figure 24). 

 

Figure 23: View of the living-room area in the France-Telecom show room in Rennes, France. Each of the 
lit ceiling lamps is a VLC transmitter. The access point (see Figure 25) is above the centre loudspeaker 

(above the ceiling tiles). The analogue Rx in front of the oscilloscope receives the modulated light from the 
ceiling, and the signal is fed to the oscilloscope (sine waveform on the oscilloscope screen). 
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Bottom side (visible side) top side (hidden side)
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DC power 
supply for 
high power 
LED
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Figure 24: Bottom (left pannel) and top (right panel) view of one transmitter tile. The supply voltage for 
the fans and the trans-conductance amplifiers is provided by a common power supply not shown here. 

Due to excessive noise on the driving current, the DC power supplies were eventually replaced with 
common ones (not shown here). 

 

 

Figure 25: Top view of the OMEGA showroom and situation of the VLC transmitter. 

 

The VLC broadcast area has a size of ~9 m2. Figure 25 depicts the placement of the VLC area within the 
OMEGA showroom (yellow). The reference point, i.e. the point of connection to the technical room (see Figure 
26) is also depicted. Of the 20 ceiling tiles within the VLC area only 16 are equipped with VLC transmitters. 

Besides esthetical and architectural boundary conditions, the achievable illumination level at desk height is a 
paramount design parameter. In order to enable high data rates without glaring on one hand, and lighting levels 
high enough for reading on the other hand, we strove for a horizontal illuminance above 400 lx, below 800 lx, 
and as evenly distributed throughout the VLC area as possible. Also, we aimed at minimising the ‘leakage’ 
outside the VLC area. Over 20 geometries and distributions were analysed, and the best was chosen for the setup 
in Rennes (see Figure 23). 

A block diagram of the VLC demonstrator is shown in Figure 26. Four video streams are fed from a server 
situated in the living room to the VLC MAC in the technical room. Here, the Ethernet frames are encapsulated 
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into VLC frames and fed to the digital modulator and then to the analogue amplifier. The signal is routed back to 
the living room, split into 16 copies, and then fed to the driving circuit of each of the 16 VLC transmitters. The 
VLC signal is transmitted through free space and then captured by the analogue Rx. From there, the electrical 
signal is routed back to the control room, demodulated, and the Ethernet frames are unpacked. After that, they 
are sent back to the living room via CAT-5 cables. An Ethernet router separates the four video streams and 
directs them to four laptops for display. 
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Figure 26: Block diagram of the VLC demonstrator. 

 

4.2.2 Receiver subsystem 

 

A block diagram of the analogue Rx can be found in Figure 27. The redesign of the analogue receiver module 
was based on the results from the show room measurements performed in June 2010. A typical luminous 
intensity of 500 lx was measured at table height underneath the ceiling. Using the old receiver design, this level 
was close to the lower limit regarding an error free data-transmission. Recent measurements with the full PHY 
(analogue + digital) showed a significant impact of the received photocurrent level to the error rate of the signal 
link. Furthermore, the first receiver design had a FOV of about 70°. This did not correspond well with the lamp-
setup in the show room, where the spacing between two lamps is only ~60 cm, which leads to an aperture angle 
of ~17°.  

Hence one focus of the work was to improve the conversion gain of the Rx-module while keeping the electrical 
performance at the same high level as the old design.  

Another objective was the reduction of the receiver housing dimensions towards a compact and close to the 
market design. This was mainly achieved by a complete redesign of the circuit board and by shifting the internal 
power supply components to an external box. The PCB dimension was reduced to 25% of the original size (see 
Figure 28). 
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Figure 27: Key components of analogue receiver. 

Key components of the receiver are: an aspheric collimator lens, an optical filter (blue filter), a large-area PIN 
diode with attached collimator lens, the transimpedance amplifier and the post amplifier. The whole system is 
housed in a plastic package which was realized with a Rapid Prototyping machine.  

In contrast to the initial design of the first demonstrator this improved version is equipped with an additional 
aspheric collimator lens. This causes a reduction of the FOV from 70° down to 17° and an improvement of the 
optical gain of 30% compared to the old design (see Figure 29). A range of tests was performed to identify a 
suitable lens. An over-the-counter lens from Melles Griot, 01LAG117/066, showed the best performance. The 
lens was ordered with broad band antireflection coating to avoid unwanted loss and interference effects. The 
focal  length of the lens is 35.5 mm at a diameter of 25 mm. 

 

 
 

Figure 28: New PCB-layout, size reduction of 75% compared to initial design. 
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Figure 29: FOV-measurement with Melles Griot lens + S6968 PIN-diode. 
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The optical filter is a dichroic multilayer system on a float-glass carrier (BK7). Its function is to block the 
yellowish light above ~480 nm and allow transmission of the blue and near-UV portion of the LED emission. 
The diameter is 25 mm and the thickness is 2 mm. An optimized transmission window of 350 – 480 nm was 
achieved (see Figure 30). 

 

Filter transmission dichroitic filters

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

350 400 450 500 550 600 650 700
Wavelength (nm)

tr
an

sm
itt

an
ce

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

in
te

ns
ity

 (
a.

u.
)

Linos-0° Linos-35° Oerl.-DT-bl.-0°
Oerl.-DT-bl.-35° Berlin.Glas-0° Berlin.Glas-35°
LED-spectrum

 
 
Figure 30: Comparison of characteristic curves of various dichroic filters. The chosen filter was provided 

by Berliner Glas KGaA. 

 
Next element is the photodiode which is equipped with an aspherical lens made of PMMA. The Hamamatsu 
Type S6968 was used for the receiver due to its outstanding performance regarding bandwidth and effective 
active area. The active area of the silicone chip is ~25mm2 (5x5mm2), while the cut-off frequency is about 
50 MHz. The terminal capacitance at 1 MHz and 10 V bias voltage is about 50 pF. The responsivity for the 
desired wavelength of 460 nm is about 0.25 A/W. 

A low-noise FET-input operational amplifier converts the photocurrent into a voltage signal. A Texas 
Instruments OPA657 was used for this purpose. The OP-amp has an excellent gain-bandwidth product of 
1.6 GHz and a very low input voltage noise of 4.8nV/ Hz. After several redesign loops a transimpedance gain of 
4.2 kV/A and a flat frequency response, as well as a steep cut-off at 35 MHz, was realized by optimising the 
feedback network of the TIA (see Figure 32). Following the signal is boosted with a gain of 3 in a post amplifier 
stage, which is equipped with a further OPA657. The overall gain was ~12 kV/A, the bandwidth (-3 dB) of the 
receiver is about 35 MHz, and the NEP was calculated to 0.23 nW/ Hz½. An overview of the amplifier circuit can 
be found in Figure 32. 

 

 
 

Figure 31: Bandwidth optimization of TIA. 
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Figure 32: Circuit diagram of analogue Rx. 

 
All components are mounted in one package with an aperture window and a mechanical fixture for the 
wavelength filter as well as the signal interface to the ADC stage (SMA-connector). A technical drawing of the 
new design can be found in Figure 33. The housing was produced by the aid of a rapid prototyping system. The 
spatial resolution of the process was about 100 µm. Afterwards, the housing was coloured in black from the 
inside to avoid disturbance from external light sources. Photographs of the new prototype can be found in Figure 
34 and Figure 35. 
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Figure 33: Technical drawing of analogue receiver (side view). 
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Figure 34: Analogue receiver, first realised sample (side view, open housing). 

 
 
 
 

 
 

Figure 35: Analogue receiver, first realised sample. 
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4.3 Digital part 

Digital signal processing is implemented on a Virtex-5 FPGA using fixed-point arithmetic. Hardware description 
language was used to develop the architecture presented in this report. 

Figure 36 shows the transmitter block diagram (OFDM Tx and DAC). The serial input from the OWS card is 
first passed through a scrambler and a FEC encoder (Reed Solomon (187,207)) before being converted to a 
log2M bit parallel data stream by aid of a shift register. This data is then mapped onto a complex M-QAM 
symbol that is saved in FIFO memory. In order to obtain a real-valued signal at the output of the 2N-IFFT 
module, a conjugate symmetry is applied to N-1 of the M-QAM symbols. This symmetry is achieved by reading 
from the FIFO and writing the appropriate value, the QAM symbol or the complex conjugate one, in the right 
position of a double port RAM. In the demonstrator, all subcarriers are modulated with the same modulation 
order, so a power pre-equalisation is performed (signal power distribution is not uniform). The calculation of the 
multiplication coefficients is done based on the known LED frequency response, i.e., on the E-O-E channel 
characteristic, with the goal to obtain similar error performance on all subcarriers. The next step consists of 
reading from the RAM the 2N values required to perform an IFFT transform. The module, which implements the 
transformation, inserts the guard interval in form of a cyclic prefix directly, so the real output of the IFFT is 
ready to be applied to the DAC. The connection between the FPGA board and the DAC (TI DAC5662, 12 bit, 
speed < 275 MS/s) is done via LVDS signals and the interface between the analogue DAC output and the LED 
driver is SMA. 
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Figure 36: VLC card transmitter block diagram (OFDM  Tx and ADC). 

 

Figure 37 shows the block diagram of the digital signal processing at the VLC card receiver (ADC and OFDM 
Rx). The modules for OFDM demodulation correspond to the ones in the transmitter but in reverse order. The 
optical signal is captured by a photodetector and converted into an electrical format before arriving at ADC via a 
SMA connection. The digital LVDS outputs of the ADC (TI ADS5527, 12 bit, speed < 210 MS/s) are driven to 
the FPGA. For proper detection and demodulation, OFDM Rx however needs to include synchronisation, 
channel estimation and equalisation. Synchronisation is needed to find the beginning of the OFDM frame (frame 
synchronisation). In the final demonstrator, the synchronisation algorithm is based on the autocorrelation of the 
received data, whereas, for the demonstrator version 1, the synchronisation was achieved using a cable. Apart 
from frame synchronisation, bit-synchronisation, i.e., clock recovery, is needed. Clock recovery is implemented 
based on a phase error estimation algorithm, for the purpose of which, some subcarriers were reserved as pilot 
tones.  

Assuming a successful bit-synchronisation, once the frame start (start of the first OFDM symbol) is known, the 
cyclic prefix can be removed from the beginning of the incoming OFDM symbols and the remaining samples 
can be connected to the 2N-FFT module to perform the transform. Before performing the M-QAM demapping, 
the signal has to be equalised. One-tap equalisation is performed using the estimated channel coefficients, which 
have been obtained with the help of a training sequence at the beginning of each transmission block. After 
demapping, the original log2M bits are recovered. These bits form a parallel data signal which is passed through 
the FEC decoder and the descrambler before being converted to a serial bit stream of 100 Mb/s which is driven 
to the OWS card via a SMA interface. 
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Figure 37: VLC card receiver block diagram (OFDM Rx and ADC). 

4.3.1 Modulation and coding scheme 

 

Parameter Values 

Electrical bandwidth B = 32.7 MHz 

Number of independent subcarriers (including DC) N = 32 

Number of pilot reserved tones (used) 2 (1) 

Subcarrier frequency separation  2 2f B ND =  

OFDM symbol period without cyclic prefix  ( ) 1

FFTT f
-

= D  

(Nyquist) Sampling period 2sam FFTT T N=  

Length of cyclic prefix in samples L = 4 

Length of cyclic prefix 
CP samT LT=  

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

OFDM symbol period with cyclic prefix (in samples) 2P N L= +  

QAM modulation order  M = 16 

Forward Error Correction  Reed Solomon (187,207) 

Table 7: OFDM parameters. 

Table 7 shows the parameters of the OFDM transmission. System bandwidth can be considered approximately 
low-pass due to the frequency characteristics of the white LED and the VLC receiver. Signal bandwidth in 
baseband (B) is adjusted to the system. The number of used subcarriers is moderate, and the length of the cyclic 
prefix can be short, if the signal bandwidth does not significantly exceed the system cut-off frequency. The 
transmission rate, including the cyclic prefix redundancy is 

[ ]
1

2
1

2
2

bit /s log ( )
N

b n
n

B
R M

N L

-

=

=
+ � . 

In an example with B = 32.7 MHz, M = 16-QAM, N = 32 and L = 4, if all subcarriers are modulated, the 
achieved bit rate is Rb �  120 Mb/s. The parameters are chosen so that the error performance of the uncoded 
transmission can be sufficiently compensated by a conventional FEC algorithm. Furthermore, overhead of the 
implemented FEC (r FEC), training sequences for channel estimation and synchronisation r train (in total 80 OFDM 
symbols after every 10 000 OFDM data symbols) and reserved pilot subcarriers for clock recovery (r pilot) leads 
to reduction in a net transmission rate of about 100 Mb/s: 
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So far, the results show that the performance is limited mostly by the noise at the receiver. Non-linearities due to 
LED characteristics are of minor importance. Controlled clipping of high peaks at the transmitter results in a 
SNR enhancement. 

4.3.1.1 Power pre-equalisation coefficients 

Since all subcarriers are modulated with the same modulation order, a power pre-equalisation is performed 
(signal power distribution is not uniform). The calculation of the multiplication coefficients is done based on the 
known LED frequency response, i.e., on the E-O-E channel characteristic, with the goal to obtain similar error 
performance on all subcarriers. The coefficients multiplying QAM symbol stream on each subcarrier are given in  
Figure 38. Subcarrier with index “0” corresponds to DC is as usual left unmodulated. Subcarriers “30” and “31” 
are dedicated for pilot tones, but the first one is left unused. 
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Figure 38: Power pre-equalisation coefficients (as amplitude) at the Tx. 

 

4.3.2 Channel estimation and equalisation 

Channel estimation is needed for proper data recovery at the receiver. A training sequence is sent between 
successive data blocks. Due to the fact that the channel can be considered as time invariant, the training sequence 
needs not to be sent very often. The length of the training sequence should be sufficient to average out the 
Gaussian noise, but on the other hand, it should not significantly increase the transmission overhead. 

If a data block contains ND OFDM symbols, and the training sequence NT OFDM symbols, the reduction in 
spectral efficiency is ND/(NT + ND). A training sequence consists of 16-QAM symbols mapped on all subcarriers. 
It is chosen to be 74 OFDM symbols long, and to appear after each 10 000 symbols of user data. 

Channel estimation is performed on each subcarrier, QAM symbol-by-symbol, and the obtained values are 
averaged to provide a complex channel coefficient on each subcarrier. The estimated channel coefficients are 
then used to perform linear equalisation of the received data symbols. Figure 39 shows the main modules and 
signal flow of the estimation and equalisation functionalities. 
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Figure 39: Block scheme of channel estimation and equalisation modules at the Rx. 

 

4.3.3 Synchronisation 

4.3.3.1 Frame synchronisation (timing error) 

For the demonstrator version 1, frame synchronisation was achieved using a cable. In the final demonstrator 
(version 2), the synchronisation algorithm is based on the autocorrelation of the received data.  

For the frame synchronisation, we take advantage of the periodically implemented training sequence in order to 
synchronise the receiver every time a training sequence arrives. The first OFDM symbols of this sequence are 
specially chosen to allow the synchronisation process. They follow the scheme shown in Figure 40 where ‘0’ 
represents a “zero” OFDM symbol in the time domain, ‘S’ is an OFDM symbol used for synchronisation and ‘T’ 
represents a symbol of the training sequence part used for channel estimation purpose. Synchronisation symbols 
were chosen to carry information in every fourth subcarrier and the additional zero symbols were inserted, all in 
order to allow better prominence of the correlation maximum, since we are dealing with real-valued samples.  
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Figure 40: Structure and placement of the synchronisation block. 

 

The receiver looks for a frame begin by performing an autocorrelation of the incoming signal and finding its 
maximum. Figure 41 shows a simplified scheme of the frame synchronisation block at the receiver. The 
incoming signal is shifted in a register that allows us to perform the product of an input sample on instant n and 
the sample arriving L clock periods later, where L is half the length of the correlation window, in our case L is 2 
OFDM symbols long. When the four ‘S’ symbols are exactly contained in the two shift registers (of L samples), 
the correlation block results in a maximum (peak). 
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Figure 41: Block scheme of frame synchronisation module at the Rx. 

 

The correlation function is easily implemented in an iterative way. When a new sample is shifted into the 
register, the new product term that is generated is added to the previous correlation value and the product term 
corresponding to the sample that is shifted out of the register, out of the 2L correlation window, is subtracted 
from this previous correlation value: 
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The output of the correlation module is then connected to a control block that, after finding the first frame 
beginning, starts finding the next maximum a short time before the next training sequence is expected to arrive. 
Both the magnitude and the position of the maximum are found. The position is used to theoretically calculate 
when the next maximum will arrive. With every training sequence, we compare the theoretical maximum 
position with the actual one and the difference, if any, which tells us if we are synchronised or not and how to 
correct the mismatch. The incoming signal is saved on a RAM after being shifted on the register and before 
being sent to the demodulator. 

 

4.3.3.2 Bit synchronisation (clock recovery) 

So far, bit synchronisation was achieved using a cable. The 100 MHz clock from OWS was used in the Tx-
FPGA to generate clock(s) for all the Tx modules (block digital clock management) and for DAC. The same 
clock was provided over a cable to Rx-FPGA, which generated clocks for all Rx-modules and ADC. In Figure 
36 and Figure 37, clock signals are denoted by dashed lines. 

In the final demonstrator (version 2), automatic clock recovery is achieved, using a numerically controlled 
oscillator (NCO) and an algorithm based on phase error estimation of the received data. 

A NCO consists of a Direct Digital Synthesizer (DDS) Compiler implemented on the Rx-FPGA Board, and a 
DAC (Figure 42). The NCO generates a sinusoidal waveform whose frequency is a function of the system clock 
frequency (clkfpga int) and the phase-relevant parameter (Dq).  

To determine Dq, two subcarriers were reserved as pilot tones (one is however sufficient), which continuously 
carry a constant real-valued signal when used. After equalising at the receiver, the QAM symbols carried by the 
used pilot tone are used to estimate the mean phase shift over a frame (block of 10000 OFDM symbols). This 
information is then used to calculate the Dq required to cancel the timing error responsible for the estimated 
phase shift.  

Based on the current value of Dq, the input clock frequency (clkin) and consequently the sampling frequency 
(clksampling) are varied to correct any frequency mismatch between transmitter and receiver. A new Dq value is 
obtained by estimating the phase error of the next received data frame. 
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Figure 42: Clock recovery, block diagram. 

4.4 Interfaces 

The VLC transmission system depicted in Figure 43 contains six interfaces in total. The following chapter 
describes external and internal interfaces of the VLC system. 

 Transmitter side Receiver side 

MAC/PHY interfaces OWS card �  VLC card VLC card �  OWS card 

A/D and D/A interfaces FPGA �  DAC ADC �  FPGA 

E/O and O/E interfaces DAC �  LED (driver) PD/TIA �  ADC 
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Figure 43: VLC block diagram including interfaces. 

4.4.1 Digital-to-analogue and analogue-to-digital interfaces 

The D/A and A/D interfaces connect the FPGA board (containing all digital signal processing functions) with the 
ADC and DAC, respectively. 

4.4.1.1 DAC specifications (DAC5662 board) 

The DAC converts the digital signal from the FPGA board to an analogue signal for the LED amplifier. A 
resolution of 12 bit, to minimize the quantisation noise and an update rate of 4B = 122 MS/s is used for the 
OFDM signal. 
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4.4.1.2 ADC specifications (ADS5527 board) 

The ADC converts the received analogue signal to a digital signal for the FPGA board. A resolution of 12 bit, to 
minimize the quantisation noise and a sample rate of 4B = 122 MS/s is used for the OFDM signal. Input I of the 
ADC board is used for this demonstrator version, because of its better characteristic at high frequencies 
compared to input II (see D4.2a). 

4.4.2 Electro-optical and opto-electrical interfaces 

The E/O and O/E interfaces connect the DAC with the transmitter and the receiver with the ADC. 

4.4.2.1 DAC to LED driver interface (E/O interface) 

It was agreed on a maximum peak-to-peak voltage level Vpp = 1.2 V at the LED driver input. 

4.4.2.2 TIA to ADC interface (O/E interface) 

The TIA output provides a voltage Vpp = 0.7 V. 

4.4.3 MAC-PHY Tx interface 

The VLC card will be interfaced by the OWS card through a serial link of 100 Mb/s. As shown in Figure 44 the 
interface to the transmitter (OWS card to VLC card) is made up of 

·  a data signal and 

·  a clock signal. 
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Figure 44: Interface from the OWS card to the VLC card transmitter. 

The serial data and clock signals are NRZ coded with LVTTL level. The connection will be done through a 50 �  
impedance SMA interface and female connectors on both sides. 

4.4.4 MAC-PHY Rx interface 

The serial interface between the receiver in the VLC card and the OWS card, as Figure 45 shows, is composed of 

·  a 100 Mb/s data signal and 

·  a clock signal. 
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Figure 45: Interface from the VLC card receiver to the OWS card. 

The connection is done as in the other case via a 50 �  impedance SMA interface. Data are coded using NRZ and 
signal level is LVTTL. 
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Part III 

OWS
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5 OWS card 

5.1 IRC-OWS prototype 

5.1.1 Introduction 

This part presents the OWS firmware developed during the OMEGA project, for the prototype IRC-
OWS. This firmware processes the Ethernet frames in OWMAC-LLC protocol following the 
requirements of Orange Labs document: “Omega_ID4.3_Omega_OWMAC-LLC Specification”. 

 

Summary of the OWMAC-LLC specifications: 

The OWMAC is a MAC and LLC protocol for Infrared Communication (IRC) and Visible Light 
Communication (VLC). This protocol is based on TDMA (Time Division Multiple Access), and multi-
sector transmission with one or several transmitter(s) and receiver(s) and multiple. 

Each 67 ms superframe contains 1024 Time Slots (TSs) and each TS duration is 65 � s. This protocol 
defines half-duplex transmission and full-duplex transmission. The OWMAC protocol offers an adaptive 
data rate to cope with medium quality changes. The link adaptation is based on feedback information 
which is included in the MAC header.  

A superframe starts with a BP (Beacon Period) followed by a DP (Data Period). If there is no data to send 
or receive, a device can switch to power save mode for the rest of the superframe, which means that a 
device can remain in power save mode 98% of the time for one given superframe. During the BP each 
device broadcast a Beacon frame to advertise the reserved time slots and to reserve some time slots. An 8 
� s SIFS (Short InterFrame Space) is used between a frame and an ‘Ack’ and a Guard Time of 16 � s 
(2 SIFS) is used for the last TS. 

The PHY layer starts with a preamble, which is a synchronisation sequence, followed by a PLCP 
(Physical Layer Convergence Procedure) header. This PLCP header includes the PHY header, the MAC 
header and the PLCP header code correction field (Reed Solomon), followed by the Frame Payload and 
the FCS (Frame Check Sequence). 

This protocol uses the same MAC frame format for every frame type, with a fixed-length MAC header 
and a variable-length MAC frame body. As mentioned above, the Beacon frame is mainly used to reserve 
time slots (or refuse a reservation) and to advertise the time slots reserved by its neighbours. Once a 
device has reserved some time slots with a neighbour (with MAC frames); this device can discover, enrol 
and connect to this neighbour with OWLLC frames. Once connected to another neighbour, the device can 
send data in the reserved time slots. 

To gain in efficiency in terms of time processing, a device can use a tunnel mode, the Ethernet frames are 
directly encapsulated in OWMAC frame, thus, with this mode there is no need to remove the Ethernet 
header when receiving an Ethernet frame, before sending the corresponding OWMAC frame. Note that 
we could encapsulate any other layer two protocols in OWMAC frames, other protocol ID value would 
then have to be defined. 

Finally, this protocol handles meshed or star topology. 

The OWMAC-LLC specifications describe a MAC-LLC protocol very complete with lots of performance 
features. However, developing all of these specifications represents an enormous workload which is not 
feasible for the OMEGA project duration.  

Thus, we selected some basic functionalities of these specifications vital for the prototypes of this project. 

The OWMAC-LLC functionalities selected are: 

·  TDMA structure, 

·  Half-duplex transmission, 

·  Superframe management, 

·  Beacon and data periods, 

·  Control frames, 
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·  Multi-sector transmission, 

·  Reservation protocol, 

·  MAC frame format, 

The OWS-IRC interface clock was set at 280 MHz to obtain the best rate/coverage link. 

Analogically, the Ethernet frames encapsulated in OWMAC protocol are transmitted by Infrared 
Communication (IRC) at 280 Mb/s to an optical IRC card realised by the University of Oxford (European 
partners of the project). 

This part shows the various elements of the OWS FPGA design, and then, the means established to test 
these boards and finally, the OWS development structure (reuse, batch commands...). 

To properly use the prototype 2 cards (ML510 and Interface card), it is useful to read also the document: 
“OWS User Manual_V2.0 (Proto 2).doc”. 

 

For information , this part will use sometimes, the terms VxxRxx to indicate a type of OWS firmware: 

Vxx = Number of Version, 

Rxx = Number of Revision. 

Several firmwares have been developed during this project and certain functions of these firmwares are 
different: 

V01 is used for the visible prototype, so the prototype for a VLC-OWS communication (not described in 
this part). 

V02 means the infrared prototype, so the prototype for an IRC-OWS communication. 

·  V02R04 = basic firmware with the main OWMAC functions for communication between two 
devices. 

·  V02R05 = V02R04 firmware + ACK part . 

·  V02R06 = basic firmware with the main OWMAC functions for communication between three 
devices. 

 

5.1.2 Position of OWS equipment in HWO-IRC demonstrator 

 

 

Figure 46: HWO demonstrator. 
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The OWS card requirements are: 

·  Transmission 280 Mb/s with the IRC card, 

·  Transmission Gb/s with the PC application, 

·  Transmission Gb/s with the frame analyser, 

·  Processing of the MAC-LLC layer. 

For the IRC-OWS prototype, the OWS design is implemented for a 280 Mb/s half-duplex transmission 
with the IRC-card and with a TDMA management. 

5.1.3 Interfaces with application PC and frame analyser 

The OWS card is connected to:  

·  A PC which sends and receives Ethernet data frames at Gb/s transmission via Gigabit Ethernet 
interfaces, 

·  A frame analyser with receives Ethernet data frames at Gb/s transmission via Gigabit Ethernet 
interfaces.  

The ML510 Xilinx board [based on Virtex-5 FPGA (FX130T)] is a board with notably two Gigabit 
Ethernet interfaces and 2 RJ45 connectors. So this Xilinx board replies to these two requirements. 

5.1.4 Interface with IRC card 

The IRC-OWS interface enables the transmission and reception of a serial bit stream according to the 
PHY frame structure shown in Figure 50. All interface signals are binary signals.  

The transmit signal ‘TxEncData_IRC’ drives the laser(s) on the IRC board and runs with the transmit line 
clock. ‘RxEncData_IRC’ is the received bit stream which is further processed (i.e., decoded) by the OWS 
board. 

 

 
Figure 47 : IRC-OWS interface. 

5.1.4.1 Transmit signal definition 

All transmit signals run from the OWS board to the IRC board.  

TxEncData_IRC: 

Full name: transmit encoded data 

Purpose: Serial data to be transmitted via on-off keying. This data stream is clocked with the 
rising edge of the transmit line clock. 
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TxWake_IRC: 

Full name: transmit wake-up 

Purpose: This control signal indicates (active = high) that the transmitters on the IRC should 
“wake-up” and be prepared to accept data. 

Comments: OWS will provide this signal, but it will not be used by the IRC board in demo V2. 

TxSelEl_IRC[1..7]: 

Full name: transmitter selected element 

Purpose: These 7 control signals indicate which IRC transmitter elements must be turned on. 
Each signal is independently controlled so any pattern of transmitters can be selected.  

Comments: The OWS controls which transmitters to use: If a base station sends a Beacon frame 
(see MAC specification), all 7 transmit elements are activated. If a terminal sends a frame or the 
base station sends a regular data frame, only a single transmitter element will be selected. The 
number (1..7) of this transmit element is being determined by means of the signal 
‘RxSelEl_IRC[1..3]’ obtained from the Beacon slot device during the Beacon period. 

5.1.4.2 Transmit signal timings 

 
Figure 48: Transmit interface timing. 

Comments 

(1) During the Beacon period, all ‘TxSelEl_IRC[0-6]’ signals are at high level (‘1’) because all the 
emitters are selected. 

(2) During the data period, just one ‘TxSelEl_IRC[x]’ signal is at high level (‘1’) because during the 
Beacon period, the OWS board receives the information of the best received channel (‘RxSelEl_IRC’ 
bus) for the communication between the two devices and uses this information to select the good emitter. 

On the upper example in Figure 48, it is the emitter 1. 

5.1.4.3 Receive signal definitions 

All receive signals except of ‘RxRefClk_IRC’ and ‘RefClk_140M_IRC’ run from the IRC board to the 
OWS board. 

RxEncData_IRC: 

Full name: receive encoded data 

Purpose: Serial data delivered from the IRC board. This data stream is clocked with the rising 
edge of the receive line clock ‘RxClk_IRC’. 

RxClk_IRC: 

Full name: receiver line clock 280 MHz 

Purpose: The receiver line clock is synchronised with the rising edges of ‘RxEncData_IRC’. 

Comments: ‘RxClk_IRC’ is obtained on the IRC by means of a clock recovery IC. 
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RxRefClk_IRC :  

Full name: receiver reference clock 280 MHz 

Purpose: Not used by University of Oxford now. 

Comments: OWS will provide this signal but it will not be used by the IRC board in demo V2. 
This signal is used by APSIDE partner for “back to back” tests. 

RefClk_140M_IRC:  

Full name: receiver reference clock 140 MHz 

Purpose: This crystal stable reference clock running from the OWS to IRC is used to provide a 
frequency reference to the clock recovery circuit on the IRC board in the absence of data. It just 
imitates a data signal if no optical receive signal is present. 

Comments: By means of this method the clock recovery circuit on the IRC is always kept in 
frequency lock. During the reception of the training sequence, cf. Figure 49, the clock recovery 
circuit only needs to acquire phase synchronisation, which can be done much faster than 
frequency synchronisation. 

Depending on the commercial chip used for clock recovery, the reference clock frequency may 
(i) identical to the line clock frequency or (ii) imitate a 101010.. data signal, i.e., a clock at half 
the line clock frequency. 

RxSelEl_IRC[0..2] 

Full name: receiver selected element 

Purpose: This is a 3-bit signal representing the address of the activated receive element. The 
address indicates the receiver channel whose signal is being routed to ‘RxEncData_IRC’ by the 
IRC receiver switching.  

Comments: To allow the receive element selection (and afterwards line lock recovery, too) on 
the IRC, a training sequence as shown in Figure 50 is transmitted as a first part of the PHY-
preamble.  

NOTE:  For correct operation the receive element selection should not change within one frame. 

RxCD_IRC : 

Full name: receiver carrier detect 

Purpose: This signal is activated (= high level) if a signal is received at one of the receive 
elements on the IRC. 

Comments: University of Oxford will probably NOT provide this signal since it can be derived 
from ‘RxSelEl_IRC[1..3]’.  

 

5.1.4.4 Receive signal timings 

 
IRC --> OWS

RxRefClk_IRC  

RxClk_IRC

RxEncData_IRC

These clocks have same frequency
RxSelEl_IRC[1] but they are "dephasing".

RxSelEl_IRC[2] 

RxSelEl_IRC[3] 

The RxSelEl_3_IRC[1..3]  signal is available before  RxEncData_IRC.   Timing TBD by UOXF 
IRC board selects the best Transceiver for the tran smission and gives the information by the RxSelEl_I RC[1 2 3] signals.

IRC sends data synchronized with RxClk_IRC clock (r ising_edge).

1st bit 
1st byte of the preamble = x"AA"

= "100" 
Reception is performed with the receiver channel 4.

 
Figure 49: Receive interface timing. 
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Comments 

(1) The ‘RxSelEl_IRC[0..2]’ 3 bit signal is available before ‘RxEncData_IRC’  (recovered data) becomes 
available, as the IRC receiver switching occurs before the data goes to the clock recovery circuit. The 
exact timing between these is not known, and not fixed, as the time for the clock recovery circuit to lock 
is variable (though there is likely to be a maximum).  

(2) There is no need to include ‘RxCD_IRC’,  as IRC board will not provide it. 

 

5.1.4.5 PHY frame structure 

 

 

Figure 50: PHY frame structure. 

 

Figure 50 shows the PHY frame structure. Each frame starts with a preamble. This is used to allow 
sufficient time for the receiver element to be selected and to allow line clock acquisition (training 
sequence part of 400 bits) as well as byte clock acquisition and frame synchronisation (SFD part). Each 
frame has the same preamble. The training sequence is not 8B10B coded, but clearly runs from the same 
clock (referred to as the line clock) as the rest of the frame. 

Real information (which changes from frame to frame) is transmitted during the PHY header, the frame 
payload and the FCS. 

The PHY header, PLCP header, frame payload and FCS are 8B10B coded to ensure certain spectral 
characteristics. 

Comments 

Although the 8B10B encoding and decoding is a PHY function, it will be done on the OWS board. The 
clock, which is required for 8B10B decoding process, is obtained from ‘RxClk_IRC’ by means of a factor 
10 division. It is synchronised via the ‘Start Frame Delimiter’ (SFD) transmitted just prior to the PHY 
header, see Figure 50. The SFD, which has a length of 2 bytes, is also used for frame synchronisation. It 
should be noted that 1 byte corresponds to 8 source bits (prior to the 8B10B encoding) and therefore to 10 
bits at the IRC-OWS interface.  

·  The 20 bits value of SFD is “3E8FA”. 

·  All parts of the frame have a length which is a multiple of the byte clock cycle.  

·  The length of the training sequence is 400 bits (defined with the parameters of the commercial 
chips used on the IRC board). 

·  The PHY header is constituted of 3 bytes, two bytes of these are for the frame length 
information. 
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5.1.4.6 Composition of IRC – OWS connectors 

The table below describes the connectors associated with the signals of IRC-OWS interface. 

OWS side 

N° Signal name I/O Type 
Power 
supply 

Imped 
ance 

Serial rate 
support 

OWS 
FPGA 

Pin 

Conn 
ector 

         
1 RxEncData_IRC_N 

PM_IO_67_N                  (PM2) 
I LVDS 2.5 V 100 �   80 Mb/s – 

800 Mb/s 
AE7 SMA 

2 RxEncData_IRC_P 
PM_IO_66_P                   (PM2) 

I LVDS 2.5 V 100 �   80 Mb/s – 
800 Mb/s 

AF7 SMA 

         
3 RxClk_IRC_N 

PM_IO_63_N                  (PM2) 
I LVDS 2.5 V 100 �   80 Mb/s – 

800 Mb/s 
AG7 SMA 

4 RxClk_IRC_P 
PM_IO_62_P                   (PM2) 

I LVDS 2.5 V 100 �   80 Mb/s – 
800 Mb/s 

AG6 SMA 

         
5 RxRefClk_IRC_N  

PM_IO_55_N                  (PM2) 
O LVDS 2.5 V 100 �   80 Mb/s – 

800 Mb/s 
AH4 SMA 

6 RxRefClk_IRC_P  
PM_IO_54_P                   (PM2) 

O LVDS 2.5 V 100 �   80 Mb/s – 
800 Mb/s 

AG4 SMA 

25 RefClk_140M_IRC_N  
PM_IO_55_N                  (PM2) 

O LVDS 2.5 V 100 �   80 Mb/s – 
800 Mb/s 

AB8 SMA 

26 RefClk_140M_IRC_P 
PM_IO_54_P                   (PM2) 

O LVDS 2.5 V 100 �   80 Mb/s – 
800 Mb/s 

AB9 SMA 

         
7 TxEncData_IRC_N 

PM_IO_51_N                  (PM2) 
O LVDS 2.5 V 100 �   80 Mb/s – 

800 Mb/s 
AH5 SMA 

8 TxEncData_IRC_P 
PM_IO_50_P                   (PM2) 

O LVDS 2.5 V 100 �   80 Mb/s – 
800 Mb/s 

AH6 SMA 

         
9 RxCD_IRC 

PM_IO_84_P                   (PM1) 
I LVCMOS 2.5 V 50 �  -- to 

150 Mb/s 
AV35 DB-15 

9 -
Male  

         
10 RxSelEl_IRC[0] 

 PM_IO_3V_4_P             (PM1) 
I LVTTL 3.3 V 50 �  -- to 

150 Mb/s 
AA7 DB-37 

2 -
Male  

11 RxSelEl_IRC[1] 
PM_IO_3V_15_N           (PM1) 

I LVTTL 3.3 V 50 �  -- to 
150 Mb/s 

W6 DB-37 
3 -

Male  
12 RxSelEl_IRC[2] 

PM_IO_3V_0_P              (PM1) 
I LVTTL 3.3 V 50 �  -- to 

150 Mb/s 
W5 DB-37 

4 -
Male  

         
17 TxWake_IRC  

PM_IO_93_N                  (PM1) 
O LVCMOS 2.5 V 50 �  -- to 

150 Mb/s 
AU33 DB-15 

8 -
Male  

         
18 TxSelEl_IRC[0] 

PM_IO_92_P                   (PM1) 
O LVCMOS 2.5 V 50 �  -- to 

150 Mb/s 
AU32 DB-15 

7 -
Male  

19 TxSelEl_IRC[1] 
PM_IO_91_N                  (PM1) 

O LVCMOS 2.5 V 50 �  -- to 150 
Mb/s 

AR34 DB-15 
6 -

Male  
20 TxSelEl_IRC[2] 

PM_IO_90_P                  (PM1) 
O LVCMOS 2.5 V 50 �  -- to 

150 Mb/s 
AR35 DB-15 

5 -
Male  

21 TxSelEl_IRC[3] 
PM_IO_87_N                 (PM1) 

O LVCMOS 2.5 V 50 �  -- to 150 
Mb/s 

AT35 DB-15 
4 -

Male  
22 TxSelEl_IRC[4] 

PM_IO_86_P                 (PM1) 
O LVCMOS 2.5 V 50 �  -- to 150 

Mb/s 
AU36 DB-15 

3 -
Male  

23 TxSelEl_IRC[5] 
PM_IO_95_N                (PM1) 

O LVCMOS 2.5 V 50 �  -- to 
150 Mb/s 

AV34 DB-15 
2 -

Male  
24 TxSelEl_IRC[6] 

PM_IO_94_P                 (PM1) 
O LVCMOS 2.5 V 50 �  -- to 

150 Mb/s 
AV33 DB-15 

1 -
Male  

Figure 51: OWS – IRC connectors. 

5 LEDs are provided on board with PM1 connector for the debugging process. 
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5.1.5 OWS card equipment 

The OWS equipment is based on the Xilinx board ML510 and on the OWS-IRC interface card. 

5.1.5.1 ML510 Xilinx board 

Brief presentation of the ML510 board 

The ML510 is a complete embedded development platform for the FPGA Xilinx Virtex-5 ML510. For 
our application, all elements of this platform are not used.  

The two onboard 10/100/1000 Ethernet PHYs with RJ-45 connectors and the Xilinx personality module 
(XPM) interface (for access to: RocketIO GTX transceivers and GPIO) are essential for OWS. 

 

 
Figure 52: ML510 board. 

 

The FPGA is the Virtex-5 FX130T. This family FXT of Virtex-5 is realised for high-performance 
embedded systems with advanced serial connectivity. 

The Xilinx personality module interfaces (PM1 and PM2) must be interfaced with an interface card to be 
compliant with the VLC and IRC boards. 

The choice of this card has been notably done to have two Ethernet ports and for the FPGA Virtex-5 
performances. 

Many documents describe this complex ML510 board (for instance the document: “Virtex5 Embedded 
Dvlpmt Platform ML510 ug356.pdf”). 
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Improvement of the ML510 board 

The PLL clock of the ML510 board was not very clean, there was a jitter. However, this 100 MHz clock 
feeds the Virtex-5 FPGA that generates several clocks from it and different DCMs (Digital Clock 
Manager). Some of these clocks are then used by the IRC and VLC analogue boards. So starting this jitter 
can disrupt the IRC or VLC transmission. 

Therefore to resolve this anomaly, the SG-636PDE EPSON quartz has been replaced by another quartz 
whose clock is more correct and stable. The new quartz is EM14GT33 from EUROQUARTZ. 

And to use this new quartz, the quartz power supply needs to be changed from 2.2 V to 3.5 V. The 
process is to take off the SMC 0 �  resistor from the R267 position and put it to R264 position. 

 

 
 

Figure 53: ML510 board before with the SG-636PDE quartz from EPSON. 

 
 

 
 

Figure 54: ML510 board after with the EM14GT33 quartz from EUROQUARTZ. 
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5.1.5.2 OWS interface card 

The interface card has been realised by a French firm (ASICA) following the HWO needs (document: 
“CdC_Interface_Card - FT R&D V1.1.pdf”). 

 

 
Figure 55: Diagram of the OWS interface card. 

 

This card is composed in two parts: 

·  16 SMA connectors (J21 to J36) connected to LVDS (2.5 V) or LVCMOS25 (2.5 V)  types, 

·  20 SMA connectors (J1 to J20) connected to GTX TX/RX pair (not used), 

·  1 DB-15 connector with LVCMOS 2.5 V type, 

·  1 DB-37 connector with LVTTL (3.3 V) type, 

·  5 LEDs. 

A ground plane is implemented on the board and it is available for the digital ground. 

For the IRC prototype 2: 
 

Connector 
Name  

FPGA signal  

J21 RxClk_IRC_N 
J22 RxClk_IRC_P 
J23 RxEncData_IRC_N 
J24 RxEncData_IRC_P 
J25 RxRefClk_IRC_N 
J26 RxRefClk_IRC_P 
J27 TxEncData_IRC_N 
J28 TxEncData_IRC_P 
J29 RefClk_140M_IRC_N 
J30 RefClk_140M_IRC_P 
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5.1.6 OWS design development 

This section provides a general overview of the VHDL development with the different blocks. To 
understand and follow precisely this design, it is necessary to browse the different VHDL blocks with the 
comments of these files. 

5.1.6.1 Component overview 

Clock_man

DCM_adv_ows

DCM_adv_Proto2_280M

RX_data_block_IRC

RX_SFD_detect

Decoder_8b10b

fifo_async (4096 x 8 bits)

MAC_LLC_process

SuperFrame_man

Rx_PLCP_Header_IRC

ReedSolomon_decoder (not used)

crc32x8bits (not used)

Beacon_Frame_process_IRC

Data_Frame_process_IRC

fifo_async (2048 x 8 bits)

fifo_async (65536 x 8 bits)

Tx_Frame_IRC

Tx_PLCP_Header_IRC

ReedSolomon_encoder (not used)

crc32x8bits (not used)

TX_data_block_IRC

Encoder_8b10b

fifo_async (16384 x 12 bits)

TxData_IRC

Ethernet_Interface

RMII_design (PHY 0 - interface RGMII)

RMII_locallink

eth_fifo_8

tx_client_fifo_8

rx_client_fifo_8

RMII_block

RMII

TEMAC TEMAC_V3_5.ngc

rgmii_v2_0_if

v5_emac_v1_5_design  (PHY 1 - interface SGMII)

clk62_5_dcm

v5_emac_v1_5_locallink

v5_emac_v1_5_block

GTX_dual_1000X

rx_elastic_buffer

ROCKETIO_WRAPPER_GTX

ROCKETIO_WRAPPER_GTX_TILE

v5_emac_v1_5

TEMAC TEMAC_V3_5.ngc

eth_fifo_8

tx_client_fifo_8

rx_client_fifo_8

Chipscope ICON / VIO

ILA

Architecture Design OWS (partie IRC)

Top_OWS                           GlobalTypes / top_ows_pack

 
Figure 56: OWS architecture. 
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Figure 57: Synoptic of OWS top block. 



ICT-213311, OMEGA                                                                                                                                               15 February 2011 

D4.2b: Physical layer and Specification - Version 2 Page 56 (94) 

5.1.6.2 Top_OWS block 

File: Top_OWS.vhd (Top_OWS_2.vhd, Top_OWS_3.vhd) 

The Top_OWS block is the top block of the design OWS. Its body contains all the necessary 
inputs/outputs to OWS. 

It maps all blocks of the first design level: 

·  The easement components: Clock_man, Mux_Frame_Analyzer, Chipscope, Inst_ILA_1, 

·  The top management block of the Ethernet: Ethernet_Interface, 

·  The block for the IRC-OWS transmission: RX_data_block_IRC, TX_data_block_IRC, 
TxData_IRC, 

·  The top block of the MAC layer processing for IRC: MAC_LLC_process.  

This file is different for each device (A, B, C) of the prototype because, for the OMEGA project, each 
device has some unique element (Name, Beacon, RP allocation…). 

For the V02R04 system (like V02R05 system), we have two devices and thus two top blocks: 

·  Top_OWS.vhd (= device A), 

·  Top_OWS_2.vhd (= device B). 

For the V02R06 system, we have three devices and thus three top blocks: 

·  Top_OWS.vhd (= device A), 

·  Top_OWS_2.vhd (= device B), 

·  Top_OWS_3.vhd (= device C). 

Package design 

File: Top_OWS_pack.vhd (Top_OWS_pack_2.vhd, Top_OWS_ pack_3.vhd) 

The package: Top_OWS_pack contains all the constants of design. Therefore in this file certain 
parameters can be modified according to changes in the specification or in any adjustments for the final 
tests of the demonstrator. 

For the V02R04 system, we have two devices and thus two top blocks: 

·  Top_OWS_pack.vhd (= device A), 

·  Top_OWS_pack_2.vhd (= device B). 

For the V02R06 system, we have three devices and thus three top blocks: 

·  Top_OWS_pack.vhd (= device A), 

·  Top_OWS_pack_2.vhd (= device B), 

·  Top_OWS_pack_3.vhd (= device C). 

File: GlobalTypes.vhd 

This file contains the types necessary to design. 

These two elements: Top_OWS_pack and GlobalTypes are referenced in each library of the design block. 

5.1.6.3 Easement Components 

Clock_man block 

Files: Clock_man.vhd 

DCM_adv_ows.vhd 

 DCM_adv_Proto2_280M.vhd 
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The Clock_man block generates the clocks: 

·  clk_50M frequency of 50 MHz,  

·  clk_100M frequency of 100 MHz,  

·  clk_125M frequency of 125 MHz,  

·  clk_140M frequency of 140 MHz,  

·  clk_200M frequency of 200 MHz, 

·  clk_300M frequency of 280 MHz (following the need of the  IRC card). 

These clocks are generated from two DCMs: Digital Clock Manager Xilinx (DCM_adv_ows and 
DCM_adv_Proto2_280M blocks) and the 100 MHz PLL (clk signal) from the board. 

The clk_200M clock is the OWS system clock. 

The clk_300M clock is the IRC emission clock of 280 MHz sent with the LVDS output signals: 
RxRefClk_IRC_N and RxRefClk_IRC_P. 

The clk_125M clock is the clock used by the Xilinx IP management Ethernet (TEMAC).  

The clk_140M clock is a clock sent to IRC board by LVDS output signals.  

Finally, this block also delivers the signal stability clocks: lock used in the file Top_OWS to create the 
reset signal of the FPGA: RST_N. 

 

MAC_LLC_process block 

File: MAC_LLC_process.vhd (MAC_LLC_process_2.vhd, MAC_LLC_process_3.vhd) 

The block MAC_LLC_process handles the mapping of all elements of IRC-OWMAC data processing.  

Sub-Blocks in MAC_LLC_process: 

·  Rx_PLCP_Header_IRC, 

·  SuperFrame_man, 

·  Beacon_Frame_process_IRC, 

·  (Rx_Beacon_Frame_IRC),   (not used for the prototype of this project) 

·  Data_Frame_process_IRC,  

·  Tx_Frame_IRC, 

·  Tx_PLCP_Header_IRC. 

For the V02R04: Top_OWS_pack.vhd for device A, Top_OWS_pack_2.vhd for device B. 

For the V02R06: Top_OWS_pack.vhd for device A, Top_OWS_pack_2.vhd for device B, 
Top_OWS_pack_3.vhd for device C. 

This MAC_LLC_process block has been simplified. 

At the beginning of the design, there was the Pile_IP block that including ping of ML510 boards. These 
cards have a specific IP address associated with their MAC address. However, even though this option 
worked properly, it was removed to obtain better results in rate (chariot, videos ...).  

As illustrated in the figure below, in reception (Rx) first, the frames are processed at PLCL level 
(Rx_PLCP_Header_IRC). The superframe of the system is updated (SuperFrame_man). The received 
frames are analysed, filtered and the data payload is extracted to be sent to the management blocks of 
Ethernet frames (Data_Frame_process_IRC). 

Simultaneously, some Beacon frames are composed (Beacon_Frame_process_IRC) to be sent during the 
Beacon period (SuperFrame_man) and the data frames are retrieved from the management blocks of 
Ethernet frames (Data_Frame_process_IRC) to be sent to other devices during the TS allocated by the 
device in the data period (Beacon_Frame_process_IRC and SuperFrame_man). 



ICT-213311, OMEGA                                                                                                                                               15 February 2011 

D4.2b: Physical layer and Specification - Version 2 Page 58 (94) 

 
Figure 58: Synoptic MAC_LLC_process - Rx and data process parts. 

As illustrated in the figure below, in emission (Tx), a multiplexing is done for the Beacon and data frames 
(Tx_Frame_IRC). Then, the PLCP header is added for each frame (Tx_PLCP_Header_IRC). 

 

 
Figure 59: Synoptic MAC_LLC_process - Tx part. 

 

Mux_Frame_Analyzer block 

Files: Mux_Frame_Analyzer.vhd 

This block Mux_Frame_Analyzer manages the data sent to the “Frame Analyzer”. 

Thus, we can analyse all frames (Beacon, Data, Ack) received by the device in the system and check the 
good communication between the devices. 

Chipscope 

Files: Chipscope.vhd 

ICON_control_4.ngc 

vio.ngc 

ILA.ngc 

ILA_2.ngc 
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The Chipscope block instantiates the components of control chipscope: ICON_control_4 and vio 
component. 

The icon is composed of 4 control bus: 

·  CONTROL0 which manages the VIO of Chipscope, 

·  CONTROL1 who manages the ILA of Top_OWS (visualisation of internal signals OWS),  

·  CONTROL2 which manages the ILA_2, 

·  CONTROL3 who manages the ILA_3. 

All these elements allow to view some of the internal FPGA signals including signal criticism. They are 
essential for the initial debugging of the FPGA, but they are no longer used for the final firmware. 

5.1.6.4 Ethernet components 

Files: Ethernet_Interface.vhd 

 MII_design.vhd 

RMII_locallink.vhd 

RMII_block.vhd 

RMII.vhd 

v5_emac_v1_5.vhd  

v5_emac_v1_5_block.vhd 

v5_emac_v1_5_design.vhd 

v5_emac_v1_5_locallink.vhd 

eth_fifo_8.vhd 

tx_client_fifo_8.vhd 

rx_client_fifo_8.vhd 

rgmii_v2_0_if.vhd 

gtx_dual_1000X.vhd 

rocketio_wrapper_gtx.vhd 

rx_elastic_buffer.vhd 

rocketio_wrapper_gtx_tile.vhd 

TEMAC_V3_5.ngc 

This part Ethernet is based on the Xilinx Core: TEMAC and on the soft IP Xilinx: Virtex-5 FPGA 
Embedded Tri-Mode Ethernet MAC Wrapper v1.5 (documents: “ds550.pdf” and “gsg340.pdf”). 

 
Figure 60: Xilinx IP Ethernet. 

The example provided by the Xilinx IP wrapper TEMAC (see figure below) has been adapted to our 
needs. The block is equivalent to RMII_design block of Xilinx IP component_name_example_design. 
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However, some changes were realised: 

·  The clock input clk_ds GTX comes from an internal clock design (clk_125M) and not an 
external PLL. 

·  The clocks of the FIFO management client (ll_clk_x_i) is 200 MHz (clock running OWS) rather 
than 125 MHz. 

·  The part looping data (address_swap_module_8.vhd) was deleted. Indeed, the data reception of 
the Ethernet RX_LL_DATA_x are sent to Data_frame_process block and data to be issued by the 
Ethernet TX_LL_DATA_x from Data_frame_process block. 

·  A visualisation component chipscope ILA was added. 

The PHY side of the MAC 0 is connected to RGMII (Reduced Gigabit Media Independent Interface) 
interface:  

·  RGMII_RXD_0[3:0]: Bus Reception Ethernet MAC 0,  

·  RGMII_RX_CTL_0: Control Reception Ethernet MAC 0,  

·  RGMII_RXC_0: Reception clock MAC 0,  

·  RGMII_TXD_0[3:0]: Bus Emission Ethernet MAC 0,  

·  RGMII_TX_CTL_0: Control Emission Ethernet MAC 0,  

·  RGMII_TXC_0: Emission clock MAC 0.  

The PHY side of the MAC 1 is connected to SGMII (Serial Gigabit Media Independent Interface) 
interface:  

·  TXP_1: Emission data  Ethernet MAC 1 (LVDS Positive), 

·  TXN_1: Emission data  Ethernet MAC 1 (LVDS Negative), 

·  RXP_1: Reception data  Ethernet MAC 1 (LVDS Positive), (Not used), 

·  RXN_1: Reception data Ethernet MAC 1 (LVDS Negative), (Not used). 

The client side of the Ethernet MAC is shown connected to the 10 Mb/s, 100 Mb/s, 1 Gb/s Ethernet FIFO 
to complete a single Gigabit Ethernet port. 
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Figure 61: Example of Xilinx TEMAC wrapper. 

The Ethernet_Interface block contains the components of the Ethernet part. It made the connection 
between the Xilinx IP (equivalent to a black box on the side of our application) and the rest of the design. 

 

 
Figure 62: Ethernet_Interface synoptic. 

The Ethernet 1 port is always used with RGMII interface to transmit or receive Ethernet data frames 
to/from PC application. 

The Ethernet 2 port is used with SGMII interface to transmit OWMAC frames to the frame analyser. 

RGMII 

SGMII 
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5.1.6.5 Data frame composition 

 

The figure below presents the different elements and fields of the data frame. 

 

 

Figure 63: Data frame composition. 

 

At the system level, it is expected to have some static Reservation Protocol (RP) allocations of several TS 
for each component. This static RP is easier to implement face to the OMEGA project duration. 

So as explained in the figure above, it is possible to send seven successive frames during a RP allocation 
for the V02R04 (system with two devices) with control frames (ACK). Then we stop the sending of the 
eighth frame which will be sent to the next 8 TS packet that is allocated to the device. 

The location for the error corrector (Reed Solomon) is already prepared at the composition of the data 
frames but for this prototype, the error corrector is not implemented. 

For the IRC-OWS prototype, we use two firmware versions: 

- V02R04 OWS = system for two devices (A1 and B2) without ACK 

- V02R06 OWS = system for three devices (A, B2, C3) without ACK. 

The RP allocation is logically different for these two versions as mentioned here after in section “Beacon 
frame management” part. Thus, the calculating of the maximum number of frames that may be issued for 
a packet is different for these two versions and different compared to the Figure 63. 

 

V02R04 

The RP allocations are formed by 62 packets of 8 consecutive TSs but we have also one packet of 5 
consecutive TSs (described in the “Beacon frame management” part). 

·  8 x TS = 8 x 65 µs = 520 µs 

·  One maximal Ethernet frame = 1500 bytes �  maximal data frame = 50.120 µs (cf. Figure 63) 

·  Maximal number of frames by 8 TS packet = 520 / 50.120 = 9.26  

�  9 data frames by packet of 8 TS 

·  5 x TS = 5 x 65 µs = 325 µs 
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·  One maximal Ethernet frame = 1500 bytes �  maximal data frame = 50.120 µs (cf. “Beacon 
frame management” part) 

·  Maximal number of frames by 5 TS packet = 325 / 50.120 = 5.8  

�  5 data frames by packet of 5 TS 
For the V02R04, we can limit the transmission to 5 data frames by packet. 

 

V02R06 

The RP allocations are formed by 31 packets of 10 consecutive TS and one packet of 12 consecutive TS 
(described in section 5.1.6.16). 

·  10 x TS = 10 x 65 µs = 650 µs 

·  One maximal Ethernet frame = 1500 bytes  �   maximal data frame = 50.120 µs (cf. Figure 63) 

·  Maximal number of frames by 10 TS packet = 650 / 50.120 = 11.58  

�  11 data frames by packet of 8 TS 
For the V02R06, we can limit the transmission to 11 data frames by packet. 

At design level, we limit to 5 data frames per packet for both versions to ensure an adequate margin of 
safety of the transmission and for the digital process time.  

For a future development of the prototype, with the V02R04 OWS version, it is possible to shift to a limit 
of 8 or 9 data frames per packet by removing the existence of the packet of 5 TS at RP allocation level.  

And for a future development of the prototype, with the V02R06 OWS version, it is possible to shift to a 
limit of 10 or 11 data frames per packet of 10 TS. 

5.1.6.6 IRC components 

IRC reception (Rx) 

RX_data_block_IRC block 

Files: RX_data_block_IRC.vhd 

RX_SFD_detect.vhd 

Decoder_8b10b.vhd 

fifo_async.vhd  

ram_dp.vhd 

The block RX_data_block_IRC retrieves binary data from the IRC card. 

It detects the 20 bits of the Start Frame Delimiter (Rx_SFD_detect). Then, it forms some packets of 10 
bits and it decodes them in bytes (Decode_8b10b). These processing are realised with the 280 MHz clock. 
Then, these bytes are sent to a FIFO that permits to change the clock domain. 

 

 
Figure 64: Rx_Data_block_IRC synoptic. 
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These bytes are at FIFO output at a rate of 200 MHz (system clock). Then, they will be processed and 
analysed by the block MAC_LLC_process. 

 

Rx_PLCP_Header_IRC block 

Files: Rx_PLCP_Header_IRC.vhd 

ReedSolomon_decoder.vhd (not used) 

crc32x8bits.vhd (not used) 

ReedSolomon_decoder.ngc (not used) 

The block Rx_PLCP_Header_IRC is composed of two processes. One of them is a Finite State Machine 
(FSM) which decomposes all the elements of the PCLP header (Proc_Tempo_rx_plcp_header) and counts 
the number of bytes of the payload. 

 

Idle  

Wait_Rx_sync  

Rx_sync_Frame = “0” 

 

Wait_Rx_ 
2nd_byte  

 

Detection of a new Frame  
 

 

En_data = “0” 

 

Wait_Rx_ 
3rd _byte  

 

Length of p ayload Recovery 
 

 

Length of pay load R eco very 
 

 

En_data =  “0” 

 

Wait_Rx_ 
PLCP_Part  

 

 Recovery of P LCP part:  
  Frame_Control_IRC 
  Dest_Addr_IRC  

Source_Addr_IRC  
Seq_Control_IRC 
Acc_Fdback_IRC  

Increment the counter:  cpt_plcp_part 

En_data = “0” and  
cpt_plcp_part = x"1B" 

 
Wait_Rx_ 
PAYLOAD_ 
part 

Payload formation  
Inc rement the counter: cpt_payload_part  

En_data = “0” and  
End_data_IRC =  "0" 

 END OF PAYLO AD 
En_data = “0” 

 

En_data = “0” 

 

 
Figure 65: Synoptic of FSM: Proc_Tempo_rx_plcp_header. 

 

The other process (Proc_Acq_plcp_header) recovers the different elements of the PLCP header with the 
cpt_plcp_part counter generated by the previous FSM. 
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Superframe management 

Files: SuperFrame_man.vhd 

The block SuperFrame_man is critical for the TDMA management of the system. With the Beacon 
frames received from other system components, it determines and updates if necessary the global 
superframe of the system.  

For this, a FSM retrieves the necessary information from the Beacon frame and sends its information to 
another process performing the counters.  

The figure below shows the functioning of the FSM. 

 

 
Idle 

Wait_Tempo_  
transition 

Wait_deb_  
payload 

Delay period of several "SuperFrames" (2) 
 

 

Wait_State_ 
BS_number  

Co unter: cp t_dev_ identif 
 

 

cpt_pls_SuperFrame = Size_Tempo_transition          
 

 

State_recup_ 
BS_number 

 

Recovery of the number of TS 
 

 

State_recup_ 
dev_control 

 

Signaling_slot 

 

State_Update_ 
counter 

 

Update of the beginning of counters: 
-  Deb_compteur_SPF 
- Deb_compteur_TS 
Used by the process P roc_cp t_SuperFra me 
 

 

Rx_scr_rdy_IRC = '0' and Rx_sync_data_IRC = '0' and 
Rx_Frame_Control_IRC(5 downto 3) = "000"      
�  Reception of a Beacon Frame 
 

Rx_scr_rdy_IRC = '0' and cpt_dev_identif = x"4" 
�  End of the header of Device Identifier 

 

Rx_scr_rdy_IRC = '0' 

Rx_scr_rdy_IRC = '0' 

Rx_scr_rdy_IRC = '0' and  
Rx_sync_data_IRC = '0' and 
Rx_Frame_Control_IRC(5 downto 3) = "000"    
�  Reception of a Beacon Frame 
 

 
Figure 66: Synoptic of FSM_Build_SPF. 

 

The process: Proc_cpt_SuperFrame making counters, is based on the fact that a SuPerFrame (SPF) is 
formed from 1024 TS (Time Slot) and a TS time equivalent to 65.535 µs. The system clock period is 5 ns 
(T_Clk200M). 

The size of a TS is: 65.535µs / 5 ns = 13107 < 214 

The SPF is: 1024 TS x 5 ns = 67.10784 ms. 

This process sends also signals indicating whether we are in a period of Beacon (En_tx_Beacon) or a 
period of data (En_tx_Data) that are useful to all other OWMAC processing blocks. 
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Beacon frame management 

Files: Beacon_Frame_process_IRC.vhd 

(Beacon_Frame_process_IRC_2.vhd, Beacon_Frame_process_IRC_3.vhd) 

The block Beacon_Frame_process_IRC must dynamically process the management of the Beacon part of 
the device taking into account information from the beacon frames of other devices of the system.  

The dynamic management of beacon was coded but in order to obtain a firmware operational for the 
prototypes of this project (avoiding the trouble in the placement/routing...) and due to the project duration, 
we have replaced it by a static management.  

Thus, before the start of the system, each device knows already what TS it should use to communicate 
with the others devices. Therefore, the beacon frames sent have the same content.  

The VHDL processes of the dynamic management have already been coded but this is actually for 
information because they are not used for this project (but can be used for the next project…).  

The processes are: 

·  FSM_Tabl_SPF_occupation, that updates the occupation table of the Beacon period (device 
name and its characteristics) 

·  FSM_Tabl_Data_occupation, that updates the occupation table of the data period (device name 
and RP control) 

·  Proc_prepa_content_Beacon, that prepares the items to send in the Beacon frame. 

For the static management, the Beacon frame is formed by the FSM of the process: 
Proc_beacon_frame_build. The content of the different field is determined by the constants file: 
Top_OWS_pack. 

This block creates also the signal en_RP_data with the process: Proc_RP_Tx_Data. 

At TDMA level, each device knows what TS of the SPF are reserved for it.  

The split is defined as shown in the figure below. 

 

 
Figure 67: Synoptic of Data_frame_process_IRC. 

  

Calculation of maximal theoretical bandwidth based on RP allocation and on the maximum 
number of data frames per packet 

V02R04 

Device A: 501 TS allocated = 62 x 8 TS + 1 x 5 TS �  63 packets (allocation shown in Figure 67)  

Device B: 501 TS allocated = 62 x 8 TS + 1 x 5 TS �  63 packets (allocation shown in Figure 67) 

We have 5 data frames per packet (see the previous part: “Data frame composition”) 

�  63 x 5 = 315 maximal data frames by SPF (67 ms) 

The maximum size for an Ethernet frame is: 1500 bytes. 

315 x (1500 x 8 bits) = 3788 000 bits in 67 ms 

 ��� �  Maximal theoretical bandwidth = 56.42 Mbps for V02R04 (devices A and B)  
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V02R06 

Device A:  322 TS allocated = 1 x 12 TS + 31 x 10 TS �  32 packets allocation shown in Figure 67)  

Device B:  340 TS allocated = 1 x 10 TS + 31 x 11 TS �  31 packets (allocation shown in Figure 67)  

Device C:  340 TS allocated = 1 x 10 TS + 31 x 11 TS �  31 packets (allocation shown in Figure 67) 

The maximum size for an Ethernet frame is: 1500 bytes. 

For the device A: 

We have 5 data frames per packet �  32 x 5 = 160 maximal data frames by SPF (67 ms)  

160 x (1500 x 8 bits) = 1920 000 bits in 67 ms 

 ��� �  Maximal theoretical bandwidth = 28.65 Mbps for V02R06 (device A) 

For the devices B and C: 

We have 5 data frames per packet �  31 x 5 = 155 maximal data frames by SPF (67 ms)  

155 x (1500 x 8 bits) = 1860 000 bits in 67 ms 

 ��� �  Maximal theoretical bandwidth = 27.76 Mbps for V02R06 (devices B and C) 

 

As discussed in the previous part: “Data frame composition”, it is possible to increase the number of data 
frames per packet and so to improve the data rates of this prototype. For the V02R04 version, increase the 
number from 5 to 9, and for the V02R06 version, increase the number from 5 to 11. Of course, a dynamic 
allocation will also optimise the maximal data rate close to the physical value. 

 
 

5 8 9

Device A
63 x 5 = 315
315 x (1500 x 8 bits) = 3788 000 bits in 67ms
Maximal Data rate = 56.42 Mb/s

62 x 8 = 496
496 x (1500 x 8 bits) = 5952 000 bits in 67ms
Maximal Data rate = 88.83 Mb/s

62 x 9 = 558
558 x (1500 x 8 bits) = 6696 000 bits in 67ms
Maximal Data rate = 99.94 Mb/s

Device B
63 x 5 = 315
315 x (1500 x 8 bits) = 3788 000 bits in 67ms
Maximal Data rate = 56.42 Mb/s

62 x 8 = 496
496 x (1500 x 8 bits) = 5952 000 bits in 67ms
Maximal Data rate = 88.83 Mb/s

62 x 9 = 558
558 x (1500 x 8 bits) = 6696 000 bits in 67ms
Maximal Data rate = 99.94 Mb/s

Maximum number of data frames per packetV02R04

 
Figure 68: Calculation of maximal theoretical bandwidth for V02R04. 

 
 

5 10 11

Device A
32 x 5 = 160
160 x (1500 x 8 bits) = 1920 000 bits in 67ms
Maximal Data rate = 28.65 Mb/s

32 x 10 = 320
320 x (1500 x 8 bits) = 3840 000 bits in 67ms
Maximal Data rate = 57.31 Mb/s

32 x 11 = 352
352 x (1500 x 8 bits) = 4224 000 bits in 67ms
Maximal Data rate = 63.04 Mb/s

Device B
31 x 5 = 155
155 x (1500 x 8 bits) = 1860 000 bits in 67ms
Maximal Data rate = 27.76 Mb/s

31 x 10 = 315
315 x (1500 x 8 bits) = 3780 000 bits in 67ms
Maximal Data rate = 56.41 Mb/s

31 x 11 = 341
341 x (1500 x 8 bits) = 4092 000 bits in 67ms
Maximal Data rate = 61.07 Mb/s

Device C
31 x 5 = 155
155 x (1500 x 8 bits) = 1860 000 bits in 67ms
Maximal Data rate = 27.76 Mb/s

31 x 10 = 315
315 x (1500 x 8 bits) = 3780 000 bits in 67ms
Maximal Data rate = 56.41 Mb/s

31 x 11 = 341
341 x (1500 x 8 bits) = 4092 000 bits in 67ms
Maximal Data rate = 61.07 Mb/s

V02R06
Maximum number of data frames per packet

 
Figure 69: Calculation of maximal theoretical bandwidth for V02R06. 

 

IRC OWMAC data processing 

Files: Data_Frame_process_IRC.vhd 

The block Data_Frame_process_IRC realises several functions. 

It analyses and filters the IRC frames received from the block Rx_plcp_header (processes: 
Data_Rx_IRC_analyze, Processing_payload_IRC_for_Ethernet). Then it sends these frames to the 
Ethernet part (Processing_filtrage_IP). 

When it receives an IRC frame, it prepares a control frame (ACK) to answer to the other OWMAC boards 
that has well received their data frame (processes: Control_Rx_IRC_analyze, FSM_tx_control_frame). 
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When this block sends a data frame to the other OWMAC board, it starts a timer which determines a 
period during which it must receive the control frame (ACK) of the other OWMAC board after the 
sending of its data frame (Rx_Control_frame_analyze). If it does not receive the Control Frame, there was 
a transmission problem so it returns the last data frame (FSM_tx_last_frame) stored in a FIFO 
(Inst_FIFO_Mem_last_frame). 

 

 
Figure 70: Synoptic of Data_frame_process_IRC. 

 

The block Data_Frame_process_IRC manages the flow data frames from the Ethernet. It stores in a FIFO 
(Inst_FIFO_Data_x10bits, 131072 words) simultaneously the byte of data, the signal of “Start of Frame” 
and the signal of “End of Frame” in a 10 bit word.  

Then, this information is read at progressively through a FSM (FSM_tx_lecture_fifo). This reading takes 
into account if we are in a RP allocation of this device (defined in the previous block 
Beacon_Frame_process_IRC) and if the device is not in a situation of last data frame retransmission 
(possible if the ACK of the other device has not been received on the last data frame).  

The reading also limits the number of packets sent over a RP allocation (5 packets maximum, 
Proc_Nb_paquets_transmis).  

The process Proc_Acq_Longueur_Trame_Ethernet retrieves the information on the size of the payload of 
Ethernet data frame.  

Another process Proc_Tx_Seq_Control indicates the sequence number (Seq_Number) of the transmitted 
frame.  

Finally, the process Proc_Mult realises the multiplexing of the three possible data flows:  

·  The data frames from the Ethernet part (signals: Shift_RX_LL_DATA_0 ...), 

·  The control frames (ACK) (signals: ack_DATA),  

·  The retransmitted data frames (signals: LL_DATA_last_frame). 
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Idle 

TX_first_byte 

empty = “1” 

 

TX_Bytes 

Wait FIFO output 
 

 

Out_Rx_DATA(8) = “0” 
��� �  End of data frame 
     End of the FIFO reading 

Tx_end_ 
frame 

Read ing  of the Data frame (output 
of FIFO) 
 

 

Memorization of the first byte of the 
next data frame (FIFO output) 
 

 

Tempo_1  
 

Memorization of the second byte of the 
next data frame (FIFO output) 

 

Tx_send_ 
word_1 

Sending of the first byte of the data frame 
FIFO reading  

Empty = “0” and en_RP_data = “1” and Nb_paquets_Tx < “5” and 
Tx_next_data = “1” and Tx_last_frame_data = “0”  
          ��� �  Start of the FIFO reading  
 
 

Out_Rx_DATA(8) = “1” 

 

Activ_lect_fifo_data = “1” and en_RP_data = “1” and Nb_paquets_Tx < “5” and  
Tx_next_data = “1”           and Tx_last_frame_data = “0”  
          ��� �  Start again the FIFO reading  for the next Data fra me  
 
 

Tx_send_ 
word_2 

Sending of the second byte of the data frame  
FIFO reading  
 

 
Figure 71: Synoptic of the FSM_tx_lecture_fifo process. 

 

IRC emission (Tx) 

Tx_PLCP_Header_IRC block 

Files: Tx_PLCP_Header_IRC.vhd 

ReedSolomon_encoder.vhd (not used) 

ReedSolomon_encoder.ngc (not used) 

crc32x8bits.vhd (not used) 

The block Tx_PLCP_Header_IRC is composed by a Finite States Machine (FSM): 
FSM_TEMPO_Data_for_TX_block_IRC and by a process Tempo_decalage. This process shifts the data 
signals coming from the Data_Frame_process_IRC block by some shift registers to can insert the PLCP 
header in the data flow with the FSM. 
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Idle 

Wait_Tx_Data 

empty = “1” 

 

TX_Phy_ 
Header_1 

Wait Start of frame 
 

 

TX_Phy_ 
Header_2 

 

Sending of the information of 
Payload length 
 

 

Sending of the information of 
Payload length 
 

 

TX_data_ 
payload  

 

Sending of  the Data Payload 

 

TX_fin_ 
trame 

/!\ Activ_lect_fifo_data_i takes the value '1 ', so the 
reading of the FIFO of Data_Frame_process_IRC 
block is reactivated.   
�  We are wai ting the next Data frame from the 
Data_Frame_process_IRC block. 

Shift_Tx_Enable_rdy_IRC(29) = “0”  
(if Data ready) 
         

Tx_sync_data_IRC = “0”  
          �  Sending of the first byte of PHY Header (x"AF") 
 
 

TX_Phy_ 
Header_3 

 

Sending of the information of f rame 
control 
 

 

TX_Phy_ 
MAC_1 

 

Sending of the information of frame 
contro l 
 

 

TX_Phy_ 
MAC_10 

 

Sending of the information of 
Access Feedback 
 

 

TX_MAC_ 
Header_RS 

Sending of the Reed Solomon (for this 
version is just the value: x"DE") 
 

 
cpt_RS = “F”  
         

cpt_RS < “F”  
         

Shift_Tx_Enable_rdy_IRC(29) = “0” and Shift_Tx_fin_payload_IRC (29) = “0”  
(if Data ready and if the end of frame) 
         
 

 
Figure 72: Synoptic of the FSM_TEMPO_Data_for_TX_block_IRC process. 

 

The CRC block has been developed in the Tx_PLCP_Header_IRC block, but it is not mapped for this 
version. 

 

TX_data_block_IRC block 

Files: TX_data_block_IRC.vhd 

 fifo_async.vhd  

ram_dp.vhd 

The block TX_data_block_IRC is composed by a block performing the encoding of bytes into 10 bit 
words (Encoder_8b10b.vhd). This mechanism avoids having long data sets of ‘1’s or ‘0’s. 

Then the 10 bit words are stored in FIFO with the system clock (200 MHz) and read by the Finite State 
Machine: FSM_tx_lecture_fifo with the TX_CLK100M_IRC (280 MHz). 
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Id l e  

T x _ T ra in i n g _  
s e q u e n c e  

T X _ f i r s t _ S F D _  
c h a ra c te r _ b i t _ 1  

S e n d i n g  o f  th e  T r a i n i n g  se q u e n c e :  " 1 0 1 0 1 0 … 1 0 1 0 " 
 

 

S e n d i n g  o f  th e  f i r s t  b i t  o f S t a r t  
F r a m e  D e l i m i t e r  (S F D )  c o m p o se d  
f r o m  2 0  b i t s 
 

c p t_ tr a i n in g _s e q u e n c e  =  L e n g t h _ t r a i n i n g _ s e q u e n c e  
        
 

e m p ty  =  “ 0 ”  

 

c p t_ tr a in i n g _ s e q u e n c e  <  
L e n g th _ t r a in i n g _ s e q u e n c e  
        
 

T X _ f i r s t _ S F D _  
c h a r a c t e r _ b i t _ 2  

S e n d i n g  o f  t h e  s e c o n d  b i t  o f  S t a r t 
F r a m e  D e li m it e r  ( S F D )   

T X _ f i r s t _ S F D _  
c h a ra c t e r_ b i t _ 1 0  

S e n d i n g  o f  t h e  b i t  1 0  o f  S t a r t  F r a m e  
D e l im i te r  ( S F D )   

 

T X _ IR C _ B i t _ 1  S e n d i n g  o f  t h e  b i t  1 1  o f  S t a r t F r a m e  
D e l i m i t e r  (S F D )  o r  t h e  f i r s t  b i t  o f  
t h e  1 0  b i t s  w o r d  f r o m  th e  F IF O  
o u tp u t 

T X _ IR C _ B i t _ 8  

 

i n h i b _ t x  =  '0 '  
        

S e n d i n g  o f  t h e  b i t  1 8  o f  S ta r t  F r a m e  D e l i m i t e r  (S F D)  o r  
t h e  b i t  8  o f  t h e  1 0  b i t s  w o r d  f ro m  t h e  F I F O  o u t p u t  
S t u d y  o f  t h e  n e x t  w o r d  o f  t h e  F I F O  a n d  p o s s ib le  
r e a c t i v a t i o n  o f  re a d i n g  F I F O   

 i n h ib _ t x  =  '0 '  
        

T X _ I R C _ B i t _ 9  

 

S e n d i n g  o f  t h e  b i t  1 9  o f  S ta r t  F r a m e  D e l i m i t e r  (S F D)  o r  
t h e  b i t  9  o f  t h e  1 0  b i t s  w o r d  f ro m  t h e  F IF O  o u t p u t  
D e a c t i v a t io n  o f  r e a d i n g  F IF O   

 
in h ib _ t x  =  '0 '  
        

T X _ I R C _ B i t _ 1 0  

 

S e n d i n g  o f  t h e  b i t  2 0  o f  S ta r t  F r a m e  D e l i m i t e r  (S F D)  o r  
t h e  b i t  1 0  o f  t h e  1 0  b i t s  w o r d  f r o m  th e  F I F O  o u t p u t 

 in h ib _ t x  =  '0 '  
        

If  n o  th e  e n d  o f  fr a m e , w e  
c o n t in u e  s e n d i n g  d a ta . 
 
 

e m p t y _ d 1  =  '1 '  
 

T e m p o _  
r e g u l a t io n  

T i m e o u t  p e r i o d  b e f o r e  t h e  s e n d i n g  o f  th e  n e x t d a t a  f r a m e  

 
in h i b _ tx  =  ' 0 '  
        

T X _ D A T A _ IR C _ s h i f t ( 9 ) ( 1 0 )  =  '0 '  a n d  T X _ D A T A _ I R C _ 8 b i ts ( 1 1 )  =  ' 0 '  
( i f t h e  e n d  o f a c t u a l  f r a m e  a n d  if  t h e  s ta r t  o f  th e  n e x t  f ra m e )  

T e m p o _  
r e g u la t io n _ 4  

T i m e o u t p e ri o d  b e f o r e  t h e  se n d i n g  o f  t h e  n e x t  d a t a  f r a m e  

 

 
Figure 73: Synoptic of the FSM_tx_lecture_fifo process. 

 

During this FIFO reading, the training sequence of 400 bits and the ‘Start Frame Delimiter’ (SFD) are 
also added at the beginning of the frame.  

The value of the SFD is:”3E8FA” (Top_OWS_pack.vhd). 

 

TxData_IRC block 

Files: TxData_IRC.vhd 

This block retrieves the information of the transmitter selection bus (RxSelEl_IRC) with the Beacon 
frame from the other device. It uses this information to select the best transmitter for the sending off the 
data frames (TxSelEl_IRC). 

During the Beacon period, it sends its Beacon with all transmitters activated: TxSelEl_IRC <= (others => 
‘1’). 

 

5.1.7 VHDL IRC test bench and simulations 

During the OWS firmware development, many simulations have been performed with “ModelSim” tool 
to verify the behaviour of VHDL blocks. 
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Figure 74: Synoptic of VHDL test bench for 3 devices system. 

 

There are a test bench for a 2-component system and a test bench for 3-component system. These VHDL 
tests benches reproduce the environment of these two systems. Above, we have the figure of the test 
bench for 3 components. 

The analysis of the “ModelSim” waves (see figure below) permit to observe the devices behaviour and 
verify the functionality of the VHDL design. 

 

 

 
Figure 75: Extract of simulation wave. 
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Figure 76: Extracts of stimuli and result files for simulation. 

 

These simulations are performed after the coding and before the physical tests on boards. 

 

 

5.1.8 IRC OWS implementation 

 
The following tables are some example of the Xilinx report files results for FPGA OWS. The OWS.par 
report file gives results from OWS routing. 

Stimuli Ethernet Tx 

Data results Rx card  

OWMAC layer Rx card  
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For the version two devices (V02R04_Quadro) 

 
Figure 77: FPGA V02R04_Quadro OWS fitter report. 

 

 

Figure 78: V02R04_Quadro timing report. 
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For the version three devices (V02R06) 

 

 
Figure 79: FPGA V02R06 OWS fitter report. 

 

 

Figure 80: V02R06 timing report. 
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5.1.9 FPGA IRC OWS pinout 

This table shows the FPGA input/output interfaces for the OWS IRC prototype. 

 
Name Pin 

Number 
I/O Description Type 

CLK L29 Input Clock of ML510 board (100 MHz) LVCMOS 
RST J15 Input CPU reset of ML510 board LVCMOS 
IRC Interface     
RxClk_IRC_N AG7 Input 280 MHz Clock received from IRC board LVDS 
RxClk_IRC_P AG6 Input 280 MHz Clock received from IRC board LVDS 
RxRefClk_IRC_N AH4 Output 280 MHz Clock provided to IRC board LVDS 
RxRefClk_IRC_P AG4 Output 280 MHz Clock provided to IRC board LVDS 
RxEncData_IRC_N AE7 Input Data bit received from IRC Card LVDS 
RxEncData_IRC_P AF7 Input Data bit received from IRC Card LVDS 
TxEncData_IRC_N AH5 Output Data bit sent to IRC Card LVDS 
TxEncData_IRC_P AH6 Output Data bit sent to IRC Card LVDS 
RxCD_IRC AV35 Input Not used �  spare LVCMOS 
RxSelEl_IRC(0) AA7 Input Information of Selected Receiver LVCMOS 
RxSelEl_IRC(1) W6 Input Information of Selected Receiver LVCMOS 
RxSelEl_IRC(2) W5 Input Information of Selected Receiver LVCMOS 
TxWake_IRC AU33 Output Not used �  spare LVCMOS 
TxSelEl_IRC(0) AU32 Output Information of Selected Transmitter LVCMOS 
TxSelEl_IRC(1) AR34 Output Information of Selected Transmitter LVCMOS 
TxSelEl_IRC(2) AR35 Output Information of Selected Transmitter LVCMOS 
TxSelEl_IRC(3) AT35 Output Information of Selected Transmitter LVCMOS 
TxSelEl_IRC(4) AU36 Output Information of Selected Transmitter LVCMOS 
TxSelEl_IRC(5) AV34 Output Information of Selected Transmitter LVCMOS 
TxSelEl_IRC(6) AV33 Output Information of Selected Transmitter LVCMOS 
Ethernet Interface     
RGMII_RXD_0(0) AJ32 Input Data Rx Bus from Marvell Ethernet PHY LVCMOS 
RGMII_RXD_0(1) AJ33 Input Data Rx Bus from Marvell Ethernet PHY LVCMOS 
RGMII_RXD_0(2) AK33 Input Data Rx Bus from Marvell Ethernet PHY LVCMOS 
RGMII_RXD_0(3) AM33 Input Data Rx Bus from Marvell Ethernet PHY LVCMOS 
RGMII_RX_CTL_0 AN33 Input Control Rx signal from Ethernet PHY LVCMOS 
RGMII_RXC_0 J17 Input Clock Rx signal from Ethernet PHY LVCMOS 
RGMII_TXD_0(0) AR33 Output Data Tx Bus for Marvell Ethernet PHY LVCMOS 
RGMII_TXD_0(1) AP32 Output Data Tx Bus for Marvell Ethernet PHY LVCMOS 
RGMII_TXD_0(2) AR32 Output Data Tx Bus for Marvell Ethernet PHY LVCMOS 
RGMII_TXD_0 (3) AN31 Output Data Tx Bus for Marvell Ethernet PHY LVCMOS 
RGMII_TX_CTL_0 AP31 Output Control Tx signal for Ethernet PHY LVCMOS 
RGMII_TXC_0 AM31 Output Clock Tx signal for Ethernet PHY LVCMOS 
PHY0_GTXCLK AM31 Output Clock for Marvell PHY LVCMOS 
PHY0_RESET AK32 Output Reset for Marvell PHY LVCMOS 
RXP_1 A2 Input Not used MGTTX 
RXN_1 A3 Input Not used MGTTX 
TXP_1 B1 Output Data Tx Bus for Marvell Ethernet PHY 1 MGTTX 
TXN_1 B2 Output Data Tx Bus for Marvell Ethernet PHY 1 MGTTX 
MGTCLK_N C3 Input GTX Transceiver reference clock MGTRE

FCLKN 
MGTCLK_P C4 Input GTX Transceiver reference clock MGTRE

FCLKN 
Interface card debug leds     
LED_0 H5 Output Debug led of Interface card LVCMOS 
LED_1 G6 Output Debug led of Interface card LVCMOS 
LED_2 J5 Output Debug led of Interface card LVCMOS 
LED_3 H6 Output Debug led of Interface card LVCMOS 
LED_4 K5 Output Debug led of Interface card LVCMOS 
ML510 card debug leds     
DBG_LED_0 AL7 Output Debug led of M510 card LVCMOS 
DBG_LED_1 AP6 Output Debug led of M510 card LVCMOS 
DBG_LED_2 AN5 Output Debug led of M510 card LVCMOS 
DBG_LED_3 AL6 Output Debug led of M510 card LVCMOS 

Figure 81: FPGA OWS pinout. 
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5.2 VLC-OWS prototype 

5.2.1 Introduction 

This part presents the OWS firmware developed during the OMEGA project for the prototype VLC-
OWS. 

This firmware processes the Ethernet frames in OWMAC-LLC protocol following the requirements of 
Orange Labs document: “Omega_ID4.3_Omega_OWMAC-LLC Specification”.  

The OWMAC specifications describe a MAC protocol very complete with lots of performance features. 
However, for the VLC-OWS prototype, we do not need all these functions because we realised only a 
broadcast transmission. Then, the Ethernet frames are transmitted by Visible Light Communication 
(VLC) at around 100 Mbps to an optical card realised by HHI/Siemens, European partners in the 
OMEGA project. 

This part shows various elements of the OWS FPGA design, and then the means established to test these 
boards and finally the OWS development structure (reuse, batch commands...). 

To properly use the prototype 1 cards (ML510 and Interface card), it is useful to read also the document: 
“OWS User Manual_V1.0 (Proto 1).doc”. 

For information , this part will also use sometimes, the terms VxxRxx to indicate a type of OWS 
firmware:  

Vxx = Number of Version,  

Rxx = Number of Revision. 

Several firmware have been developed during this project and certain functions of these firmware are 
different: 

V01 is used for the VLC prototype so the prototype for a VLC-OWS communication. 

V02 means the IRC prototype so the prototype for an IRC-OWS communication (not described in this 
part). 

·  V01R04 = VLC OWMAC Broadcast transmission with 84 MHz interface clock. 

·  V01R05 = VLC OWMAC Broadcast transmission with 93 MHz interface clock. 

 

5.2.2 Position of OWS equipment in HWO demonstrator 
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VLC 

100 Mbit/s 
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Frame Analyzer  

Gbit/s 

Gbit/s 

Tx 

IRC 

VLC 

Gbit/s 

Rx 

OWS 

OWS 

PC 1 

PC 2 Rx 

Tx 

Tx Rx 

Frame Analyzer  

Gbit/s 

Frame Analyzer  

Broadcast 

Gbit/s 

Gbit/s 

 
 

Figure 82: HWO demonstrator. 
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The VLC OWS board requirements are: 

·  Transmission around 100 Mbps with the VLC board (first 84 Mb/s then 93 Mb/s), 

·  Transmission Gb/s with the PC application, 

·  Transmission Gb/s with the frame analyser, 

·  Processing of the MAC-LLC layers. 

For the VLC demonstrator, the OWS design is implemented for a data rate around 100 Mb/s broadcast 
transmission with the VLC board (from HHI). 

5.2.3 Interfaces with application PC and frame analyser 

The OWS card is connected to: 

·  A PC which sends and receives Ethernet data frames at Gb/s transmission via Gigabit Ethernet 
interfaces, 

·  A frame analyser which receives Ethernet data frames at Gb/s transmission via Gigabit Ethernet 
interfaces.  

The ML510 Xilinx board [based on Virtex-5 FPGA (FX130T)] is a board with notably two Gigabit 
Ethernet interfaces and 2 RJ45 connectors. So this Xilinx board replies to these two requirements. 

5.2.4 Interface with VLC card (Description of VLC – OWS interface) 

5.2.4.1 VLC PHY header 

 
Figure 83: PHY frame structure. 

 

The VLC PHY header is formed by 3 bytes: 

·  1 byte just for provision (0xAF), 

·  2 bytes containing information of frame size: Frame Payload. 

5.2.4.2 VLC to OWS transmission 

For VLC to OWS transmission, OWS card samples data (signal RX_DATA_VLC) on the falling edge of 
the 100 MHz clock (signal RX_CLK100M_VLC). Thus from the VLC side the emission must be realised 
on the rising edge of the 100 MHz clock (signal RX_CLK100M_VLC). 

 
VLC --> OWS

RX_CLK1OOM_VLC

RX_data_VLC

VLC sends data on rising edges of 100 MHz clock.
OWS samples data on falling edges of 100 MHz clock.

2 LVCMOS 
signals
(50 Ohm SMA 

connectors)

SFD = x"E8FA"
(16 bits)

Frame data (N bytes)

1st bit of the frame (= '0' in this example)

Idle period

 
Figure 84: Transmission from VLC to OWS 

 

The beginning of the frame is detected with the 16 bits of the SFD. 

The frame size is implemented in the PHY header. 
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5.2.4.3 OWS to VLC transmission 

For OWS to VLC transmission, OWS card send data (TX_DATA_VLC signal) on the rising edge of the 
100 MHz clock (TX_CLK100M_VLC signal).  

Thus from the VLC side the reception must be realised on the falling edge of the 100 MHz clock.  

 

OWS --> VLC

TX_CLK1OOM_VLC

TX_data_VLC

TX_ON_OFF_VLC

OWS sends data on rising edges of 100 MHz clock.
VLC samples data on falling edges of 100 MHz clock.

2 LVCMOS 
signals
(50 Ohm SMA 

connectors)

SFD = x"E8FA"
(16 bits)

Frame data (N bytes)

1st bit of the frame (= '0' in this example)

Idle period

TX_ON_OFF = 1 if OWS card sends data to VLC card

 
Figure 85: Transmission from OWS to VLC. 

 

The beginning of the frame is detected with the 16 bits of the SFD. The OWS retrieves then the frame 
length information with the data signal achieved after the processing. 

The TX_ON_OFF_VLC signal is ‘high’ level to indicate the presence of data to VLC card. 
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5.2.4.4 Composition of VLC – OWS connectors 

The table below describes the connectors associated with the signals of VLC-OWS interface. 

 

OWS side 

Nb Signal name  I/O 
 

Type Power 
supply 

Impedance Frequency 
MHz 

OWS 
FPGA 
Pin 

Connector 

1 RX_CLK100M_VLC 
PM_IO_63_N 

input LVCMOS 2.5V 50 �  30 to 150 AG7 SMA 

2 RX_DATA_VLC 
PM_IO_67_N 

input LVCMOS 2.5V 50 �  30 to 150 AE7 SMA 

3 TX_CLK100M_VLC 
PM_IO_55_N 

output LVCMOS 2.5V 50 �  30 to 150 AH4 SMA 

4 TX_DATA_VLC 
PM_IO_51_N 

output LVCMOS 2.5V 50 �  30 to 150 AH5 SMA 

5 TX_ON_OFF_VLC 
PM_IO_54_P 

output LVCMOS 2.5V 50 �  30 to 150 AG4 SMA 

         

6 Provision_A 
PM_IO_62_P 

input LVCMOS 2.5V 50 �  30 to 150 AG6 SMA 

7 Provision_B 
PM_IO_66_P 

input LVCMOS 2.5V 50 �  30 to 150 AF7 SMA 

8 Provision_D 
PM_IO_50_P 

output LVCMOS 2.5V 50 �  30 to 150 AH6 SMA 

9 Provision_1 
PM_IO_45_N 

input LVCMOS 2.5V 50 �  30 to 150 AB8 SMA 

10 Provision_2 
PM_IO_44_P 

input LVCMOS 2.5V 50 �  30 to 150 AB9 SMA 

11 Provision_3 
PM_IO_72_P 

input LVCMOS 2.5V 50 �  30 to 150 AE9 SMA 

12 Provision_4 
PM_IO_73_N 

input LVCMOS 2.5V 50 �  30 to 150 AE10 SMA 

13 Provision_5 
PM_IO_28_P 

output LVCMOS 2.5V 50 �  30 to 150 G28 SMA 

14 Provision_6 
PM_IO_29_N 

output LVCMOS 2.5V 50 �  30 to 150 H28 SMA 

15 Provision_7 
PM_IO_22_P 

output LVCMOS 2.5V 50 �  30 to 150 K27 SMA 

16 Provision_8 
PM_IO_23_N 

output LVCMOS 2.5V 50 �  30 to 150 L26 SMA 

Figure 86: OWS – VLC connectors. 

For the OWS card, these 16 SMA connectors will be realised with the PM2 connector of the ML510 
Xilinx board. 

5 LEDs will be provided on board with PM1 connector for debug.  

A ground plane will be implemented on the board and it will be available for the VLC card. 

5.2.5 OWS card equipment 

The OWS equipment is based on the Xilinx board: ML510 and on the OWS-VLC interface card. A 
ML510 Xilinx board brief presentation and the quartz improvement are described in section �5.1.5.1. Also 
the OWS interface card is presented in section �5.1.5.2. 
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For the VLC prototype, the connections are: 

 
Connector 
Name  

FPGA signal  

J21 RX_CLK100M_VLC 
J22 RX_Locked_Unlocked 
J23 RX_DATA_VLC 
J24 RX_Start_VLC 
J25 TX_CLK100M_VLC 
J26 TX_ON_OFF_VLC 
J27 TX_DATA_VLC 
J28 TX_Start_VLC 

 

5.2.6 OWS design development 

In this section, the different VHDL blocks of VLC OWS design are presented with synoptic and few 
comments. 

5.2.6.1 Component overview 

The OWS V1.3 design realises the management of OWMAC transmission with the VLC Rx and Tx 
cards.  

 

Clock_man

DCM_adv_ows

DCM_adv_ows_84M

RX_data_block_VLC

RX_SFD_detect_VLC

Window_frame

fifo_async (4096 x 8 bits)

MAC_LLC_process

Rx_PLCP_Header_VLC

ReedSolomon_decoder (not used)

crc32x8bits (not used)

Data_Frame_process_VLC

Tx_PLCP_Header_VLC

ReedSolomon_encoder (not used)

crc32x8bits (not used)

TX_data_block_VLC

fifo_async (262144 x 10 bits)

Ethernet_Interface

RMII_design (IP Xilinx adapté)

RMII_locallink

eth_fifo_8

tx_client_fifo_8

rx_client_fifo_8

RMII_block

RMII

TEMAC TEMAC_V3_5.ngc

rgmii_v2_0_if

Chipscope ICON / VIO

ILA

Architecture Design OWS (partie VLC)

Top_OWS                           GlobalTypes / top_ows_pack

 
Figure 87: OWS architecture. 

 



ICT-213311, OMEGA                                                                                                                                               15 February 2011 

D4.2b: Physical layer and Specification - Version 2 Page 82 (94) 

 
Figure 88: Synoptic of OWS top block.
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5.2.6.2 Top_ows block 

File: Top_OWS.vhd 

The Top_OWS block is the top block of the OWS design. Its body contains all the necessary 
inputs/outputs to OWS.  

It maps all blocks of the first design level:  

·  The easements components: Clock_man, Mux_Frame_Analyzer, Chipscope, Inst_ILA_1 

·  The top management block of the Ethernet: Ethernet_Interface 

·  The top block of MAC layer processing for VLC and IRC: MAC_LLC_process. 

It also maps the blocks of receipt and issue of VLC and IRC. 

Package design 

File: top_ows_pack.vhd 

The package Top_OWS_pack contains all the design constants. Therefore in this file certain parameters 
can be modified according to changes in the specification or in any adjustments for the final tests of the 
demonstrator. 

File: GlobalTypes.vhd 

This file contains the types necessary for the design.  

These two elements: Top_OWS_pack and GlobalTypes are referenced in each library to the block design.  

5.2.6.3 Easement components 

Clock_man block 

Files: Clock_man.vhd 

DCM_adv_ows.vhd 

 DCM_adv_ows_84M.vhd 

The Clock_man block generates the clocks:  

·  clk_50M frequency of 50 MHz,  

·  clk_100M frequency of 100 MHz or 84, 93 MHz (following the need of the VLC card),  

·  clk_125M frequency of 125 MHz,  

·  clk_200M frequency of 200 MHz.  

These clocks are generated from two DCMs: Digital Clock Manager Xilinx (DCM_adv_ows and 
DCM_adv_ows_84M blocks) and the 100 MHz PLL (clk signal) from the board.  

The clk_200M clock is the OWS system clock.  

The clk_100M clock is the VLC emission clock: TX_CLK100M_VLC. 

The clk_125M clock is the clock used by the Xilinx IP management Ethernet (TEMAC).  

Finally, this block also delivers the signal stability clocks: lock used in the file Top_OWS to create the 
reset signal of the FPGA: RST_N. 

MAC_LLC_process block 

File: MAC_LLC_process.vhd 

The block MAC_LLC_process  handles the mapping of all elements of VLC data processing.  

Sub-Blocks in MAC_LLC_process:  

·  Rx_PLCP_Header_VLC, 

·  Data_Frame_process_VLC, 

·  Tx_PLCP_Header_VLC. 



ICT-213311, OMEGA                                                                                                                                                   15 February 2011 

D4.2b: Physical layer and Specification - Version 2 Page 84 (94) 

 

 
Figure 89: Synoptic MAC_LLC_Rx. 

This block has been simplified. At the beginning of the design, there was the Pile_IP block including ping 
of  ML510 boards. Those cards had a very specific IP address associated with their MAC address. 
However, even though this option worked properly, it was removed to obtain better results in rate 
(chariot, videos ...). 

 

 
Figure 90: Synoptic MAC_LLC_Tx. 

 

Mux_Frame_Analyzer block 

Files: Mux_Frame_Analyzer.vhd 

This block Mux_Frame_Analyzer manages the data sent to the “Frame Analyser” but, it is not used for 
the VLC prototype. 

Chipscope 

Files: Chipscope.vhd 

ICON_control_4.ngc 

vio.ngc 

ILA.ngc 

ILA_2.ngc 

The Chipscope block instantiates the component elements of control chipscope: ICON_control_4 and vio 
component.  

The icon is composed of 4 control bus:  

·  CONTROL0 which manages the VIO of Chipscope  

·  CONTROL1 who manages the ILA of Top_OWS (visualisation of internal OWS signals)  

·  CONTROL2 which manages the ILA_2  

·  CONTROL3 who manages the IL_ 3.  

All these elements allow to view some of the internal FPGA signals including signal criticism. They are 
essential for the initial debugging of the FPGA. 
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5.2.6.4 Ethernet components 

Files: Ethernet_Interface.vhd 

RMII_design.vhd 

RMII_locallink.vhd 

RMII_block.vhd 

eth_fifo_8.vhd 

tx_client_fifo_8.vhd 

rx_client_fifo_8.vhd 

RMII.vhd 

rgmii_v2_0_if.vhd 

TEMAC_V3_5.ngc 

This part Ethernet is based on the Xilinx Core: TEMAC and on the soft IP Xilinx: Virtex-5 FPGA 
Embedded Tri-Mode Ethernet MAC Wrapper v1.5 (documents: “ds550.pdf” and “gsg340.pdf”). This part 
is already detailed within section �5.1.6.3. 

5.2.6.5 VLC components 

VLC reception (Rx) 

RX_data_block_VLC block 

Files: RX_data_block_VLC.vhd 

RX_SFD_detect_VLC.vhd 

Window_frame.vhd 

fifo_async.vhd  

ram_dp.vhd 

The block RX_data_block_VLC retrieves binary data from the IRC card.  

It detects the 20 bits of the ‘Start Frame Delimiter’ (Rx_SFD_detect). Then, it forms some bytes and 
creates a working window of the frame (Window_frame). These processing are realised with the 
100 MHz clock (or 84 MHz or 93 MHz following the version). Then, these bytes are sent to a FIFO that 
permits to change the clock domain. 

 

 
Figure 91: Rx_Data_block_IRC synoptic. 

 

These bytes are at the FIFO output at a rate of 200 MHz (system clock). Then, they will be processed and 
analysed by the block MAC_LLC_process. 
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Rx_PLCP_Header_VLC block 

Files: Rx_PLCP_Header_VLC.vhd 

ReedSolomon_decoder.vhd (not used) 

crc32x8bits.vhd (not used) 

ReedSolomon_decoder.ngc 

The block Rx_PLCP_Header_VLC is composed of two processes. One of them is a Finite State Machine 
(FSM) which decomposes all the elements of the PCLP header (Proc_Tempo_rx_plcp_header) and counts 
the number of bytes of the payload. 

 
 

Idle 

Wait_Rx_sync  

Rx_sync_Frame = “0” 

 

Wait_Rx_ 
2nd _byte  

 

D etection of a new F ram e  
 

 

En_data = “0” 

 

Wait_Rx_ 
3 rd _byte 

 

Length of payload Recovery 
 

 

Length of payload Recovery 
 

 

En_data = “0” 

 

Wait_Rx_ 
PLCP_Part  

 

 Recovery of PLCP part:  
  F rame_Control_VLC 
  Dest_Addr_VLC  

Source_Addr_VLC  
Seq_Control_VLC 
Acc_Fdback_VLC  

Increment the counter: cpt_plcp_part 

En_data = “0” and  
cpt_plcp_part = x"1B" 

 
Wait_Rx_ 
PAYLOAD_ 
part 

Paylo ad formation   
Increment the counter: cpt_payload_part 

En_data = “0” and  
End_data_IRC = "0" 

 END O F PAYLOA D 
En_data = “0” 

 

En_data = “0” 

 

 
Figure 92: Synoptic of FSM: Proc_Tempo_rx_plcp_header. 

 

The other process (Proc_Acq_plcp_header) recovers the different elements of the PLCP header with the 
cpt_plcp_part counter generated by the previous FSM. 
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VLC OWMAC data processing 

Files: Data_Frame_process_VLC.vhd 

The block Data_Frame_process_VLC analyses and filters the VLC frames received from the block 
Rx_plcp_header (processes: Data_Rx_VLC_analyze, Processing_payload_VLC_for_Ethernet).  

The filtering is realised on: 

·  the content of the frame control, 

·  the destination address,  

·  the content of the sequence control, 

·  the content of the access feedback, 

·  the type of packet (IP type). 

Then, this block sends these frames to the Ethernet part (process: Proc_Acq_Longueur_Trame_Ethernet). 

The block Data_Frame_process_VLC manages the flow data frames from the Ethernet. It retrieves the 
length information of the frame: “Length_payload_ss_mac” and it sends the data frame to the 
Tx_PLCP_Header_VLC block. 

 

VLC emission (Tx) 

Tx_PLCP_Header_VLC block 

Files: Tx_PLCP_Header_VLC.vhd 

ReedSolomon_encoder.vhd (not used) 

crc32x8bits.vhd (not used) 

ReedSolomon_encoder.ngc 

The block Tx_PLCP_Header_VLC is composed by a Finite State Machine (FSM): 
FSM_TEMPO_Data_for_TX_block_VLC and by a process Tempo_decalage. This process shifts the data 
signals coming from the Data_Frame_process_VLC block by some shift registers to can insert the PLCP 
header in the data flow with the FSM. 
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Id le  

W a it_T x_ Da ta 

e m p ty  =  “1 ” 

 

TX _ P h y_  
H ea d e r_ 1  

W a i t S tar t  o f  f ram e 
 

 

T X _ P h y _ 
H e ad e r_ 2  

 

S end ing  o f  the  in fo rm at ion  o f  
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S en d in g  o f  th e  in form a t io n o f 
P aylo ad  leng th 
 

 

T X _ d a ta_  
p a yl o ad   

 

Sen d in g  o f  th e  D a ta  P a y lo a d 

 

T X _fi n _ 
tr am e 

/ ! \ A c tiv _ lec t_ f ifo _d a ta _ i take s th e v a lu e ' 1 ', so  th e 
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b loc k is  rea ct ivate d.   
�  W e a re  w a itin g th e n ex t D a ta  f ra m e  fro m  the  
D ata _F ra m e_ p ro c e ss _ VL C  b lo ck .  

S hi f t_ Tx_E na b le_ rdy _IR C(29)  =  “0 ”   
( if D ata rea dy) 
         

Tx _sy nc _d a ta_V LC  = “0”  
          �  Se n ding  of  the  firs t b y te o f P H Y  H e ad e r (x" A F " ) 
 
 

T X _P h y_  
H ea d er_ 3 

 

S e n d in g  of  th e in form a t io n o f  f ra m e  
c on t ro l 
 

 

T X _ P h y_  
M AC _1  

 

S en d in g  o f th e  in form a tio n o f f ra m e  
co n tr o l 
 

 

T X_ P h y _  
M A C_ 10  

 

Se n din g o f  th e in fo rm a tio n  o f  
A c ce s s F e ed ba c k 
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He ad er _R S  

Sen din g o f  th e R ee d S olo m o n  (for  th is  
ve r s io n  is  ju s t  th e va lu e : x" D E ") 
 

 
cp t_ RS =  “F”   
         

cp t_ RS  <  “F”   
         

Sh ift_Tx _ En a ble _rd y_ IR C(2 9 ) =  “0 ”  a nd  S h if t_Tx_ fin _payload _ IRC (29)  =  “0 ”   
(if  Da ta  rea dy  a nd  i f  th e  end  of fra m e ) 
         
 

 
Figure 93: Synoptic of the FSM_TEMPO_Data_for_TX_block_VLC process. 

 

The CRC block has been developed in the Tx_PLCP_Header_VLC block, but it is not mapped for this 
version. 

 

TX_data_block_VLC block 

Files: TX_data_block_VLC.vhd 

fifo_async.vhd  

ram_dp.vhd 

The block TX_data_block_VLC stores the bytes of the frame in FIFO with the system clock (200 MHz) 
and read by the Finite State Machine: FSM_tx_lecture_fifo with the TX_CLK100M_IRC (100 MHz or 
84 MHz or 93 MHz). 
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Figure 94: Synoptic of the FSM_tx_lecture_fifo process. 

 

During this FIFO reading, the ‘Start Frame Delimiter’ (SFD) is also added at the beginning of the frame.  

The value of the SFD is: “E8FA” (Top_OWS_pack.vhd). 

 

5.2.7 VHDL VLC test bench and simulations 

During the OWS firmware development, many simulations have been performed also with “ModelSim” 
tool to verify the behaviour of the VHDL blocks. The figure here under shows an example of a simulation 
wave. 
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Figure 95: Extract of simulation wave. 

 

 
Figure 96: Extracts of stimuli and result files for simulation. 

5.3 OWS tools for the development 

Different tools are used for the development of this OWS firmware. 

Tool Manufacturer Version Year Functions 

ModelSim XE Mentor Graphics 
Corporation III 6.3c 2007 Simulation 

ISE Xilinx 10.1.03 2008 Synthesis, placement 
and routing 

ISE Simulator (ISIM) Xilinx 10.1.03 2008 
Simulation of TEMAC 

and GTX IP 

Impact ISE Xilinx 10.1.03 2008 Loading the binary file 
in the FPGA 

Chipscope Pro 
Analyzer 

Xilinx 10.1.03 2008 Analyze signals within 
the FPGA 

Figure 97: Tool used table. 

The Xilinx IPs have been downloaded from the Xilinx website: http://www.xilinx.com and the latest tools 
patch. 

Stimuli Ethernet Tx 

Data results Rx card  

OWMAC layer Rx card  
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OWS firmware versions (for VLC and IRC prototypes) 

Several firmwares have been developed for the two prototypes VLC and IRC. 

 

Fimware version Binary file Description Delivery date
V01R00 -100 MHz OWS_A1_V01R00.ace Broadcast 100 MHz 28/07/2009
V01R01 -100 MHz OWS_A1_V01R01_Interface_100M__90Mbps__Livraison_HHI.ace V01R00 + data rate improved 09/11/2009
V01R02 -  84 MHz OWS_A1_V01R02_Interface_84MHz__75Mbps__Livraison_HHI.ace V01R01 with 84 MHz clock 24/11/2009

V01R03 -100 MHz OWS_A1_V01R03_Interface_100MHz__86Mbps__Livraison_HHI (4 Leds).ace
V01R02 100 MHz + Interface changes : SFD, no 
Rx_Start, Tx_ON_OFF 10/12/2009

V01R03 -  84 MHz OWS_A1_V01R03_Interface_84MHz__71Mbps__Livraison_HHI.ace
V01R02 84 MHz + Interface changes : SFD, no 
Rx_Start, Tx_ON_OFF 10/12/2009

V01R04 -100 MHz OWS_A1_V01R04_100MHz_Random__Livraison_HHI.ace
V01R03 100 MHz 
+ Random period at the beginning of each frame 12/05/2010

V01R04 -  84 MHz OWS_A1_V01R04_84 MHz_Random_Start Frame___Livraison_HHI.ace
V01R03 84 MHz 
+ Random period at the beginning of each frame 18/05/2010

V01R05 -  93 MHz OWS_V01R05_Interface_93 MHz___Livraison HHI.ace V01R03 with 93 MHz clock 26/11/2010

Fimware version Binary file Description Delivery date
V02R00 OWS_V02R00 (test 300M LVDS) OK Chariot 200 Mbps__Livraison_UoO.ace Broadcast 300 MHz 18/01/2010
V02R00 OWS_V02R00 (280Mhz,TS=50bytes...) OK Chariot 160 Mbps__Livraison_UoO.ace Broadcast 280 MHz 04/03/2010

V02R00 OWS_V02R00 (280Mhz,TS=50bytes, Nv ucf) OK Chariot 160 Mbps__Livraison_UoO.zip
Broadcast 280 MHz + changes UCF 
                                   (LVTTL, LVCMOS)

07/05/2010

V02R01
OWS_A1_V02R01_ (280Mhz,TS=50bytes, Nv ucf, BP, DFP, qlq macros...) Livraison 
Oxford.ace

TDMA, Half-Duplex, BP, DP, SPF, …
07/07/2010

V02R02
OWS_A1_V02R02_ (BFP,DFP,SPF, 280Mhz,TS=1500bits, qlq macros...) Liv Oxford.ace
OWS_B2_V02R02_ (BFP,DFP,SPF, 280Mhz,TS=1500bits, qlq macros...) Liv Oxford.ace

V02R01 + changes of length of TS 
12/08/2010

V02R03
OWS_A1_V02R03_ (TS=400bits, 140 MHz) Liv Oxford.ace
OWS_B2_V02R03_ (TS=400bits, 140 MHz) Liv Oxford.ace

V02R02 + changes of length of TS 
07/09/2010

V02R04
OWS_A1_V02R04_ (TS=400bits, 140 MHz, Improved)  Liv Oxford.ace
OWS_B2_V02R04_ (TS=400bits, 140 MHz, Improved)  Liv Oxford.ace

V02R03 + Improvement (video transmissions)
17/09/2010

V02R04_Bis
OWS_A1_V02R04_Bis (TS=400bits, 140 MHz, TxSelEl_IRC)  Liv Oxford.ace
OWS_B2_V02R04_Bis (TS=400bits, 140 MHz, TxSelEl_IRC)  Liv Oxford.ace

V02R04 + changes of TxSelEl_IRC
29/09/2010

V02R0_Quadro
OWS_A1_V02R04_Quadro (TS=400bits, 140 MHz, TxSelEl_IRC new)  Liv Oxford.ace
OWS_B2_V02R04_Quadro (TS=400bits, 140 MHz, TxSelEl_IRC new)  Liv Oxford.ace

V02R04_Bis + changes of TxSelEl_IRC 
03/11/2010

V02R05 Firmwares developped but no good results V02R04_Bis + Control frames (ACK)

V02R06 - 3 devices
OWS_A1_V02R06 (3 devices, all TxSelEl1= '1').ace
OWS_B2_V02R06 (3 devices, all TxSelEl1= '1').ace
OWS_C3_V02R06 (3 devices, all TxSelEl1= '1').ace

V02R04 for 3 devices (RP allocation changes…)
16/11/2010

Prototype VLC-OWS     (Prototype 1   -  V01R0x)

Prototype IRC-OWS     (Prototype 2   -  V02R0x)

 
Figure 98: Table of different OWS firmware 
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5.4 Synthesis of the OWMAC-LLC layer 

Develop the OWMAC-LLC layer at level of working group: “Hybrid Wireless Optics” of the OMEGA project 
was a rewarding and interesting on different areas. This development has been achieved in 16 months.  

Specifications of the network and protocols 

Initially, we had to quickly assimilate the requirements of this data link layer created for this project, locate and 
identify the necessary features, essential for the IRC and VLC prototypes. The specifications describe the MAC-
LLC layer for a full and complex system in generic way that could not be implemented in its globality for a so 
short period.  

Then, the following objective was to seek and find an electronic board adapted to: 

·  The features described in the OWMAC-LLC specifications,  

·  The analogical needs of VLC and IRC prototype,  

·  Partners,  

·  The ultimate goals of the demonstrators.  

Quickly, it was shown that the ML510 board from Xilinx and notably the Virtex-5 FXT FPGA met the 
OWMAC-LLC requirements and the desired performances. However, the connection of this evaluation board 
did not meet the needs of partners. It was therefore necessary to associate this digital processing board with an 
interface card customized for analogical cards. The interfaces of the two analogical cards are completely 
different and were not determined at that time. It took realise the manufacture of the card (subcontracting with 
the firm: ASICA) on several assumptions for the final interfaces and anticipate any new possible requirements 
(provision of connections ...). 

Coding  

Firmware developments were developed directly in VHDL language as described earlier in this part and the 
simulations were performed with the “ModelSim” software.  

Overall, the coding was successful. However, a difficulty was encountered in using Xilinx Ethernet IP 
(Intellectual Property). We stayed long stuck trying to run correctly this IP on our ML510 maps. The Silica 
support (provider of Xilinx in France) was not available but through the direct Xilinx support (launching a Web 
case), we solved this dysfunction (a bad calibration of the timing constraints for a path of Xilinx IP on the 
ML510 evaluation board...). Some parts of the code have been modified during the project (some unessential 
functions have been removed...) to meet performance requirements (transmission data rate...) and to facilitate the 
global routing of the design. 

Placement / routing  

The design placement/routing has also been a recurrent challenge in particular for the IRC-OWS prototype. This 
design is actually quite sensitive and thus a trivial change may cause a faulty binary (no transmission, quality of 
transmissions ...).  

The difference between the software simulations and the card tests was also demonstrated during this project. 
We have very often used some spying blocks of FPGA internal signals (elements of Chipscope) to understand 
the non-functioning of certain design parts. However, these spying blocks have sometimes been a factor of 
problems for the placement/routing. 

Hardware (tests of cards / integration)  

Overall, the manipulations and the tests on the ML510 boards went well although some failed cards had to be 
changed. The IRC-OWS and VLC-OWS interfaces were also designed to be used in complete chain of final 
prototypes but also in direct wired (configuration “back to back”) without the analogue part. This concern 
allowed testing directly the OWS equipment without having the analogue cards and gain valuable time at the 
integration of prototypes. Indeed, the fact of working on a European project involves working with colleagues 
who are not physically close, so it is necessary to be independent on its side.  

Note also that a problem was detected with the PLL of the ML510 card. There was a jitter on this clock which is 
used to generate all other clocks of the design. For a processing only digital, this has no effect, but for an 
analogue processing, it can cause serious malfunctions. However, some of our clocks are used by the analogue 
cards of partners. We changed the quartz of the card by another quartz with no jitter (as explained earlier in this 
document). The using of evaluation board requires being very vigilant to the characteristics and to the 
performances of components of the card. 
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Project management  

Another important point of this development was to differentiate the two parties IRC and VLC and manage them 
independently. Initially it was suggested to achieve a common firmware for both technologies, but it turned out 
that this could not happen because they require different functions (TDMA and half-duplex transmission for the 
IRC-OWS prototype, broadcast transmission for the VLC-OWS prototype). Then we had to be careful and had 
to order to manage these two parts simultaneously. Indeed, there are several firmware by prototype during the 
development phase so it can be very easy to get lost (versions, revisions, simulations, testing, configuration 
management, delivery...).  

Working for a European project is not necessarily obvious at efficiency and profitability level because the 
communication between people of different nationalities is not the easiest. But for this working group, seeing the 
results and performance obtained for the two prototypes, we can see that this difficulty in communication has 
been largely overcome. 

�  Starting from nothing and seeing these two working IRC-OWS and VLC-OWS prototypes with very 
promising results is very satisfying.  

The successful integration of each party (boards, equipment...) of partners reveals that everyone worked well and 
fulfilled his part of the project. 

 

Results 

Points of interest: 

·  Knowledge of the area: Networks and Protocols  

·  Innovative and visual prototypes (new technology) 

·  Development on a recent FPGA target (2008) 

·  Hardware: connectors, test cards, integration, validation, measures...  

·  European Partnership (English, contacts, discoveries...) 

·  Complete development  

Difficulties: 

·  Definition of physical interfaces 

·  Integration of IPs (support, web case, documents ...)  

·  Management of the Xilinx ML510 boards (quartz, defective cards, support...)  

·  Debugging of cards (ChipScope, feelings...)  

·  Placement / Routing (instability of design, ChipScope...) 
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