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List of Acronyms

AC Alternation Current

ACK Acknowledgement

A/D Analogue to Digital

ADC Analogue-Digital-Converter
APD Avalanche Photodiode

BER Bit Error Rate

BNC Bayonet Neill-Concelman

BP Beacon Period

BS Base Station

CLK Clock

D/IA Digital to Analogue

DAC Digital-Analogue-Converter

DC Direct Current

DCM Digital Clock Manager

Demo V1 Demonstrator Version 1

Demo V2 Demonstrator Version 2

DDS Direct Digital Synthesizer

DMT Discrete Multi-Tone modulation
DP Data Period

ECL Emitter-Coupled Logic

E/O Electro-Optical

E-O-E Electrical-Optical-Electrical
FCS Frame Check Sequence

FEC Forward Error Correction

FET Field-Effect Transistor

FIFO First In First Out

FOV Field of view

FPGA Field-Programmable Gate Array
FSM Finite State Machine

FSO Free-Space Optics

FT France Telecom

Gbls Gigabits per second

HHI Heinrich-Hertz Institute

HWO Hybrid Wireless Optics

IBM International Business Machines Corporation
IFFT Inverse Fast Fourier Transform
IR Infrared

IRC Infrared Communication / Infrared Card
LED Light-Emitting Diode
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LLC
LOS
LVDS
LVTTL
MAC
Mb/s
MS/s
NCO
NEP
NRZz
NRZ-OOK
O/E
OFDM
OMEGA
OOK
OP-amp
ow
OWs
PCB
PD
PHY
PIN
PLCP
PLL
PM
PMMA
QAM
RAM
RGMII
RP
RSSI
Rx
SFD
SFDR
SGMII
SIFS
SMA
SNR
SWO
TCA
TDMA

Logical Link Control

Line of sight

Low-Voltage Differential Signalling
Low-Voltage Transistor-Transistor Logic
Medium Access Control

Megabits per second

Mega-Samples per second

Numerically Controlled Oscillator
Noise-Equivalent Power
Non-return-to-zero

Non-return-to-zero on-off keying
Opto-Electrical

Orthogonal Frequency-Division Multiplex
hOME Gigabit Access

On-Off Keying

Operation Amplifier

Optical Wireless

Optical Wireless Switch

Printed Circuit Board

Photodiode

Physical layer
Positive-Intrinsic-Negative

Physical Layer Convergence Protocol
Phase-Locked Loop

Personality Module
Polymethylmethacrylate (acryl glas)
Quadrature Amplitude Modulation
Random-Access Memory

Reduced Gigabit Media Independent Interface
Reservation Protocol

Received Signal Strength Indicator
Receiver

Start Frame Delimiter

Spurious Free Dynamic Range

Serial Gigabit Media Independent Interface
Short Inter-Frame Space

SubMiniature version A

Signal-to-Noise Ratio

Smart Wireless Optics
Trans-Conductance Amplifier

Time Division Multiple Access
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TIA Transimpedance Amplifier

TS Time Slot

TX Transmitter

) User Terminal

uv Ultraviolet

VHDL Very High Speed Integrated Circuit Hardware DedmipLanguage
VLC Visible-Light Communication(s)
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1 IR PHY overview

Deliverable D4.2a “Physical Layer Design and Speeaifion — Demonstrator 1“ describes the IR PHY-lapé
prototype V1. For demonstrator V2, the basic systencept remains unchanged. The concept relies ilipen

of sight (LOS) transmission and a multiple transmitd receive element design. However, compared to
demo V1, demo V2 exhibits a significantly increasgstem FOV (from 15° half cone angle to 45°), and
reduced data rate (from 1 Gb/s to 224 Mb/s PHY rang data rate). Table 1 summarises the PHY sigatibn

of demo V2.

Parameter Value
Data rate (up- and downlink) 224 Mb/s
. Non-return-to-zero on-off keying
Modulation scheme (NRZ-OOK)
Line coding 8B10B IBM-code
Li 280 Mb/s rate (gross bit rate, 10/8 ¥
ine
data rate)

System field of view (half cone angle 45°

Number of Tx- and Rx-elements 7

Up to 4.5 m (it is assumed that the

Range (LOS) base station is 3 m above the
coverage area)
Bit error rate (BER) Below 19

Table 1: Key parameters of demonstrator V2.

The major goal in developing demo V2 is to achiaveystem FOV of 45°, which enables a coverageishat
large enough for a “truly” wireless network. Sindemo V2 is also based on commercial opto-electronic
components, this increased coverage has to be battfe expense of a decreased data rate. THidepnowill

be addressed in section 2.

Demonstrator V2 uses 7 differently aligned transamitl receive elements each having a (half angléy 6D
15°. These elements can be turned off and on iddally, where the Tx-element control is accomplisbg the
OWS (optical wireless switch). The automatic Tx4rohfunction is not implemented in prototype V1n (
addition, only 3 and of 7 elements are implemeritethe V1 prototype.) As in demo V1, the Rx-element
selection is based on a selection combining, wisichther a ‘Select Good Enough’ than a ‘Select’Besthod,

cf. D4.2a.

Demonstrator V2 is based on the same modulationiaacdtcoding scheme (NRZ on-off keying combinedhwit
8B10B IBM-coding, cf. D4.2a). Thus the filter dessg(8" order Bessel filter for noise rejection, first erchigh
pass filter for ambient light blocking, cf. D4.2dijfer only in a factor 4 scaling (just as the dedte) and are not
described again. The same holds for the line cteckvery: The loop bandwidth of the data retimihd. Peeds
to be scaled by a factor 4. However, the numbérairfing bits required to obtain clock synchronisatremains
the same for a given signal to noise ratio.

As described in D4.2a, the 8B10B decoder is symibedl by means of a unique comma symbol, whichsiz a
used for frame synchronisation. The major diffeeecompared to demo V1 is that the demo V2 encoadér a
decoder are now implemented on the OWS card.

Section 2 addresses the trade-off between covésygeem FOV), transmit power and data rate, anctyoias
the requirement of a factor 4 data rate reductemgared to demo V1. The residual conceptual deaigh
modelling (modulation and coding, filter designerakent control, synchronisation and PHY frame stmajtis
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 date @t1 Gb/s, but achieves this value at the expefise
restricted system FOV to only 15°. For the demoriddelling, the following key parameters/charactarss
were assumed:

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

25 mW average optical transmit power per element,

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

Figure 1 shows the demo V1 link margin (as obtaimgdnodelling) on the x-y-grid as a function of tteeeiver
position, where the base station is located in ¢katre. The black circle indicates the coveragea are
corresponding to the desired 15° system FOV, ifothee station is located 3 m above the receiveepla

y-position in m

-1 -0.5 0 05 1
X-position in m

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 sy$t@¥ is 45°. The number of individual transmitterda
receiver elements is not intended to be increasatpared to the demo V1-modelling for the followiegsons:

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

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

Imaging optics could offer a much higher spatiaotation (and thus directional gain), but need ¢o b
combined with laser/ photodiode arrays which arecoonmercially available yet at the required speed.

Thus the demo V2 system FOV of 45° demands forreelgenent FOV of 15° — 3 times more compared to
demo V1 — , which reduces both the available tranamwell as the receive gain by a facté=®. Such an
optical power penalty (factor 81, correspondind $odB) cannot be compensated without reducing ¢te hte,
too, because:
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Forward error correction (such as Reed-Solomonngpkihown from fibre optical systems) promises a
coding gain, but not more than 3 — 4 dB in theagitdomain.

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

More detector area can hardly be obtained, singe larea photodiodes are not available at thisdspee

Thus, for demonstrator V2 it was required to redineedata rate by (approximately) a factor 4 to Ribs. This

data rate reduction promises several advantagethéofink budget. First of all, it enables the usag low

capacitance photodiodes with a much larger are& iflsreases the receiver sensitivity altogetheh wie

detector area. Furthermore, since the laser diotkerd operate at a reduced speed, higher Tx-powaers
possible.

2.2.1 Required Tx-power compared to demonstrator V1

Figure 2 shows an estimation of the relative rempitransmit power of demo V2 (operating at 224 Ybsa
function of the per-element FOV. The results webéaimed by incorporating the parameters of commeérci
photodiodes into numerical analysis. Crucial phuidd parameters are presented in Table 2. It isydw
assumed that:

The receiver utilises an optical bandpass filtehwi0 nm spectral width.

The receiver is exposed to diffuse background gttt an spectral radiance of 0.04v/(mn7-sr-nm).

Demo V1 Demo V2
Photodiode Sil. Sens. OSI PIN Hama APD Hama PIN Sil. Sens. Sil. Sens.
APD RD-07 S9251-15 S3883 PIN PS1-5 APD
AD500- AD1900-9
1.3G-TO5 TO5i
R (A/W) 0.43 0.55 0.52 0.6 0.52 0.6
/ @ 830nm @ 900nm @ 830nm @ 830nm @ 800nm @ 850nm
Active area 0.2 mfM 7.1 mnf 1.77 mm 1.7 mnt 0.9 mnt 3mnt
Capacitance 25pF | 10 pF @ 30V 3.6 pF 6 pF 4 pF @ 20 8 pF
Capacitance| 12.5 pF/mr | 1.41 pF/mm | 2.03 pF/mrh | 3.53 pF/mm | 4.44 pF/mrh | 2.7 pF/mmM
per area

Table 2: Photodiode parameters used for simulations

T
—e—0OSI| PIN RD-07
: -¢-Hama APD S8251-15
N : Hama PIN 53883

~,
1oh NN _ —v—5il. Sens. PIN PS1-5 |
u, -=-5il. Sens. APD AD1900-9 TO5i
i)
hsA
o~
]
£
[0
el
o
&
B
£
3
o
2
j
o
2
(o]
o
>
-

- L 1
155 : é .CIJ 1b 1‘1 12
half-angle FOV per element (degree)

Figure 2: Required transmit power of demo V1 compaed to demo V2 as a function of the per-element
FOV for various commercial photodiodes (numerical stimation).
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Among the considered photodiodes, the best perfacenacan be achieved with the Silicon Sensor APD
AD1900-9 TOS5i, but the OSI PIN photodiode RD-07 whalso good resuftsAt the targeted per-element FOV

of 15°, it is necessary to increase the transmitgrdby only about 6 dB compared to demo V1, if 8ikcon
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 B&f angle FOV, which corresponds to the planarecage
area indicated by the black circles. The Tx-powerassumed to be 20 dBm, i.e. 100 mW. Ideal optical
concentrators with a refraction index of 1.5 arppmsed. Both, the OSI PIN photodiode and the Sili8ensor
APD show theoretically a very similar performantle prototype is based on the Silicon Sensor disidee an
APD relaxes the effort for the preamplifier cireyit

Link Margin in dB (45" system FOV, 20 dBm Tx power, Py = -32 dBm) Link Margin in dB (45" system FOV, 20 dBm Tx power, P, =-36dBm)

10

10

8

&y

-10

o

y position in m
S

y position in m

[

&
S
& b

&

- 10 - 3 o
X position in m X position in m

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 statias located in the centre, 3 m above the Rx-plane.

2.2.3 Demonstrator V2 receiver sensitivity

In Figure 3, bright diffuse skylight [Djahani/Kah2000] with a radiance of 0.04V/(mn?-sr-nm) was assumed.
In this situation, the APD promises a 4 dB senisjtindvantage over the OSI PIN photodiode. Howesirge
the APD exhibits less area, this advantage is alomspensated with respect to the required Tx-power

Figure 4 discusses the impact of the backgrourtt leyel. Depending on the daytime, season, weattey a
radiance value of 0.04W/(mn?-sr-nm) may be several orders to pessimistic. Eigushows clearly that the
background light induced shot noise has almostrmgatct on the receiver sensitivity, if the PIN plubtale is

used. The noise is dominated by fife noise component. The situation changes notabteifAPD is applied.

Tx-Rx-Distance = 3m, 15° semi-angle FOV per element
-30

-32 e

-34
_.-36
g i
= i
2 38 [—0sl PIN RD-07 all noise sources %
2 ==+08| PIN RD-07 only f2 noise 4
@ 40l | ==-Sil. Sens. APD AD1900-9 TOSi all noise sources
] X
Pod 4

d
& -42 ”
5
/”
-44
s
.
.

_46 e
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48 H H ; ; ; i
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background light radiance (pW/mmZ/sr/nm)

Figure 4: Receiver sensitivity depending on the b&ground light level.

! 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 construaifothe IR demonstrator. An angle diversity systermsw
fabricated, similar to demonstrator V1, but using &hannel system in order to obtain a field ofwief
approximately 90° (full cone angle) at each trattemiand receiver. A single base station (BS) aval user
terminals (UTs) were fabricated, each of which hadentical physical layer components. For modelling
purposes the BS is assumed to be 3 m above thevithra 6 m coverage diameter at the UT plane. Bhgést
link is therefore ~ 4.2 m. Each transmitter anceieer ‘unit’ has a field of view of 30° (full angle

Figure 5 shows the functional block diagram of phgsical layer (PHY) of the BS (or UT as they atenitical).
Transmit data from the MAC passes into a 1x7 setethat allows a desired group of transmitterogh as
Tx1..7 on the diagram) to be activated under corifothe MAC layer. (In practice this control wastn
implemented and all transmitters are selected htLfigpm these propagates to the receiving terminbgre it is
detected by one, two or three of the seven recgivdepending on the angle at which it is incidemttioe
terminal. Each receiver converts this to an anaogignal, which is then thresholded to an ECL Idgiel.
Each receiver has an ‘above threshold’ signal, whitdicates that a strong enough signal to achigve
BER < 10° is received. This signal is fed from each of theeivers to a priority encoder which selects tirst'f
receiver where the signal is above threshold. Thight be called ‘Select Good Enough’ and is inferio
compared with Maximal Ratio Combining or Select Bésit a simple priority encoder integrated ciraan be
used to implement this strategy, so it was sufficfer this demonstration. This signal is then eauto a clock
and data recovery circuit.

The system works in a true ‘burst mode’, so thattdfansmitters only emit significant radiation whéere is
data to send. The first part of each data packatsgnchronisation preamble, which ‘wakes’ the @ysup so
there is valid retimed data entering the MAC beftite frame synchronisation and payload is receivédu:
preamble therefore has to be long enough for tbeiver output to create valid data, for the firsbd channel to
be selected, and for the clock recovery unit tospHack to the received data, and this requiresfgbdesign of
each of these components in order to minimise éhgth of the preamble. In order to keep the cledovery
unit frequency locked whilst no data is being reedia 101010.. data stream is fed from the MAC ih&oclock
recovery unit (not shown on the diagram). A lingeraf 280 Mb/s is used in the demonstration, which
considering the 8B10B coding corresponds to a maxirdata rate of 224 Mb/s.

Trémsmit x1 } L
ata

]
M —— >'x selecto '
A Control switch !
C  |Received '
. dat X7 } e2d
A Clock and
Y < data recovery +Vbias
E |Clock Y
R r Rx 1
]
< |
7-to-1 | Signal '
demux '
le— |
|

+Vhias
A A %

) Rx 7
2-bit
address RSS f

A

RSSI comparator
and decoder

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.

D4.2b: Physical layer and Specification - Version 2 Page 16 (94)



ICT-213311, OMEGA 15 February 2011

3.2 Optical design

3.2.1 Transmitter

A commercial driver IC and 860 nm laser was use@ asansmitting source, emitting approximately 8&/m
(average power). In order to meet the full coveraggle of 90° (cone angle) a 30° (full angle) Larntiba
diffuser was used. This also renders the sourceaégeThe optical layout used is similar to thaive in Figure
6. Details of the optics used are found in Tablar®l the components themselves are shown in Figure

Singlet

Diffuser

Figure 6: Demo V2 transmitter optical layout.

(b)

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

3.2.2 Receiver

The receiver uses a 3 MAPD with a commercial transimpedance amplifier ifatial amplification. This is
followed by a limiting amplifier, incorporating areshold detect to implement the ‘Select Good Ehbug

scheme. The receiver (measured at the preampifigrut) has a sensitivity of ~ -38 dBm at ~ 300 $/1(MRZ-
OOK with the required BER).

In order to simplify the receiver optical desigrdan increase the collection area of the opticatesy a custom
optical concentrator was specified for the receiegure 8 shows a cross section of a receiver ralan
including the concentrator. The concentrator haisralated gain of ~ 32, compared with a maximunotagcal
gain of ~ 40, and a design field of view of 30°li(Angle).

\J
Concentrator
———————
% Avalanche
s Photodetector
IV,

Figure 8: Single channel receiver schematic.

An interference filter is used to reduce the effetambient light in this system also. The passhsimét for
signals that enter the receiver at the edge oatiggilar field of view must be accounted for andtarfwidth of

23 nm was chosen to ensure high transmission ositieal for all entry angles. Figure 9 shows theeneer
assemblies.
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(b)

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

3.2.3 Margin

Assuming a transmitted power of approximately +dB®n and a receiver sensitivity of -38 dBm the expéc
margin is 57 dB. Optical modelling indicates tHare is a margin of 3.5 dB on-axis and 1.5 dB nmatdi° off-
axis, at a range of 4.2 m. Table 3 summarisesatiget optical and optoelectronic specificationdemo V2.

Transmitter Transmitter stored in demo_diode_collimated_nonseq_11

Laser power 80 mwW

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

Laser wavelength 860 nm

Spacing to transmitter 9.0 mm (Not important betw@el1mm)

Collimating lens 625_91 (Edmund) f =12.7 mm D =7L&wm (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 1.05cm

Total height 1.53 cm

Max theoretical gain 329

APD 1.95 mm diameter APD

Link budget Max Min

Transmitted average +19 dBm (80 mW) +19 dBm

communications power (at source

before lens)

Link loss (simulated) 50.5dB -52.5dB

Additional losses (diffuser and filtef ~ -2 dB ~-2dB

— estimated)

Receiver sensitivity -37 dBm -37 dBm

Estimated margin 3.5dB 1.5dB

Table 3: Optical and optoelectronic specification.
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3.3 Results

Results from performance evaluation are shown livelable D4.6b. Figure 10 shows a picture of a plate
terminal. The seven transmitters are on the IeRigfire 10(a) and the receivers on the right.

(b)

Figure 10: (a) Complete terminal. (b) Internal viewof terminal.
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Part |l
VLC PHY
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4 VLC system

4.1 VLC system overview

Figure 11provides a block-diagram overview of a VLC PHY. \léhbur VLC demonstrator is somewhat more
complex than that (due to driving 16 LED lamps acK step), this diagram provides useful insigho ittte
respective parts of the VLC PHY developed. We daa ase this diagram for fleshing out who was resjize
for what. Siemens addressed the development crthiogue transceiver (red part), while HHI was oasjble
for the digital transceiver (black part). The amggie transmitter consists of a driving circuit (sasonductance
amplifier, TCA), a bias T for adding the AC sigmadto the LED bias current (DC), and the opticahsraitter,
viz. the LED. The receiver consists of imaging cpt{positive lens), a colour filter, a photodio@detrans-
impedance amplifier, and a band-pass filter. Thasadink is bandwidth-limited on the transmittedesito
~12 MHz, which poses a challenge for the OMEGA ¢amata rate of 100 Mb/s. We overcome this cha#leng
with pre-distortion and multi-level modulation (s8ectior4.3).

4 \ // R
R
——

Figure 11: Block diagram of the VLC PHY.

The signal-transmission chain works as follows. ha transmitter side, the digital PHY delivers ag A
baseband signal (U_analogue) to a driving cirduétné-conductance amplifier, TCA), which lineartpgalifies
the AC signal and transforms it into an electricairent. Then it superposes the AC current ontoCabias
current, which corresponds to the working pointtef connected LED. The total current (I_LED) is tedhe
LED, which, in turn, emits a modulated optical sij®_opt. The received optical power impinges cato
optical concentrator (lens), is directed througloptical filter, and converted into an electricatrent |_PD in a
photodiode. The AC component of the generatedraatturrent is then transimpedance amplified (D) Bnd
band-pass filtered (U_PD, filter).
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4.2 Analogue part

4.2.1 Transmitter subsystem

4.2.1.1LED characteristics

In order to illuminate even a portion of the OMEGHAowroom (~ 60 ffootprint) with a manageable number
of LEDs, OSTAR lighting modules were chosen, sitloey provide a noticeable higher luminance fluxntha
comparable high-power LEDs (see, e.g., [LUXEON, &DOA picture of a 6-chip OSTAR module with a
collimation lens is shown in Figure 12, and a tgpiemission spectrum is shown in Figure 13. Théanmal
parameters of the two OSTAR modules that were abigl on the market at the beginning of the OMEGA
project are summarised in Table 4. The table alates the total number of OSTAR modules (four- and
chip) needed to illuminate the showroom at an ilhance of 400 Ix. In order to keep the overall ctexjy of

the VLC prototype low, the 6-chip OSTAR version vea®sen, viz. E3B.

Figure 12: Top view of a 6-chip OSTAR E3A throughiinaging optics that is mounted on top of the LED
module. Due to the magnification of the imaging opts the six thin-film chips that are operated in sges
are readily distinguishable.
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Figure 13: Radiant spectral power from an OSTAR whie LED (LE CW E2B-MYNZ-N3P5). The
discontinuity around 600 nm is an artefact causedybthe optical spectrum analyser used (YOKOGAM,
AQ-6315A).

For the development of the driving circuit at letisee system parameters were needed: the LEDivaqunt
circuit and its linearity. The equivalent circufttbe LE CW E3B N3P%see Figure 14) was derived as follows.
The protection diode was removed from the LED pgekand the complex impedance of the remaining itircu
was measured for small-signal distortion as a foncbf the modulation frequency and the bias curréhe
corresponding equivalent circuit was inferred wiiilent’'s Advanced Design System. The passive carepts

of the equivalent circuit are shown in Figure 14.
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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/Im @ 0.7 A driving oemk 250 - 350 380 - 540
Corresponding typical luminous intensity/cd 100 140
Maximum bias current/A 1 1
Maximum pulse currefA 2 2

Full viewing angle at half illuminance 130° 130°
Number of modules needed to illuminate the entire68 - 95 ~44 - 63

OMEGA showroorft @ 400 Ix
Table 4: Electro-optical specifications of OSTAR EB 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 inductande of the equivalent circuit does not vary with tHectrical current, while the two
capacitance values€; gp andC,,, decrease with an increase in LED driving curr@t.aid of the equivalent
circuit the frequency dependence of the total inaped and thus the LED transfer function can beyaedl The
equivalent impedancé is given by

(1- 2|_clw2)+ ZLRl v
- ,
EQ %1 chle 2 +((C1+C2)W- 2|_clc2W3)

wherej is the imaginary unit anav the angular modulation frequency. The absoluteevaf the equivalent
impedance is shown in Figure 15 as a function oflutettion frequency and bias current. The depiciede
was calculated by aid of the above equation and@pacitance and inductance values were measutbdhegi
aforementioned setup. The decrease of the parasifiacities with an increase in bias current resinltan
increasing slope of the curves in Figure 15. Theivadent circuit served as place-holder in the dations
accompanying the driving-circuit development. Alsotice the comparably small absolute value of tE®
impedance.

]

T <10#s, duty cycle < 0.1, board temperature 25C
% In absence of any collimation optics.

* Footprint: 60 m?
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Figure 15: Variation of equivalent impedance for OFAR E3 as a function of modulation frequency for a

range of bias currents.

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

impedance i&/i times that of the value & = 0. The values for the 3-dB frequency at différdeias 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 OSTARE3 equivalent circuit for three LED driving

currents.

In other words, 3-dB modulation bandwidths up t& MHz should be attainable with the module choJdis
was corroborated with direct measurements. Applyiregoutput from an 80 MHz signal generator toashi,
which in turn fed the LED module, we inferred thedues in Figure 16. For the E3B module we find edla
modulation bandwidth in the range of the prediotatie (30 MHz). However, as discussed in secfi@l.3,
the low differential impedance of the LED module3(~), the linearity of the driving circuit, the large
bandwidth, and the high driving currents altogetimaikke the development of a suitable baseband miodwda

formidable challenge.
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Figure 16: Normalised received electrical small-sigal power when using a 1 GHz detector. Both
measurement values and interpolations based on sexborder polynomials are shown. The maximum
modulation index of the driving current was below 36.

Figure 17: Upper panel:Static transfer function, viz. emitted optical pover as a function of DC driving
current, for an OSTAR LE CW E3B N3P5 (circles: meaarement data; solid line: least-square-fitted
second-order polynomial). The decrease of the optitpower 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 wasstimated from its static transfer function, i.the
dependence of the optical output power on a DGmdyieurrent. The relevant data was measured faEa@W
E3B N3P5, and the results are displayed in FigilteAs can be seen, a second-order polynomial pesvadfair
fit to the measurement data. The measurementsrafalized optical power for LED driving currents logeyl
900 mA were influenced by excess heat dissipatiomfthe LED and these values were hence dropped upo
fitting the measured data. Assuming modulation desgies well below the 3-dB thermal relaxation frexcy,
which typically resides in the range of 0-100 klaialakis, 2011], the spurious free dynamic rarg®fel(R)
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can be calculated from the static transfer functitme corresponding result is shown in Figure 18 e#fpected,
the dynamic range is rapidly decreasing with angase in modulation index.

Working point: 500 mA
20 T T

SFDR/dBc

1] SERERI AR

5O 0.2 0.4 0.6 0.8 1

Modulation index
Figure 18: Spurious free dynamic range as a functimof the modulation index for an E2B N3P5, a
working point of 500 mA, and modulation frequencieselow the thermal 3-dB frequency.

4.2.1.2Driving-circuit specification
By aid of the above LED parameters the followinguieements for the LED driving circuit can be infs.
An overall modulation bandwidth of the link of 1@$§ MHz (target: ~30 MHz).

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

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

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

Input signal voltage 1 y and signal current 20 mA(50  impedance). The power gain needed is
6 dB and smaller, while the voltage and currenhgjaijpproach 3 dB and 15 dB, respectively.

4.2.1.3Driving circuit

The driving circuit is based on a two-stage TCAdiogy. A DSL chip is used for voltage amplificatiomthe
first stage and a class-AB amplifier based on lxippinction transistors for current amplificationthe second
stage. Typical upper and lower electrical modutatiandwidths for two input signals are listed irblEa6. An
input of 600 mVpp @ 50 is the maximum level before the onset of satunaitiothe amplifier and thus non-
linearities that are more pronounced than thogheiED itself (see Sectioh2.1.1). Three exemplary E-O-E
gains as a function of modulation bandwidth arenshin Figure 19, and the circuit layout is shownFigure
20. A picture of one of the 24 analogue transnstessembled at Siemens AG is shown in Figure 21.

Bias Bias Input AC | Lower 3-dB | Upper 3-dB | Max. Modula-
voltage/ V current/mA voltage/mVpp | bandwidth/ kHz | bandwidth/ MHz | 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 30.
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Figure 19: Small-signal gain (electrical power) othree exemplary VLC transmitters (LED + driving
circuit) as a function of modulation frequency. Themodulation index of the driving current was smalle
than 0.3%. In total, 24 VLC modules were manufactued.

Figure 20: Driving circuit for OSTAR E3. Yellow box on the left: DSL chip.
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Power supply terminal

Signal input

Analog LED current driver
Ostar white light LED with electronic
beam shaping element
(PMMA-lens)

Figure 21: Picture of the analogue emitter develomkby 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.

4.2.1.4LED modules

The LED modules (E3A) are directly mounted ontoeathsink integrated next to the PCB (see Figure QR)
top of the LED, a factory-designed astigmatic lensiounted which converts the emission from thearggular
LED module into a circular light spot. The divergerangle of the emitted radiation is 76° at halhiinance.

4.2.1.5Distribution of the analogue signal

The digital signal generated by the digital PHY d&d¢o be replicated so that 16 VLC transmitters ban
operated in lock step. In order to decrease thesysomplexity, we chose to first translate thetdigpMT
signal into the analogue domain, and thereafteepticate and distribute it. The topology of theosén signal-
distribution network is shown in Figure 22. A passi:16 power splitter with a high rejection ragiod very low
cross talk serves as the replicator. In order ttcimthe output voltage levels to those of the inpuhe analogue
transmitters, a broadband baseband amplifier wadvsiahed between the DAC output and the splittuin
The cabling chosen consist of RG 58 (standard BM@)le SMA connectors were chosen in order to siiypl
the ease of setup. As a final step we had to dawidthe distribution topology and the cable len@hly a star
topology was found to produce a low enough phatseydetween two VLC transmitters [Shrestha, 2009].
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Figure 22: Block diagram of the analogue signal-dtsbution network devised for the OMEGA VLC
demonstrator. The impedance of all connections i905 . 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.

4.2.1.6Integration into the showroom

For the ease of installation of the demonstratat for enabling maximum accommodation to architedtur
constraints, we chose to install one emitter eadhe centre of tiles exhibits an identical foatprs that of the
tiles already installed in the showroom ceilinge($ggure 23). A diffuser was installed in fronttb® imaging
optics in order to reduce glare, and the analoguesinitters were then directly mounted on top eftites (see

Figure 24).

Figure 23: View of the living-room area in the Frarte-Telecom show room in Rennes, France. Each of the
lit ceiling lamps is a VLC transmitter. The accespoint (see Figure 25) is above the centre loudspeak
(above the ceiling tiles). The analogue Rx in fromf the oscilloscope receives the modulated lightoim the
ceiling, and the signal is fed to the oscilloscofgsine waveform on the oscilloscope screen).

D4.2b: Physical layer and Specification - Version 2 Page 29 (94)



ICT-213311, OMEGA 15 February 2011

Bottom side (visible side) top side (hidden side)

DC power
supply for
high power
LED

]Aperture with diffuseﬁ

Figure 24: Bottom (left pannel) and top (right pané) view of one transmitter tile. The supply voltageor
the fans and the trans-conductance amplifiers is mvided by a common power supply not shown here.
Due to excessive noise on the driving current, tHeC power supplies were eventually replaced with
common ones (not shown here).
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Figure 25: Top view of the OMEGA showroom and sitution of the VLC transmitter.

The VLC broadcast area has a size of ~9 Rigure 25 depicts the placement of the VLC arétim the
OMEGA showroom (yellow). The reference point, tlee point of connection to the technical room (B&pire
26) is also depicted. Of the 20 ceiling tiles withihe VLC area only 16 are equipped with VLC traittars.

Besides esthetical and architectural boundary tiondi the achievable illumination level at deskgheis a
paramount design parameter. In order to enable dégh rates without glaring on one hand, and lightevels
high enough for reading on the other hand, we stfov a horizontal illuminance above 400 Ix, bel8@0 Ix,
and as evenly distributed throughout the VLC arega@ssible. Also, we aimed at minimising the ‘leg&a

outside the VLC area. Over 20 geometries and Higions were analysed, and the best was chosehda@etup
in Rennes (see Figure 23).

A block diagram of the VLC demonstrator is shownFigure 26. Four video streams are fed from a serve
situated in the living room to the VLC MAC in thechnical room. Here, the Ethernet frames are entatpsl
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into VLC frames and fed to the digital modulatodahen to the analogue amplifier. The signal igedwack to
the living room, split into 16 copies, and then fedhe driving circuit of each of the 16 VLC tramsters. The
VLC signal is transmitted through free space amhtbaptured by the analogue Rx. From there, tharelal

signal is routed back to the control room, demaaaand the Ethernet frames are unpacked. Aftdr they
are sent back to the living room via CAT-5 cablas. Ethernet router separates the four video streanas
directs them to four laptops for display.

$ $% $ $& $ 9 $ B(

%,

%, *+ *

Figure 26: Block diagram of the VLC demonstrator.

4.2.2 Receiver subsystem

A block diagram of the analogue Rx can be founé&igure 27. The redesign of the analogue receivetuteo
was based on the results from the show room measmts performed in June 2010. A typical luminous
intensity of 500 Ix was measured at table heigliteuneath the ceiling. Using the old receiver desiiis level
was close to the lower limit regarding an erroefdata-transmission. Recent measurements withuthH'Y
(analogue + digital) showed a significant impactha received photocurrent level to the error dtthe signal
link. Furthermore, the first receiver design haeQV of about 70°. This did not correspond well witle lamp-
setup in the show room, where the spacing betw&eramps is only ~60 cm, which leads to an aperamgle

of ~17°.

Hence one focus of the work was to improve the ewsion gain of the Rx-module while keeping the tieal
performance at the same high level as the old desig

Another objective was the reduction of the receiweusing dimensions towards a compact and clogbeto
market design. This was mainly achieved by a cotapledesign of the circuit board and by shifting ihternal
power supply components to an external box. The BiGinsion was reduced to 25% of the original $&ee
Figure 28).
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Figure 27: Key components of analogue receiver.

Key components of the receiver are: an aspherioraibr lens, an optical filter (blue filter), artge-area PIN
diode with attached collimator lens, the transingrex® amplifier and the post amplifier. The wholstegn is
housed in a plastic package which was realized avigapid Prototyping machine.

In contrast to the initial design of the first demstrator this improved version is equipped withaaiditional
aspheric collimator lens. This causes a reductfathe FOV from 70° down to 17° and an improvemeithe
optical gain of 30% compared to the old design @Begere 29). A range of tests was performed to tifiea
suitable lens. An over-the-counter lens from Mel&r$ot, 01LAG117/066, showed the best performarde
lens was ordered with broad band antireflectiortingato avoid unwanted loss and interference effethe
focal length of the lens is 35.5 mm at a diamef&5 mm.

Figure 28: New PCB-layout, size reduction of 75% gupared to initial design.

Figure 29: FOV-measurement with Melles Griot lens 456968 PIN-diode.
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The optical filter is a dichroic multilayer systeom a float-glass carrier (BK7). Its function is idock the
yellowish light above ~480 nm and allow transmissaf the blue and near-UV portion of the LED enussi
The diameter is 25 mm and the thickness is 2 mmoptimized transmission window of 350 — 480 nm was
achieved (see Figure 30).

Filter transmission dichraoitic filters
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Figure 30: Comparison of characteristic curves of arious dichroic filters. The chosen filter was prowded
by Berliner Glas KGaA.

Next element is the photodiode which is equippethwin aspherical lens made of PMMA. The Hamamatsu
Type S6968 was used for the receiver due to itstanding performance regarding bandwidth and efkect
active area. The active area of the silicone chip25mm (5x5mnf), while the cut-off frequency is about
50 MHz. The terminal capacitance at 1 MHz and 10i&s voltage is about 50 pF. The responsivity fa t
desired wavelength of 460 nm is about 0.25 A/W.

A low-noise FET-input operational amplifier conwerthe photocurrent into a voltage signal. A Texas
Instruments OPA657 was used for this purpose. TRea@p has an excellent gain-bandwidth product of
1.6 GHz and a very low input voltage noise of 4.8hN. After several redesign loops a transimpedayzie of

4.2 kV/A and a flat frequency response, as welaadeep cut-off at 35 MHz, was realized by optingsihe
feedback network of the TIA (see Figure 32). Follayithe signal is boosted with a gain of 3 in atoaplifier
stage, which is equipped with a further OPA657. dhierall gain was ~12 kV/A, the bandwidth (-3 dB)tloe
receiver is about 35 MHz, and the NEP was calcdlgied.23 nW/ HZ. An overview of the amplifier circuit can
be found in Figure 32.

optimization of Bandwidth 09.09.2009

normalized amplitude (dB;

10 100
T (MHz)

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

All components are mounted in one package with pertare window and a mechanical fixture for the
wavelength filter as well as the signal interfagehte ADC stage (SMA-connector). A technical drayvof the
new design can be found in Figure 33. The housiag produced by the aid of a rapid prototyping sysfEhe
spatial resolution of the process was about 100 pfterwards, the housing was coloured in black frtra

inside to avoid disturbance from external lightre@s. Photographs of the new prototype can be fauRtgure
34 and Figure 35.

Aspheric collimator lens

Dichroic Filter

Pin-Diode w. lens

A

+«—— | PCB

Figure 33: Technical drawing of analogue receiverside view).
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Figure 34: Analogue receiver, first realised sampléside 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 WifseFPGA using fixed-point arithmetic. Hardware cigstion
language was used to develop the architecture qegb@n this report.

Figure 36 shows the transmitter block diagram (OFD#and DAC). The serial input from the OWS card is
first passed through a scrambler and a FEC end@tlsed Solomon (187,207)) before being converted to
log,M bit parallel data stream by aid of a shift registehis data is then mapped onto a compgi&QAM
symbol that is saved in FIFO memory. In order tdaoba real-valued signal at the output of thé&IBFT
module, a conjugate symmetry is appliedNtd of theM-QAM symbols. This symmetry is achieved by reading
from the FIFO and writing the appropriate valuee @AM symbol or the complex conjugate one, in tigétr
position of a double port RAM. In the demonstratalt, subcarriers are modulated with the same mdidula
order, so a power pre-equalisation is performegh@ipower distribution is not uniform). The caktibn of the
multiplication coefficients is done based on thewn LED frequency response, i.e., on the E-O-E ohhn
characteristic, with the goal to obtain similarogrperformance on all subcarriers. The next stapsists of
reading from the RAM theR values required to perform an IFFT transform. Taeule, which implements the
transformation, inserts the guard interval in foofma cyclic prefix directly, so the real output thile IFFT is
ready to be applied to the DAC. The connection betwthe FPGA board and the DAC (TI DAC5662, 12 bit,
speed < 275 MS/s) is done via LVDS signals andrtexface between the analogue DAC output and B L
driver is SMA.

Virtex 5 FPGA
ROM pre
ON/OFF amplification
coefficients
—]
Texas
Instruments
DATA N Double Port O_FD’Vll v
i FEC S/P M-QAM 2N IFFT signal o
L) L RAM .
ok | - Scrambler Encoder 1: log, M > Mapping [ Conjugated and CP »| DAC |—
: ) T T symmetry T 12 bits LVDS T
| .
| | | | Two's | 500hm
| :C‘k e I ok o I T | complement | (smA)
l | I I | I |
| | | I | |
| L il clK orom | |
—————— —| bem [T o e ] |
|
o R J

Figure 36: VLC card transmitter block diagram (OFDM Tx and ADC).

Figure 37 shows the block diagram of the digitghai processing at the VLC card receiver (ADC arD®I
Rx). The modules for OFDM demodulation correspamdhe ones in the transmitter but in reverse orilbe
optical signal is captured by a photodetector ami/erted into an electrical format before arrivatgADC via a
SMA connection. The digital LVDS outputs of the AQTI ADS5527, 12 hit, speed < 210 MS/s) are drit@n
the FPGA. For proper detection and demodulationDEFRx however needs to include synchronisation,
channel estimation and equalisation. Synchronisatimeeded to find the beginning of the OFDM fraifn@me
synchronisation). In the final demonstrator, thactyonisation algorithm is based on the autocdicgleof the
received data, whereas, for the demonstrator versjdhe synchronisation was achieved using a c#ipart
from frame synchronisation, bit-synchronisation,,iclock recovery, is needed. Clock recovery iglémented
based on a phase error estimation algorithm, ferptirpose of which, some subcarriers were reseasequilot
tones.

Assuming a successful bit-synchronisation, oncefrtdmme start (start of the first OFDM symbol) isokwn, the
cyclic prefix can be removed from the beginningtted incoming OFDM symbols and the remaining samples
can be connected to th&-ZFFT module to perform the transform. Before perfimg theM-QAM demapping,
the signal has to be equalised. One-tap equalis&iperformed using the estimated channel coefiisi, which
have been obtained with the help of a training seqe at the beginning of each transmission blodierA
demapping, the original Ighl bits are recovered. These bits form a paralled dagnal which is passed through
the FEC decoder and the descrambler before beimgec®d to a serial bit stream of 100 Mb/s whickliisen

to the OWS card via a SMA interface.

D4.2b: Physical layer and Specification - Version 2 Page 36 (94)



ICT-213311, OMEGA 15 February 2011

Virtex 5 FPGA
Texas 12 bits LVDS
Instruments Two's
1V, complement N
—P> ADC OFDI\/FIJsignaIt i;nrge
500hm T
(SMA) | L !
i Rerisval 5| 2NFFT Equalization > De’\rﬁgg)mg g def:Ege . g :If > descrambler | DATA >
| f f T ot I
[ | I I | | i
I : : Channel : : | ok pec | Clser
| | | Estimation Phase I 1 | | >
| | Pt T | | ' '
| | I I E estimation I | JI :
L __J(i\;;c____L__L____i____l____i‘l DCM :::: _____ J
s i
T 1
: I .
1 y 1
L__p| DAC ""C'Ik":
Figure 37: VLC card receiver block diagram (OFDM Rxand ADC).
4.3.1 Modulation and coding scheme
Parameter Values
Electrical bandwidth B=232.7 MHz
Number of independent subcarriers (including DC) N = 32
Number of pilot reserved tones (used) 2 (1)
Subcarrier frequency separation Df =2B/2N
- - - - 1
OFDM symbol period without cyclic prefix Ty = (Df)
(Nyquist) Sampling period Team = TFFT/ZN
Length of cyclic prefix in samples L=4
Length of cyclic prefix T =LT,,,
OFDM symbol period with cyclic prefix T =Tt + T
OFDM symbol period with cyclic prefix (in samples)p = oN + |
QAM modulation order M=16
Forward Error Correction Reed Solomon (187,207)

Table 7: OFDM parameters.

Table 7 shows the parameters of the OFDM transanis8ystem bandwidth can be considered approxiynatel
low-pass due to the frequency characteristics efwhite LED and the VLC receiver. Signal bandwidth
baseband (B) is adjusted to the system. The nupfhgsed subcarriers is moderate, and the lengtheo€yclic
prefix can be short, if the signal bandwidth does$ significantly exceed the system cut-off frequenthe
transmission rate, including the cyclic prefix radancy is

ZB N-1

log, (M, )
2N + L - gZ( n )
In an example withB =32.7 MHz, M = 16-QAM, N =32 andL =4, if all subcarriers are modulated, the
achieved bit rate iR, 120 Mb/s. The parameters are chosen so that tbe gerformance of the uncoded
transmission can be sufficiently compensated bgraventional FEC algorithm. Furthermore, overheadhef
implemented FECre(), training sequences for channel estimation amdhspnisatiornr ., (in total 80 OFDM

symbols after every 10 000 OFDM data symbols) aseénved pilot subcarriers for clock recovery) leads
to reduction in a net transmission rate of abo@ Mb/s:

R, [bit/s] =
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Rb,net[bitls] = rFE{ tra(r} piIotRb
187 10000 29

= 207 10080 31

So far, the results show that the performancanidid mostly by the noise at the receiver. Nondnitées due to
LED characteristics are of minor importance. Cadletbclipping of high peaks at the transmitter tesin a
SNR enhancement.

4.3.1.1Power pre-equalisation coefficients

Since all subcarriers are modulated with the sameufation order, a power pre-equalisation is penfed
(signal power distribution is not uniform). The @alation of the multiplication coefficients is dohased on the
known LED frequency response, i.e., on the E-O-&nadlel characteristic, with the goal to obtain samerror
performance on all subcarriers. The coefficientdtiplying QAM symbol stream on each subcarrier gireen in
Figure 38. Subcarrier with index “0” correspond€$X@ is as usual left unmodulated. Subcarriers ‘@8d “31”
are dedicated for pilot tones, but the first onkefsunused.
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Figure 38: Power pre-equalisation coefficients (aamplitude) at the Tx.

4.3.2 Channel estimation and equalisation

Channel estimation is needed for proper data reyoakthe receiver. A training sequence is sentveeh
successive data blocks. Due to the fact that thamdl can be considered as time invariant, theitrgisequence
needs not to be sent very often. The length oftthaming sequence should be sufficient to averagtetioe
Gaussian noise, but on the other hand, it shoul@igaificantly increase the transmission overhead.

If a data block containdl, OFDM symbols, and the training sequemM¢ée OFDM symbols, the reduction in
spectral efficiency i®Np/(Nt + Np). A training sequence consists of 16-QAM symboépped on all subcarriers.
It is chosen to be 74 OFDM symbols long, and toeapg@fter each 10 000 symbols of user data.

Channel estimation is performed on each subcar€étM symbol-by-symbol, and the obtained values are
averaged to provide a complex channel coefficianeach subcarrier. The estimated channel coeffiare
then used to perform linear equalisation of theeirgal data symbols. Figure 39 shows the main medatel
signal flow of the estimation and equalisation fimmalities.
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Figure 39: Block scheme of channel estimation andjaalisation modules at the Rx.

4.3.3 Synchronisation

4.3.3.1Frame synchronisation (timing error)

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

For the frame synchronisation, we take advantagbeoperiodically implemented training sequenceriter to
synchronise the receiver every time a training eaqge arrives. The first OFDM symbols of this seaqaeare
specially chosen to allow the synchronisation psecdhey follow the scheme shown in Figure 40 wh@re
represents a “zero” OFDM symbol in the time domé&njs an OFDM symbol used for synchronisation ard
represents a symbol of the training sequence pad tor channel estimation purpose. Synchronisatyombols
were chosen to carry information in every fourthearrier and the additional zero symbols were teserall in
order to allow better prominence of the correlatisaximum, since we are dealing with real-valued@am

FRAME
START

0O|SSSS|O] TT..TT

|
SYNCHRONIZATION !  CHANNEL
ESTIMATION

< N
< Cd

TRAINING SEQUENCE

<

A
\ 7

USER DATA

v

PHY LAYER FRAME

Figure 40: Structure and placement of the synchromiation block.

The receiver looks for a frame begin by performamgautocorrelation of the incoming signal and firgdits
maximum. Figure 41 shows a simplified scheme of fitsene synchronisation block at the receiver. The
incoming signal is shifted in a register that akous to perform the product of an input samplenstaintn and
the sample arriving. clock periods later, wheleis half the length of the correlation window, iarcase. is 2
OFDM symbols long. When the four ‘S’ symbols ar@eky contained in the two shift registers [o§amples),
the correlation block results in a maximum (peak).
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Figure 41: Block scheme of frame synchronisation nutule at the Rx.

The correlation function is easily implemented im iterative way. When a new sample is shifted ithte
register, the new product term that is generatextited to the previous correlation value and tleelyet term
corresponding to the sample that is shifted outhefregister, out of thelL2correlation window, is subtracted
from this previous correlation value:

r(m = L x(n) xx(n- L)

r(m+1) =r(m)- [x(m- L- 1)x(m- 2L- 1)]+[x(m+1)xx(m+1- L)]

The output of the correlation module is then cote@do a control block that, after finding the fifsame
beginning, starts finding the next maximum a stione before the next training sequence is expettedrive.
Both the magnitude and the position of the maxinarsfound. The position is used to theoreticallgwate
when the next maximum will arrive. With every triaig sequence, we compare the theoretical maximum
position with the actual one and the differencany, which tells us if we are synchronised or axod how to
correct the mismatch. The incoming signal is saeeda RAM after being shifted on the register antbize
being sent to the demodulator.

4.3.3.2Bit synchronisation (clock recovery)

So far, bit synchronisation was achieved using ldecarhe 100 MHz clock from OWS was used in the Tx-
FPGA to generate clock(s) for all the Tx module¢k digital clock management) and for DAC. The sam
clock was provided over a cable to Rx-FPGA, whiemayated clocks for all Rx-modules and ADC. In Fégu
36 and Figure 37, clock signals are denoted byethkhes.

In the final demonstrator (version 2), automatioc&l recovery is achieved, using a numerically culed
oscillator (NCO) and an algorithm based on phass estimation of the received data.

A NCO consists of a Direct Digital Synthesizer (DDSompiler implemented on the Rx-FPGA Board, and a
DAC (Figure 42). The NCO generates a sinusoidalefiam whose frequency is a function of the systélkc
frequency (Clkgain) @nd the phase-relevant parameu) (

To determineDq, two subcarriers were reserved as pilot tones (®@t@wever sufficient), which continuously
carry a constant real-valued signal when used.rAsiggialising at the receiver, the QAM symbols eatby the
used pilot tone are used to estimate the mean hageover a frame (block of 10000 OFDM symbolBhis
information is then used to calculate g required to cancel the timing error responsibletfe estimated
phase shift.

Based on the current value bfj the input clock frequency (Glk and consequently the sampling frequency
(clksamping are varied to correct any frequency mismatch betwtransmitter and receiver. A n@®q value is
obtained by estimating the phase error of the repdived data frame.
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Figure 42: Clock recovery, block diagram.

4.4 Interfaces

The VLC transmission system depicted in Figure 48tains six interfaces in total. The following clep
describes external and internal interfaces of th€ gystem.

Transmitter side Receiver side
MAC/PHY interfaces OWScard VLCcard | VLCcard OWS card
A/D and D/A interfaces | FPGA DAC ADC FPGA
E/O and O/E interfaces | DAC  LED (driver) PD/TIA  ADC

OWS-VLC FPGA-DAC DAC-LED

interface interface* interface
Tx Data: ows FPGA | DAC (| -EP- 1
driver
OWS card VLC card KO
Visible
Light
PD/ || .
Rx Data: ows FPGA [«+— ADC [« A T
OWS card VLC card

VLC-OWS ADC-FPGA TIA-ADC
interface interface* interface

Figure 43: VLC block diagram including interfaces.

4.4.1 Digital-to-analogue and analogue-to-digital interfaes
The D/A and A/D interfaces connect the FPGA boamh{aining all digital signal processing functioms)h the
ADC and DAC, respectively.
4.4.1.1DAC specifications (DAC5662 board)

The DAC converts the digital signal from the FPG@ald to an analogue signal for the LED amplifier. A
resolution of 12 bit, to minimize the quantisatinaise and an update rate d8 4 122 MS/s is used for the
OFDM signal.
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4.4.1.2ADC specifications (ADS5527 board)

The ADC converts the received analogue signaldmigal signal for the FPGA board. A resolution1df bit, to
minimize the quantisation noise and a sample ratdBe= 122 MS/s is used for the OFDM signal. Input o
ADC board is used for this demonstrator versioncalise of its better characteristic at high fregie=nc
compared to input Il (see D4.2a).

4.4.2 Electro-optical and opto-electrical interfaces

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

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

It was agreed on a maximum peak-to-peak voltagel My, = 1.2 V at the LED driver input.

4.4.2.2TIA to ADC interface (O/E interface)
The TIA output provides a voltagg,y= 0.7 V.

4.4.3 MAC-PHY Tx interface

The VLC card will be interfaced by the OWS cardbtigh a serial link of 100 Mb/s. As shown in Figdeethe
interface to the transmitter (OWS card to VLC casdnade up of

a data signal and

a clock signal.

500hm SMA
VLC
OowSs NRZ 100Mbit/s DATA -
. N Visible Light
O_ptlcal Communication

Wireless CLK s Card

Switch Card )
(Transmitter)

LVTTL

Figure 44: Interface from the OWS card to the VLC @ard transmitter.
The serial data and clock signals are NRZ codeld WATTL level. The connection will be done througtb0
impedance SMA interface and female connectors d¢m $ides.
4.4.4 MAC-PHY Rx interface
The serial interface between the receiver in th€\ard and the OWS card, as Figure 45 shows, iposed of

a 100 Mb/s data signal and

a clock signal.
500hm SMA
VLC
NRZ 100Mbit/s DATA N [\
Visible Light q )
Communication O_ptllcal
Card Wireless
. SES »|  Switch Card
(Receiver)
LVTTL

Figure 45: Interface from the VLC card receiver tothe OWS card.

The connection is done as in the other case via a inpedance SMA interface. Data are coded using BRY
signal level is LVTTL.
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5 OWS card

5.1 IRC-OWS prototype

5.1.1 Introduction

This part presents the OWS firmware developed dutie OMEGA project, for the prototype IRC-
OWS. This firmware processes the Ethernet framesOMWMAC-LLC protocol following the
requirements of Orange Labs document: “Omega_|0%ega OWMAC-LLC Specification”.

Summary of the OWMAC-LLC specifications:

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

Each 67 ms superframe contains 1024 Time Slots)(@8d each TS duration is 65. This protocol
defines half-duplex transmission and full-dupleansmission. The OWMAC protocol offers an adaptive
data rate to cope with medium quality changes. lifile adaptation is based on feedback information
which is included in the MAC header.

A superframe starts with a BP (Beacon Period) fedld by a DP (Data Period). If there is no dataetuds
or receive, a device can switch to power save nfodéhe rest of the superframe, which means that a
device can remain in power save mode 98% of the fion one given superframe. During the BP each
device broadcast a Beacon frame to advertise #erved time slots and to reserve some time slot88 A

s SIFS (Short InterFrame Space) is used betweeanzefand an ‘Ack’ and a Guard Time of 18
(2 SIFS) is used for the last TS.

The PHY layer starts with a preamble, which is ackyonisation sequence, followed by a PLCP
(Physical Layer Convergence Procedure) header. AIb@&P header includes the PHY header, the MAC
header and the PLCP header code correction fied@dFRSolomon), followed by the Frame Payload and
the FCS (Frame Check Sequence).

This protocol uses the same MAC frame format fagrgvrame type, with a fixed-length MAC header
and a variable-length MAC frame body. As mentioabdve, the Beacon frame is mainly used to reserve
time slots (or refuse a reservation) and to adserthe time slots reserved by its neighbours. Gnce
device has reserved some time slots with a neighfwdath MAC frames); this device can discover, dnro
and connect to this neighbour with OWLLC framesc®nonnected to another neighbour, the device can
send data in the reserved time slots.

To gain in efficiency in terms of time processiagjevice can use a tunnel mode, the Ethernet franees
directly encapsulated in OWMAC frame, thus, witistmode there is no need to remove the Ethernet
header when receiving an Ethernet frame, befordisgrthe corresponding OWMAC frame. Note that
we could encapsulate any other layer two prototo®WMAC frames, other protocol ID value would
then have to be defined.

Finally, this protocol handles meshed or star toggl

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

Thus, we selected some basic functionalities cfatepecifications vital for the prototypes of ghisject.
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 MHzlitaim the best rate/coverage link.

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

This part shows the various elements of the OWSAHBEsign, and then, the means established to test
these boards and finally, the OWS development stre¢reuse, batch commands...).

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

For information, this part will use sometimes, the terms VxxRxxiicate a type of OWS firmware:
Vxx = Number of Version,
Rxx = Number of Revision.

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

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

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

V02R04 = basic firmware with the main OWMAC funci®for communication betwedwo
devices

VO2R05 = V02R04 firmware ACK part .

VO02R06 = basic firmware with the main OWMAC funeisfor communication betweehree
devices

5.1.2 Position of OWS equipment in HWO-IRC demonstrator

Frame -~
.

Frame
[]
bl Gbit/s
PC3 T e Ghit/s PC1
Gbit/s Gbit/s NN RC o] O [ L
R /
P OWS IRC 4_/\/\/\' R/\/\/\’_>
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Gbit/s
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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 imgetad 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 fran€b/s transmission via Gigabit Ethernet
interfaces,

A frame analyser with receives Ethernet data fraateSb/s transmission via Gigabit Ethernet
interfaces.

The ML510 Xilinx board [based on Virtex-5 FPGA (F3T)] is a board with notably two Gigabit
Ethernet interfaces and 2 RJ45 connectors. Sl board replies to these two requirements.

5.1.4 Interface with IRC card

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

The transmit signal ‘TxEncData_IRC’ drives the lgsgon the IRC board and runs with the transmi li
clock. ‘RxEncData_IRC’ is the received bit streammieh is further processed (i.e., decoded) by theSOW
board.

IRC Board OWS Board
P RefClk_140M_IRC
RxRefClk_IRC
\/z/\ RxClk_IRC -~
RxEncData_IRC
Rx
Tx Rx
RxCD_IRC (spare)
RxSelEl_IRC[1]
RxSelEl_IRC[2]
RxSelEl_IRC[3]
» TxSelELIRC[7]
TxSelEI_IRC[6]
P TxSelEL_IRC[5]
TxSelEL_IRC[4]
P TxSelEI_IRC[3]
Tx Rx TxSelEl_IRC[2] =
- TxSelEI_IRC[1]
P TxWake_IRC (spare)
o TxEncData_IRC

Figure 47 : IRC-OWS interface.

5.1.4.1Transmit signal definition
All transmit signals run from the OWS board to IR€ board.
TxEncData_IRC:
Full name: transmit encoded data

Purpose: Serial data to be transmitted via on-off keyingisTdata 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) thia¢ transmitters on the IRC should
“wake-up” and be prepared to accept data.

Comments: OWS will provide this signal, but it will not besed by the IRC board in demo V2.
TxSelEl_IRC[1..7]:
Full name: transmitter selected element

Purpose: These 7 control signals indicate which IRC trarigmielements must be turned on.
Each signal is independently controlled so anygpatof transmitters can be selected.

Comments: The OWS controls which transmitters to use: lbaéstation sends a Beacon frame
(see MAC specification), all 7 transmit elements activated. If a terminal sends a frame or the
base station sends a regular data frame, onlygiesiransmitter element will be selected. The
number (1..7) of this transmit element is being edained by means of the signal
‘RxSelEl_IRCJ[1..3] obtained from the Beacon sl&wvite during the Beacon period.

5.1.4.2Transmit signal timings

(BP) DATA PERIOD (DP) (BP)
T | —
TxSelELIRCIE] ——————————— —
TxSelEI_IRC[5] _— —
TxSelE|_IRC[4] —_— —
TxSelEI_IRC[3] —_— —
TxSelEI_IRC[2] EEE— —
TxSelEI_IRC[1]
TxSelEl_IRCI0] ———————————— ! |—

Figure 48: Transmit interface timing.
Comments

(1) During the Beacon period, all ‘TxSelEl_IRC[0-&ignals are at high level (‘1") because all the
emitters are selected.

(2) During the data period, just one ‘TxSelEl_IR[[gignal is at high level (‘1") because during the
Beacon period, the OWS board receives the infoomatif the best received channel (‘RxSelEl_IRC’
bus) for the communication between the two devarebuses this information to select the good emitte

On the upper example in Figure 48, it is the emitte

5.1.4.3Receive signal definitions

All receive signals except of ‘RxRefClk_IRC’ andefClk_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. Thisadateam is clocked with the rising
edge of the receive line clock ‘RxClk_IRC’.

RxCIk_IRC:
Full name: receiver line clock 280 MHz
Purpose: The receiver line clock is synchronised with tlsing edges of ‘RxEncData_IRC'.

Comments: ‘RxCIk_IRC’ is obtained on the IRC by means oflack recovery IC.
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RxRefClk_IRC :

RefClk_

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 ed by the IRC board in demo V2.
This signal is used by APSIDE partner for “baclbézk” tests.

140M_IRC:
Full name: receiver reference clock 140 MHz

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

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

Depending on the commercial chip used for cloclovecy, the reference clock frequency may
(i) identical to the line clock frequency or (ithitate a 101010.. data signal, i.e., a clock at hal
the line clock frequency.

RxSelEI_IRCI[O0..2]
Full name: receiver selected element
Purpose: This is a 3-bit signal representing the addresthefactivated receive element. The
address indicates the receiver channel whose sigjting routed to ‘RxEncData_IRC’ by the
IRC receiver switching.
Comments: To allow the receive element selection (and afteds line lock recovery, too) on
the IRC, a training sequence as shown in Figurés3@ansmitted as a first part of the PHY-
preamble.
NOTE: For correct operation the receive element selecfmuld not change within one frame.

RxCD_IRC:
Full name: receiver carrier detect
Purpose: This signal is activated (= high level) if a sijmsa received at one of the receive
elements on the IRC.
Comments: University of Oxford will probably NOT provide thisignal since it can be derived
from ‘RxSelEl_IRC[1..3]".

5.1.4.4Receive signal timings
IRC --> OWS

RxCIk_IRC

IRC sends

RxRefCIk_IRC__§ ) L D S R D S N A S S S S YO S S S Wi AV S B S Y S O O O A S

[

RxEncData_IRC N 1 I ] | ] I 1 1 ] 1 | ] I ]
| 1stb o of the breamble = X"AA"
1 1st byte of the preamble = x"AA

RxSelEl_IRC[1] |
! L ="100"

RxSelEl_IRC[2] : : i Recenption is performed with the receiver channel 4.
—_ )

RxSelEI_IRC[3] 3 _J

The RxSelEl_3_IRC[1..3] signal is available before  RxEpcData_IRC. Timing TBD by UOXF

IRC board selects the best Transceiver for the tran  smission and gives the information by the RxSelEl_| RCI1 2 3] signals.

N I 7 S Y Y S O S e i NN .

data synchronized with RxCIk_IRC clock (r ising_edge)

Figure 49: Receive interface timing.
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Comments

(1) The ‘RxSelEl_IRCJ0..2]’ 3 bit signal is availbbefore ‘RxEncData_IRC’ (recovered data) becomes
available, as the IRC receiver switching occursol@the data goes to the clock recovery circuie Th
exact timing between these is not known, and mxaidfi as the time for the clock recovery circuitdok

is variable (though there is likely to be a maximum

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

5.1.4 5PHY frame structure

XXXXXXXXXX | XXXXXXXXXX

[0

PREAMBLE [ FCS

Figure 50: PHY frame structure.

Figure 50 shows the PHY frame structure. Each frataets with a preamble. This is used to allow
sufficient time for the receiver element to be stdd and to allow line clock acquisition (training
sequence part of 400 bits) as well as byte clocjiiaition and frame synchronisation (SFD part).teac
frame has the same preamble. The training sequsme 8B10B coded, but clearly runs from the same
clock (referred to as the line clock) as the réshe frame.

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

The PHY header, PLCP header, frame payload and &#€3B10B coded to ensure certain spectral
characteristics.

Comments

Although the 8B10B encoding and decoding is a PHiYcfion, it will be done on the OWS board. The
clock, which is required for 8B10B decoding procés®btained from ‘RxClk_IRC’ by means of a factor
10 division. It is synchronised via the ‘Start Femelimiter’ (SFD) transmitted just prior to the ¥H
header, see Figure 50. The SFD, which has a laf@2hbytes, is also used for frame synchronisatibn.
should be noted that 1 byte corresponds to 8 sdute€prior to the 8B10B encoding) and therefard®
bits at the IRC-OWS interface.

The 20 bits value of SFD is “3E8FA”.
All parts of the frame have a length which is atiplé of the byte clock cycle.

The length of the training sequence is 400 bitfifdd with the parameters of the commercial
chips used on the IRC board).

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

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

OWS side
. Oows
o . Power | Imped Serial rate Conn
N Signal name 110 Type supply | ance support FE&A ector
1 RxEncData_IRC_N | LVDS 25V 100 80 Mb/s — AE7 SMA
PM_10_67 N (PM2) 800 Mb/s
2 RxEncData_IRC_P | LVDS 25V 100 80 Mb/s — AF7 SMA
PM_ 10 _66 P (PM2) 800 Mb/s
3 RxCIk_IRC_N | LVDS 25V 100 80 Mb/s — AG7 SMA
PM_10_63 N (PM2) 800 Mb/s
4 RxCIk_IRC_P | LVDS 25V 100 80 Mb/s — AG6 SMA
PM_IO 62 P (PM2) 800 Mb/s
5 RxRefCIk_IRC_N (0] LVDS 25V 100 80 Mb/s — AH4 SMA
PM_IO 55 N (PM2) 800 Mb/s
6 RxRefClk_IRC_P (0] LVDS 25V 100 80 Mb/s — AG4 SMA
PM_IO 54 P (PM2) 800 Mb/s
25 RefClk_140M_IRC_N (0] LVDS 25V 100 80 Mb/s — AB8 SMA
PM 10 55 N (PM2) 800 Mb/s
26 RefClk_140M_IRC_P (0] LVDS 25V 100 80 Mb/s — AB9 SMA
PM 10 54 P (PM2) 800 Mb/s
7 TxEncData_IRC_N LVDS 25V 100 80 Mb/s — AH5 SMA
PM 10 51 N (PM2) 800 Mb/s
8 TxEncData_IRC_P (0] LVDS 25V 100 80 Mb/s — AH6 SMA
PM_IO 50 P (PM2) 800 Mb/s
9 RXCD_IRC | LVCMOS 25V 50 --to AV35 DB-15
PM_IO_84 P (PM1) 150 Mb/s 9-
Male
10 RxSelEl_IRC[0] | LVTTL 33V 50 --to AA7 DB-37
PM_IO_ 3V 4 P (PM1) 150 Mb/s 2-
Male
11 RxSelEl_IRC[1] | LVTTL 33V 50 --to W6 DB-37
PM_IO_3V_15 N (PM1) 150 Mb/s 3-
Male
12 RxSelEl_IRC[2] | LVTTL 33V 50 --to W5 DB-37
PM_IO_3V 0 P (PM1) 150 Mb/s 4-
Male
17 TxWake_IRC (0] LVCMOS 25V 50 --to AU33 DB-15
PM_IO_93 N (PM1) 150 Mb/s 8-
Male
18 TxSelEI_IRCI[O] (0] LVCMOS 25V 50 --to AU32 DB-15
PM_IO 92 P (PM1) 150 Mb/s 7-
Male
19 TxSelEI_IRCJ[1] (0] LVCMOS 25V 50 --to 150 AR34 DB-15
PM_IO_91 N (PM1) Mb/s 6-
Male
20 TxSelEI_IRC[2] (0] LVCMOS 25V 50 --to AR35 DB-15
PM_IO_90_P (PM1) 150 Mb/s 5-
Male
21 TxSelEI_IRCI[3] (0] LVCMOS 25V 50 --to 150 AT35 DB-15
PM_IO_87 N (PM1) Mb/s 4-
Male
22 TxSelEI_IRC[4] (0] LVCMOS 25V 50 --to 150 AU36 DB-15
PM_IO_86_P (PM1) Mb/s 3-
Male
23 TxSelEI_IRCI5] (0] LVCMOS 25V 50 --to AV34 DB-15
PM_IO_95 N (PM1) 150 Mb/s 2-
Male
24 TxSelEI_IRCI[6] (0] LVCMOS 25V 50 --to AV33 DB-15
PM_IO 94 P (PM1) 150 Mb/s 1-
Male

Figure 51: OWS — IRC connectors.

5 LEDs are provided on board with PM1 connectottifierdebugging process.
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5.1.5 OWS card equipment
The OWS equipment is based on the Xilinx board ML&hd on the OWS-IRC interface card.

5.1.5.1ML510 Xilinx board

Brief presentation of the ML510 board

The ML510 is a complete embedded development phatfor the FPGA Xilinx Virtex-5 ML510. For
our application, all elements of this platform am# used.

The two onboard 10/100/1000 Ethernet PHYs with REdnnectors and the Xilinx personality module
(XPM) interface (for access to: RocketlO GTX tragigers and GPIO) are essential for OWS.

Figure 52: ML510 board.

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

The Xilinx personality module interfaces (PM1 arldB 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 t@ o Ethernet ports and for the FPGA Virtex-5
performances.

Many documents describe this complex ML510 boaaod ifistance 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 cleinere was a jitter. However, this 100 MHz clock
feeds the Virtex-5 FPGA that generates severalksldcom it and different DCMs (Digital Clock
Manager). Some of these clocks are then used fRtbeand VLC analogue boards. So starting thistjitt
can disrupt the IRC or VLC transmission.

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

And to use this new quartz, the quartz power supm@gds to be changed from 2.2V to 3.5V. The
process is to take off the SMC Oresistor from the R267 position and put it to Rp&4ition.

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

Figure 54: ML510 board after with the EM14GT33 quartz from EUROQUARTZ.
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5.1.5.20WS interface card

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

1 (type Tyco Z-Dok+)

510

2 (type Tyco Z-Dok+)
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Figure 55: Diagram of the OWS interface card.

This card is composed in two parts:

16 SMA connectors (J21 to J36) connected to LVDS {9 or LVCMOS25 (2.5 V) types,
20 SMA connectors (J1 to J20) connected to GTX TX[Rir (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 anslaivailable for the digital ground.

For the IRC prototype 2:

Connector FPGA signal

Name
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 \IH@evelopment with the different blocks. To
understand and follow precisely this design, itésessary to browse the different VHDL blocks wita
comments of these files.

5.1.6.1Component overview

Architecture Design OWS (partie IRC)
Top_OWS GlobalTypes / top_ows_pack
Clock_man

DCM_adv_ows
DCM_adv_Proto2_280M
RX_data_block IRC I
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_| RCl
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 O - 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_vl 5 design (PHY 1 - interface SGMII)
clk62_5_dcm |

v5_emac_v1_5_locallink
v5_emac_vl 5 block
GTX_dual_1000X
rx_elastic_buffer

ROCKETIO WRAPPER_GTX
ROCKETIO_WRAPPER_GTX_TILE
v5_emac_vl_5
TEMAC |TEMAC_ V3 5.ngc

eth_fifo_8
tx_client_fifo_8
rx_client_fifo_8

Chipscope ICON / VIO
ILA

Figure 56: OWS architecture.
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CLK_IN

100 MHz (ML510 PLL)

IRC Card

Data 280 Mb/s
(physical link)

RST

RxRefClk_IRC_N
RxRefClk_IRC_P

TxEncData_IRC_N
TxEncData_IRC_P

RxSelEl_IRC
TxSelEl_IRC

RxClk_IRC_N

RxClk_IRC_P

RxEncData_IRC_N
RxEncData_IRC_P

(SMA, DB connectol

Clock_man.vhd

OBUFDS

OBUFDS TxData_IRC

TxData_IRC.vhd

TX_data_block_IRC

(Encoder_8b10b,
FIFO...)

TX_data_block_IRC.vhd

RX_data_block_IRC

(RX_SFD_detect,
Decoder_8b10b, FIFO...)

RX_data_block_IRC.vhd

PHY for PC

Analyzer

-IP TEMAC (Xiinx)

~PHY0 RGMII (Xilinx)
~PHY1 SGMIl (Xilinx)

Ethernet_Interface.vhd
MAC_LLC_process.vhd

; ICON, VIO
received

Chipscope.vhd

Mux_Frame_Analyzer.vhd

Figure 57: Synoptic of OWS top block.

PHYO_RESET
PHYO_GTXCLK

RGMII_TXD_0
RGMI_TX_CTL_0
RGMIL_TXC_0
RGMII_RXD_0
RGMII_RX_CTL_0
RGMI_RXC_0

TXP_1
TXN_1
RXP_1 (not used)
RXN_1 (not used)

PHY1_RESET_SGMII

MGTCLK_P
MGTCLK_N

2 RJ45 connectors

USER
PC

Frame
Analyzer
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5.1.6.2Top_OWS block
File: Top_OWS.vhd (Top_OWS_2.vhd, Top_OWS_3.vhd)

The Top_OWSblock is the top block of the design OWS. Its bodyntains all the necessary
inputs/outputs to OWS.

It maps all blocks of the first design level:
The easement components: Clock_man, Mux_Frame_2emlZhipscope, Inst_ILA 1,
The top management block of the Ethernet: Ethemtetrface,

The block for the IRC-OWS transmission: RX_datackldRC, TX_ data block IRC,
TxData_IRC,

The top block of the MAC layer processing for IRMAC_LLC_process.

This file is different for each device (A, B, C) tife prototype because, for the OMEGA project, each
device has some unique element (Name, Beacon,|&fR@bn...).

For the VO2R04 system (like VO2RO05 system), we haxedevices and thus two top blocks:
Top_OWS.vhd (= device A),
Top_OWS_2.vhd (= device B).
For the VO2R06 system, we have three devices arglttiiee 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_OWSpack_3.vhd)

The package:Top_OWS_ packcontains all the constants of design. Thereforethis file certain
parameters can be modified according to chang#seirspecification or in any adjustments for thalfin
tests of the demonstrator.

For the VO2R04 system, we have two devices andttiisop blocks:
Top_OWS_pack.vhd (= device A),
Top_OWS_pack_2.vhd (= device B).

For the VO2R06 system, we have three devices argttiiee 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 element3op_OWS_pacindGlobalTypesre referenced in each library of the design hlock
5.1.6.3Easement Components

Clock_man block

Files: Clock_man.vhd
DCM_adv_ows.vhd
DCM_adv_Proto2_280M.vhd
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TheClock _marblock generates the clocks:
clk_50Mfrequency of 50 MHz,
clk_100Mfrequency of 100 MHz,
clk_125Mfrequency of 125 MHz,
clk_140Mfrequency of 140 MHz,
clk_200Mfrequency of 200 MHz,
clk_300Mfrequency of 280 MHz (following the need of thed card).

These clocks are generated from two DCMs: Digitédck Manager Xilinx (DCM_adv_ows and
DCM_adv_Proto2_280M blocks) and the 100 MHz Ptlk ignal) from the board.

The dk_200Mclock is the OWS system clock.

The clk_300M clock is the IRC emission clock of 280 MHz sentthwthe LVDS output signals:
RxRefClk_IRC_MndRxRefClk_IRC_P

Theclk_125Mclock is the clock used by the Xilinx IP managetietnernet (TEMAC).
Theclk_140Mclock is a clock sent to IRC board by LVDS outpiginals.

Finally, this block also delivers the signal stapitlocks: lock used in the fileTop_ OWSo create the
reset signal of the FPGARST_N

MAC_LLC_process block
File: MAC_LLC_process.vhd (MAC_LLC_process_2.vhd, MAC_LLC process_3.vhd)
The blockMAC_LLC_processiandles the mapping of all elements of IRC-OWMAdZadprocessing.
Sub-Blocks in MAC_LLC_ process:
Rx_PLCP_Header_IRC,
SuperFrame_man,
Beacon_Frame_process_IRC,
(Rx_Beacon_Frame_IRC), (not used for the prottyfthis project)
Data_Frame_process_IRC,
Tx_Frame_IRC,
Tx_PLCP_Header_IRC.
For the VO2R04Top_OWS_pack.vhdr device A,Top_OWS_pack_2.vHdr device B.

For the VO02R06: Top_ OWS_ pack.vhdfor device A, Top_OWS pack 2.vhdor device B,
Top_OWS_pack_3.vHdr device C.

ThisMAC_LLC_ procesblock has been simplified.

At the beginning of the design, there was the FHeblock that including ping of ML510 boards. These
cards have a specific IP address associated waih MMAC address. However, even though this option
worked properly, it was removed to obtain bettsuts in rate (chariot, videos ...).

As illustrated in the figure below, in receptionx]Rfirst, the frames are processed at PLCL level

(Rx_PLCP_Header_IRC). The superframe of the systempdated (SuperFrame_man). The received
frames are analysed, filtered and the data payi®acktracted to be sent to the management blocks of
Ethernet frames (Data_Frame_process_IRC).

Simultaneously, some Beacon frames are composeat@BeFrame_process_IRC) to be sent during the
Beacon period (SuperFrame_man) and the data framesetrieved from the management blocks of
Ethernet frames (Data_Frame_process_IRC) to betsesther devices during the TS allocated by the
device in the data period (Beacon_Frame_processatRiCSuperFrame_man).
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OWMAC-LLC Management (Rx part)

Data_Frame_process = TXLL_DATA 0
TXU_SOF [N 0
TX_UL_EOF [N 0
TX_LL_SRE|ROV_N 0|
TXLL_DSTIROY.N 0

CLK_200M - 7 RX_LL_DATA 0
®
e oo
K 2000 R_PLCP._ Header IRC Z r -
 PLCP_Header.| Ro_Dest_Adr RC XLL_sRe]Rov_o
©, R Source Adt IRC XL DSTIROY 1,
Resd |[-nterprt_PLP Hoadr | [, o seq contoL IR
Sdomon || CRC. comparisen
decoder |- Shifdata ;R Aos_Fback JRC. Act_ect fo_data
Gonf, 255230 FD_Frame_Control IRC
“Proc_sn_Data_Payoad || Ip i
. e G £ Dest Ader It
Tty FO_Source Adur R
R _end_payioas_IR FD_Seq Conirol IRC
Ropayiond IRC y ; ED Aco Fdback IRC
NG e z FD_Paquet_fype IRC
cor 2 70_Lengh.payicad_IRG
FIFO oo
Re_PLOP_ Header_IRChd fo.asymound FD_sync_oafe_IRC
FO_payiosd_IRC
- FO_Enable_rdy_IRC
[pp— Data_Frame_process_IRC FO_fi_payioad RC
1, FB_Frame Control IRC TXVLC part of
MAGILLG, process
Lk 20— 1w, Nom_TS 50 EB Dest Addr IR
Tome Set Pt in SparF s new, TS 5/ FB Saurce Addr IRC
[ %/ F8_seq_conra iRC
e 5, FB Acc Faback IRC
En b DF
= L, Fe_Paquet_type IR
%,_Fa_Lengih_payioad_IRC
) Gontrol 78_syne_dala_RC
upe 75 payload IRC

FB_Enable_rdy_IRC
FB_tn_payload_IRC

ot used for Profotype 2)

En_tx_Data

BPST

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

As illustrated in the figure below, in emission §T& multiplexing is done for the Beacon and deaaks
(Tx_Frame_IRC). Then, the PLCP header is addeddoh frame (Tx_PLCP_Header_IRC).

MAC LLC processing for IRC
LK 200 ———|
FD_Frame_Conro_IRC : Tx_Frame_IRC
FD_Dest_ Addr_IRC: : e T PLGP_Header_IRC
FD_Source_Addr_IRC- C -
FD_Seq_Control_IRG: . FD_Frame_Control IRC
FD_Ace_Fdback_IRC FD_Dest Addr IRC %3
FO_Paquet_type_IRC 5 FD_Source_Addr IRC_ Tempo_decalage TX_SRC_ROY_IRC
FD_Lengh_payload_IRC - FD_Seq Contro IRC_ ~FSM_TENPO_Data_forTX block IRC D TX_DATA_FRAME_IRC From
FD_sync. data_IRC Z - Process_data_for Tx_data_block_IRC
;;yn:;w,mc - FD_Ace_Fdback IRC. e x50 IRG
)_payioad | FD_Paquet fype RC = X £OF 1RO
FD_Enable_rdy_IRC S e (EOF.|
RX_IRC partof FD_fin_payload_IRC
MAG_LLC,process inpevioad] FD_sinc data IRC
= FD_peyload IRC___,
FB_Frame_Conrai_IRC 2 FD_Enable_rdy IRC
: FD fin_payioad IRC
FB_Dest_Addr_IRC 5 =
FB_Source_Add_IRC %
FB_Seq_Contro_IRC >
FB_Acc_Fdback_IRC 2
FB_Paquet_type_IRC 2 s PLer et R
FB_Length_payload_IRC 2 E——
FB_sync_dota_IRC
FB_payioad_IRC
FB_Enable_rdy_IRC
FB_fin_payload_IRC
Frame_IRC
P I —
En_bCBaacon En_BP
BPST BPST
Act_lect_ffo_data
WAC L process Ryt

Figure 59: Synoptic MAC_LLC_process - Tx patrt.

Mux_Frame_Analyzer block
Files: Mux_Frame_Analyzer.vhd
This blockMux_Frame_Analyzemanages the data sent to the “Frame Analyzer”.

Thus, we can analyse all frames (Beacon, Data, Patgived 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 Chipscopeblock instantiates the components of control atopg: ICON_control_4 and vio
component.

The icon is composed of 4 control bus:
CONTROLOwhich manages thélO of Chipscope,
CONTROLIwho manages thie A of Top_OWSvisualisation of internal signals OWS),
CONTROL2which manages theéA 2,
CONTROL3who manages theA_3.

All these elements allow to view some of the in&MRPGA signals including signal criticism. Theyar
essential for the initial debugging of the FPGA} they are no longer used for the final firmware.

5.1.6.4Ethernet components
Files: Ethernet_Interface.vhd
MII_design.vhd
RMII_locallink.vhd
RMII_block.vhd
RMIl.vhd
v5_emac_vl 5.vhd
v5_emac_vl1 5 block.vhd
v5_emac_vl1 5 design.vhd
v5_emac_vl1 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 partEthernetis based on the Xilinx CorefEMAC and on the soft IP XilinxVirtex-5 FPGA
Embedded Tri-Mode Ethernet MAC Wrapper tldcuments: “ds550.pdf’ and “gsg340.pdf”).

Figure 60: Xilinx IP Ethernet.

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

The clock inputclk_ds GTX comes from an internal clock desigalk( 125M and not an
external PLL.

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

The part looping data (address_swap_module_8.viag)deleted. Indeed, the data reception of
the EtherneRX_LL_DATA >are sent tata_frame_procesilock and data to be issued by the
EthernefTX_LL_DATA_Xrom Data_frame_procedslock.

A visualisation component chipscolid was added.

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

RGMII_RXD_0[3:0]:Bus Reception Ethernet MAC 0,
RGMII_RX_CTL_0Control Reception Ethernet MAC 0,
RGMII_RXC_0:Reception clock MAC 0,
RGMII_TXD_0[3:0]: Bus Emission Ethernet MAC 0,
RGMII_TX_CTL_O0Control Emission Ethernet MAC 0,
RGMII_TXC_0:Emission clock MAC 0.

The PHY side of the MAC 1 is connected to SGMII r{&eGigabit Media Independent Interface)
interface:

TXP_1: Emission data Ethernet MAC 1 (LVDS Posi}jve

TXN_1: Emission data Ethernet MAC 1 (LVDS Negajive

RXP_1: Reception data Ethernet MAC 1 (LVDS Positj\Not used)
RXN_1: Reception data Ethernet MAC 1 (LVDS Negalj(blot used)

The client side of the Ethernet MAC is shown coteedo the 10 Mb/s, 100 Mb/s, 1 Gb/s Ethernet FIFO
to complete a single Gigabit Ethernet port.
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v
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RGMII

v

A

SGMII

Figure 61: Example of Xilinx TEMAC wrapper.

The Ethernet_lInterfaceblock contains the components of the Ethernet. gannade the connection
between the Xilinx IP (equivalent to a black boxtbe side of our application) and the rest of tasigh.

Ethernet Part

1P_RMIl_design_wrapper

RMIl_localink

client_side_FIFO_emacd RMII_block

TX_LL_DATA_O

TXLLSOPNO V5_emac_wrapper
rgmilv2_0_if 7 RGMI_TXD_0

TXLL_EOF_N_O
TX_LL_SRC_RDY_N_0 T clent RGMIL_TX_CTL_O
us i Ethernet PHY 0 Marvell

MAC_LLC_process.vhd 5 mprw RGMILTXC_0
e RXLL_DATA O T m o el on ML510 board
RX_LL_SOF_N_0 RGMII_RXD_0
RX_LL_EOF_N_0 TEMAC RGMI_RX_CTL_0
RX_LL_SRC_RDY_N_0 eth_fifo_8 I_RXC_0

rgmiLv2_0_ifvhd

Ty

RMI

RMII_block vhd

1P_SMIl_design_wrapper

V5_emac_v1_5_locallink

TX_LL_DATA_1 client_side_FIFO_emact v5_emac_vi_5_block
TXLL_SOF_N_1
Mux_Frame_analyzer.vhd L ROE N
TX_LL_SRC_RDY_N_1 vo-emac_wiapper
' Tt T | 67X dual1000x rxwg} Ethernet PHY 1 Marvell
X1 on ML510 board
|

RX_LL_DATA_1 v
RX_LL_SOF_N_1 R clent
CLLSOFN W RXP_{
Not used RYCLLEOFN_1 L] RXN-1} Not used
RX_LL_SRC_RDY_N_1 TEMAC -

Figure 62: Ethernet_Interface synoptic.

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

The Ethernet 2 port is used with SGMII interfaceremsmit OWMAC frames to the frame analyser.
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5.1.6.5Data frame composition

The figure below presents the different elementsfaaids of the data frame.

-
pppppp
Training Sequence (TS) | Start Frame Frame Payload FCs
Dot | v Heager MAC Header Error detection forrection ied (RS) Not used
1010101..10101010 | x3E8FA |AF| 0064 | 0018 | FFFF | ACDC ‘ 0003 ‘ 515151 ‘ 0A3501DAB4001C..77616263646566676869F1 [ F536427
LT, bits  [fbyle 2byies 2byles  Zbyles  2byies  2byes  3Ibyies 16 bytes ot > 0byis sopes retued > Obyee
30bytes 1500 bytes
Data Frame < /
Parts coded with 8b/10b coding
30 bytes + 1500 bytes = 1530 bytes -> 12240 bits
12240 (10/8) = 15300 bits
400 bits + 20 bits + 15300 bits = 15720 bits
280 MHz > 357 ns
L 15720 bits x 3.57 ns = 56,120 us.
30 bytes + 4 bytes = 34 bytes
34 bytes x 8 x (10/8) = 340 bits
Cont::(l:irame 400 bits + 20 bits + 340 bits = 760 bits
(AcK 280 MHz > 357 ns
760 bits x 357 ns = 2713 us
SIFS =8 s
RP allocation = 8 x Time Slots (TS) = 8 x 65.535 us = 524.28 ps
Y x (Data Frame + SIFS + ACK) < 524 ps
Y x(56.120 + 8 +2.713) ys <524 ps > Y=7.8
Theoretically, 7

Figure 63: Data frame composition.

At the system level, it is expected to have soraticsReservation Protocol (RP) allocations of seVés
for each component. This static RP is easier tdadmpnt face to the OMEGA project duration.

So as explained in the figure above, it is posdiblseend seven successive frames during a RP &dioca
for the VO2R04 (system with two devices) with cohfirames (ACK). Then we stop the sending of the
eighth frame which will be sent to the next 8 T8k® that is allocated to the device.

The location for the error corrector (Reed Solomiendlready prepared at the composition of the data
frames but for this prototype, the error correésanot implemented.

For the IRC-OWS prototype, we use two firmware i@s:
- VO2R04 OWS = system for two devices (Al and Bhoaut ACK
- VO2R06 OWS = system for three devices (A, B2, ®hout ACK.

The RP allocation is logically different for thetseo versions as mentioned here after in sectioratida
frame management” part. Thus, the calculating efrttaximum number of frames that may be issued for
a packet is different for these two versions affif¢idint compared to the Figure 63.

VO02R04

The RP allocations are formed by 62 packets of iiseoutive TSs but we have also one packet of 5
consecutive TSs (described in the “Beacon frameagament” part).
8 X TS =8x65pus =520 us
One maximal Ethernet frame = 1500 bytesmaximal data frame = 50.120 ps (cf. Figure 63)
Maximal number of frames by 8 TS packet = 520 180.= 9.26
9 data frames by packet of 8 TS
5xTS=5x65pus =325 ps
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One maximal Ethernet frame = 1500 bytesmaximal data frame = 50.120 us (cf. “Beacon
frame management” part)

Maximal number of frames by 5 TS packet = 325 180.= 5.8
5 data frames by packet of 5 TS
For the VO2R04, we can limit the transmission teafa frames by packet.

VO02R06

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

10x TS =10 x 65 ps = 650 ps
One maximal Ethernet frame = 1500 bytes maximal data frame = 50.120 us (cf. Figure 63)
Maximal number of frames by 10 TS packet = 650.180 = 11.58
11 data frames by packet of 8 TS
For the VO2R06, we can limit the transmission tadaia frames by packet.

At design level, we limit t& data frames per packet for both versionso ensure an adequate margin of
safety of the transmission and for the digital psxtime.

For a future development of the prototype, with\W@2R04 OWS version, it is possible to shift tarait
of 8 or 9 data frames per packet by removing thstemxce of the packet of 5 TS at RP allocationlleve

And for a future development of the prototype, vitlk VO2R06 OWS version, it is possible to shifato
limit of 10 or 11 data frames per packet of 10 TS.

5.1.6.6IRC 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 blockRX_data_block IR@etrieves binary data from the IRC card.

It detects the 20 bits of the Start Frame Delim{ex_SFD_detect). Then, it forms some packets of 10
bits and it decodes them in bytes (Decode_8b10iysd processing are realised with the 280 MHz clock
Then, these bytes are sent to a FIFO that permitkdange the clock domain.

RX_data_block_IRC

Detection of Start Frame | RxEncData_d1
R Data IRC Bt - 8b/10b decoder | decoded_data o S

; Rx_SFD_IRC double clock
280 MHz LSro
Rx_CLK_IRC Decoder_8b10b.vhd 4096

Rx_SFD_detect.vhd En_data_after8b10b
creneau_frame

wr_e

Rs_data_frame_IRC_i
Process Wr_CLK . P2 —"
{—» Rx_Data_frame_IRC
CPL_IRC_bytes —m Rx_SOF_IRC
{— Rx_EOF_IRC
— Rx_SRC_RDY_IRC

Process FSM
Data_Mise_en_forme

Rd_e fifo_async.vhd
Rd_en_dd
ProcessRd_filo 3 Dornier_octet_lu
/Start Rx_IRC_dd

Figure 64: Rx_Data_block_IRC synoptic.

CLK_200M
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These bytes are at FIFO output at a rate of 200 K#yigtem 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.vh¢hot used)
crc32x8bits.vhd (not used)
ReedSolomon_decoder.ng@mot used)

The blockRx_PLCP_Header IR@& composed of two processes. One of them is aeF8tate Machine
(FSM) which decomposes all the elements of the Plda&ler (Proc_Tempo_rx_plcp_header) and counts
the number of bytes of the payload.

Detection of anew Fram

Rx_sync_Frame = 0"

Length of payload Recove
En_data = “0"

Length of payload Recove
En_data = “0"

En_data =*0" and y Wait Rx Recovery of PLCP par

FnddataRC =10 Frame_Control_IRC
END OF PAYLOAI PLCP_Part Dest_Addr IRC
o Source_Addr_IRC
Ldaa= Seq_Control_IRC
Acc_Fdback 1RC
Increment the counter. cpt_plcp_part

En_data = 0’ and
cpi_plcp_part = x"1B"

ait_Rx_

PAYLOAD Payload formatior
— | Increment the counter: cpt_payload_part

Figure 65: Synoptic of FSM: Proc_Tempo_rx_plcp_heagk.

The other process (Proc_Acq_plcp_header) recobherslifferent elements of the PLCP header with the
cpt_plcp_partcounter generated by the previous FSM.

D4.2b: Physical layer and Specification - Version 2 Page 64 (94)



ICT-213311, OMEGA 15 February 2011

Superframe management

Files: SuperFrame_man.vhd

The block SuperFrame_mairis critical for the TDMA management of the systeWith the Beacon
frames received from other system components, téradgnes and updates if necessary the global

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

The figure below shows the functioning of the FSM.

Wait_Tempo_| Delay period of several "SuperFrames"

transition

cpt_pls_SuperFrame = Size_Tempo_transition

Rx_scr_rdy_IRC ='0" and

[Rx_sync_data_IRC ='0'and
Rx_Frame_Control_IRC(5 downto 3) = "0f
Reception of a Beacon Frame

Wait_deb_
payload

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

Wait_State_ Counter: cpt_dev_identif

BS_number

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

Recovery of the number T€

State_recup_
BS_number

Rx_scr_rdy_IRC=10"

Signaling_slot

Rx_scr_rdy_IRC ='0"

> \ Update of the beginning of counte

- Deb_compteur_SPF

- Deb_compteur_TS

Used by the process Proc_cpt SuperFrame

Figure 66: Synoptic of FSM_Build_SPF.

The process: Proc_cpt_SuperFrame making countetsaded on the fact that a SuPerFrame (SPF) is
formed from 1024 TS (Time Slot) and a TS time egléat to 65.535 ps. The system clock period is 5 ns

(T_CIk200M).
The size of a TS is: 65.535us / 5 ns = 13107< 2
The SPFis: 1024 TS x 5 ns = 67.10784 ms.

This process sends also signals indicating whetleeare in a period of Beacon (En_tx_Beacon) or a
period of data (En_tx_Data) that are useful tmtder OWMAC processing blocks.

D4.2b: Physical layer and Specification - Version 2 Page 65 (94)



ICT-213311, OMEGA 15 February 2011

Beacon frame management
Files: Beacon_Frame_process_IRC.vhd
(Beacon_Frame_process_IRC_2.vhd, Beacon_Frame_praselRC_3.vhd)

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

The dynamic management of beacon was coded butdier o obtain a firmware operational for the
prototypes of this project (avoiding the troublehe placement/routing...) and due to the projecation,
we have replaced it by a static management.

Thus, before the start of the system, each dewvicevk already what TS it should use to communicate
with the others devices. Therefore, the beacondsasent have the same content.

The VHDL processes of the dynamic management h&ready been coded but this is actually for
information because they are not used for thisqatqjbut can be used for the next project...).

The processes are:
FSM_Tabl_SPF_occupatiprihat updates the occupation table of the Beamiog (device
name and its characteristics)

FSM_Tabl_Data_occupationhat updates the occupation table of the datm¢dédevice name
and RP control)

Proc_prepa_content_Beacgthat prepares the items to send in the Beacomefra

For the static management, the Beacon frame is edrnby the FSM of the process:
Proc_beacon_frame_buildThe content of the different field is determinbg the constants file:
Top_OWS_pack

This block creates also the signal en_RP_datativtiprocessroc_RP_Tx_Data
At TDMA level, each device knows what TS of the Si*€ reserved for it.

The split is defined as shown in the figure below.

TSMumber: 012345678910 111213 141516171819 202122
TOMA dispositon : A

252627 282930 3132333435 36373839 40414243 . o 0 o
AAA|BBBEBBBBJAAAAAAAA BBBBB BElAAAAA

TSI devA TS T STl 2TS
B TS for de B
8TSfordevB ordevice device A deice B nolused

20 TS for beacon period 8 TS for device A 8 TSfor device B BTSfor device A

BEACON PERIOD DATA PERIOD (1004 TS)

TS Number 012345678910111213141516 171819 20212223 242526 2728293031 323334 353637 383040 4142 4344454647 484950515253 " e wn
TOMA sposton: A_B C AAAAAAAAAAAABBBBBBBBBBB|CCCCCCCCCCC]. [eeessseeeefcccccccccc[AAAAAAAAAAL ]
10 TSfordevA 278
20 TS for beacon period 12TS for device A 11 TSfor device B 11 TS for device C 11 TSfordevB 10 TS for device B 10 TS for device c 10TSfor device A g ysed
11TSfordevC

BEACON PERIOD DATA PERIOD (1004 TS)

Figure 67: Synoptic of Data_frame_process_IRC.

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

VO02R04
Device A: 501 TS allocated =62 x 8 TS + 1 x 5 T3 packets (allocation shown in Figure 67)
Device B: 501 TS allocated =62 x 8 TS + 1 x 5 T$3 packets (allocation shown in Figure 67)
We have 5 data frames per packet (see the prepantis'Data frame composition”)

63 x 5 = 315 maximal data frames by SPF (67 ms)
The maximum size for an Ethernet frame is: 150@s%yt
315 x (1500 x 8 bits) = 3788 000 bits in 67 ms

Maximal theoretical bandwidth = 56.42 Mbps for VOR04 (devices A and B)
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V02R06
Device A: 322 TS allocated =1 x12 TS + 31 x ® T 32 packets allocation shown in Figure 67)
Device B: 340 TS allocated =1 x 10 TS + 31 x BL T 31 packets (allocation shown in Figure 67)
Device C: 340 TS allocated =1 x 10 TS + 31 x 8L T 31 packets (allocation shown in Figure 67)
The maximum size for an Ethernet frame is: 150@s#yt
For the device A:
We have 5 data frames per packeB2 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 VORO06 (device A)
For the devices B and C:
We have 5 data frames per packeBl x 5 = 155 maximal data frames by SPF (67 ms)
155 x (1500 x 8 hits) = 1860 000 bits in 67 ms
Maximal theoretical bandwidth = 27.76 Mbps for VORO06 (devices B and C)

As discussed in the previous part: “Data frame amsitfpn”, it is possible to increase the numbedafa
frames per packet and so to improve the data odités prototype. For the VO2R04 version, incretee
number from 5 to 9, and for the VO2RO06 versionréase the number from 5 to 11. Of course, a dynamic
allocation will also optimise the maximal data relese to the physical value.

VO2R04 Maximum number of data frames per packet
5 8 9
63 x5=2315 62 x 8 =496 62 x 9 =558
Device A 315 x (1500 x 8 hits) = 3788 000 bits in 67ms 496 x (1500 x 8 hits) = 5952 000 bits in 67ms  |558 x (1500 x 8 bits) = 6696 000 bits in 67ms
Maximal Data rate = 56.42 Mb/s Maximal Data rate = 88.83 Mb/s Maximal Data rate = 99.94 Mb/s
63 x5=2315 62 x 8 =496 62 x 9 =558
Device B 315 x (1500 x 8 bits) = 3788 000 bits in 67ms {496 x (1500 x 8 bits) = 5952 000 bits in 67ms  |558 x (1500 x 8 bits) = 6696 000 bits in 67ms
Maximal Data rate = 56.42 Mb/s Maximal Data rate = 88.83 Mb/s Maximal Data rate = 99.94 Mb/s
Figure 68: Calculation of maximal theoretical bandvidth for VO2R04.
Maximum number of data frames per packet
VO02R06 3 0 I
32x5=160 32x10=320 32x11=352
Device A 160 x (1500 x 8 bits) = 1920 000 bits in 67ms  |320 x (1500 x 8 bits) = 3840 000 bits in 67ms 352 x (1500 x 8 bits) = 4224 000 bits in 67ms
Maximal Data rate = 28.65 Mb/s Maximal Data rate = 57.31 Mb/s Maximal Data rate = 63.04 Mb/s
31x5=155 31x10=315 31x11=341
Device B 155 x (1500 x 8 bits) = 1860 000 bits in 67ms  |315 x (1500 x 8 bits) = 3780 000 bits in 67ms 341 x (1500 x 8 bits) = 4092 000 bits in 67ms
Maximal Data rate = 27.76 Mb/s Maximal Data rate = 56.41 Mb/s Maximal Data rate = 61.07 Mb/s
31x5=155 31x10=315 31x11=341
Device C 155 x (1500 x 8 bits) = 1860 000 bits in 67ms {315 x (1500 x 8 bits) = 3780 000 bits in 67ms  [341 x (1500 x 8 hits) = 4092 000 bits in 67ms
Maximal Data rate = 27.76 Mb/s Maximal Data rate = 56.41 Mb/s Maximal Data rate = 61.07 Mb/s

Figure 69: Calculation of maximal theoretical bandvidth for VO2RO06.

IRC OWMAC data processing

Files: Data_Frame_process_IRC.vhd
The blockData_Frame_process_IRf@alises several functions.

It analyses and filters the IRC frames receivedmfrdhe block Rx_plcp_header (processes:
Data_Rx_IRC_analyze, Processing_payload_IRC_foer&#t). Then it sends these frames to the
Ethernet part (Processing_filtrage_IP).

When it receives an IRC frame, it prepares a coframe (ACK) to answer to the other OWMAC boards
that has well received their data frame (procesSentrol_Rx_IRC_analyze, FSM_tx_control_frame).
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When this block sends a data frame to the other Q\W@Nboard, it starts a timer which determines a
period during which it must receive the controlnfi (ACK) of the other OWMAC board after the

sending of its data frame (Rx_Control_frame_anglyfét does not receive the Control Frame, thees

a transmission problem so it returns the last deame (FSM_tx_last frame) stored in a FIFO
(Inst_FIFO_Mem_last_frame).

Data_frame_process_IRC

Rx_Paquet_type_IRC ——=/—

TX_LL_DATA O

Rx_payload_IRC

TX_LL_SOF_N_0
TX_LL_EOF_N_0
TX_LL_SRC_RDY_N_D

data_IRC

[ack DATA

ack_SOF_IU
ack_EOF_N

| Tx_payload_IRC
)
v |

Tx_Length_
payload_IRC_mgm

ok SRC_RDY_N|

Tx_sync_data_IRC

CLK_200M

T SLRX_LL_SOF 1.0
en_RP_ta

Sl Trame_Eernet
Rx_Control_frame_analyze 3, TX_next data

TX_ON_OFF_IRC A e
\_‘\‘\ d_en fast frame. FIFO_Mem_last frame
2048

Latch_Tx_last_frame_data

|
Fooes b rame

fito_s

/| LL_DATA lsst frame
L1 SOF N st frame
T L1 EOF N st frame

I LL_SRC_RDY_ast_frame

{ LL_SOF N
FSN_tx_lecture_fio ‘% LL_EOF N

RX_LL_DATA 0 —— /1

FIFO_Data_x10bits
RX_LL_SOF_N_0. fa1072

RX_LL_EOF_N_0
RX_LL_SRC_RDY_N_0

out Rx_DATA ., LL_SRC_RDY|

Figure 70: Synoptic of Data_frame_process_IRC.

The blockData_Frame_process_IR@anages the flow data frames from the Ethernstotes in a FIFO
(Inst_FIFO_Data_x10bits, 131072 words) simultanotise 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 progressivelptlgh a FSM (FSM_tx_lecture_fifo). This reading take
into account if we are in a RP allocation of thievide (defined in the previous block
Beacon_Frame_process_IRC) and if the device isimat situation of last data frame retransmission
(possible if the ACK of the other device has natrbeeceived on the last data frame).

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

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

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

Finally, the process Proc_Mult realises the mudtipig of the three possible data flows:
The data frames from the Ethernet part (signalgt $tX_LL _DATA 0..),

The control frames (ACK) (signals: ack_DATA),
The retransmitted data frames (signals: LL_DATAL l&rame).
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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

Wait FIFO output

empty =“1"

Reading of the Data frame (outfp
of FIFO)

Out_Rx_DATA(8) ="0"
End of data frame
End of the FIFO reading

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

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

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

Sending of the first byte of the data frame
FIFO reading

Sending of the second byte of the data fr
FIFO reading

Figure 71: Synoptic of the FSM_tx_lecture_fifo proess.

IRC emission (Tx)

Tx_PLCP_Header IRC block

Files:

The

Tx_PLCP_Header_IRC.vhd
ReedSolomon_encoder.vhéhot used)
ReedSolomon_encoder.ngmot used)
crc32x8bits.vhd(not used)

block Tx_PLCP_Header IRCis composed by a Finite States
FSM_TEMPO_Data_for_TX block IRC and by a processp@& decalage. This process shifts the data
signals coming from the Data_Frame_process_IRCklbgcsome shift registers to can insert the PLCP

header in the data flow with the FSM.

Machine (FSM):
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Wait Start of fram

Tx_sync_data IRC="0"
Sending of the first byte of PHY Header (x'AF")

Sending o the information
Payload lengt

Sending of the information of
Payload lengt

Sending of the inmation of fram¢
control

Sending of the information of frar
control

Sending of the information
Access Feedba

Sending of the Reed Solomon (for

TX_MAC_
version is just the value: X'DE

Header_RS

TX_data_
payload

Shit_Tx_Enable_rdy_IRC(29) ="0" and Sft_Tx_fin_payload_IRC (29) ="0"
(if Data ready and if the end of frame)

Sending of the Data Paylo

SHift_Tx_Erable_rdy_IRC(29) =*(
(if Dataready)

I\ Activ_lect_fifo_data_i takehe value ‘1, so th
reading of the FIFO of Data_Frame_process_IRC
block s reactivated.

We are waiting the next Data frame from the
Data_Frame_process_IRC block.

Figure 72: Synoptic of the FSM_TEMPO_Data_for_TX_bbck_IRC process.

The CRC block has been developed in the Tx_PLCPdétetRC 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 blockTX data_block IRGs composed by a block performing the encodingytes into 10 bit
words (Encoder_8b10b.vhd). This mechanism avoigibdong data sets of ‘1's or ‘0’s.

Then the 10 bit words are stored in FIFO with tistesm clock (200 MHz) and read by the Finite State
Machine: FSM_tx_lecture_fifo with the TX_CLK100M_@R(280 MHz).
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Figure 73: Synoptic of the FSM_tx_lecture_fifo proess.

During this FIFO reading, the training sequencel@® 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 trandemi selection bus (RxSelEl_IRC) with the Beacon
frame from the other device. It uses this informatio select the best transmitter for the sendffighe
data frames (TxSelEl_IRC).

During the Beacon period, it sends its Beacon waidtlransmitters activated: TxSelEl_IRC <= (others

1.

5.1.7 VHDL IRC test bench and simulations

During the OWS firmware development, many simulaitave 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 device system.

veomss ||

There are a test bench for a 2-component systena &t bench for 3-component system. These VHDL
tests benches reproduce the environment of thesesystems. Above, we have the figure of the test

bench for 3 components.

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

Figure 75: Extract of simulation wave.
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OWMAC layer Rx card

I:I Stimuli Ethernet Tx

S
Data results Rx card

Figure 76: Extracts of stimuli and result files forsimulation.

These simulations are performed after the codimteafore the physical tests on boards.

5.1.8 IRC OWS implementation

The following tables are some example of the Xilmeport files results for FPGA OWS. The OWS.par
report file gives results from OWS routing.
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For the version two devices (VO2R04_Quadro)

Figure 77: FPGA VO2R04_Quadro OWS fitter report.

Figure 78: VO2R04_Quadro timing report.
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For the version three devices (V02R06)

Figure 79: FPGA VO2R06 OWS fitter report.

Figure 80: VO2RO06 timing report.
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5.1.9 FPGA IRC OWS pinout
This table shows the FPGA input/output interfacegtie OWS IRC prototype.

Name Pin 1/0 Description Type
Number
CLK L29 Input  Clock of ML510 board (100 MHz) LVCMOS
RST J15 Input  CPU reset of ML510 board LVCMOS
IRC Interface
RxCIk_IRC_N AG7 Input 280 MHz Clock received from IRC board LVDS
RxCIk_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 Notused 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 Notused 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_O 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_O AP31 Output Control Tx signal for Ethernet PHY LVCMOS
RGMII_TXC_0O AM31 Output Clock Tx signal for Ethernet PHY LVCMOS
PHYO_GTXCLK AM31 Output  Clock for Marvell PHY LVCMOS
PHYO_RESET AK32 Output Reset for Marvell PHY LVCMOS
RXP_1 A2 Input  Not used MGTTX
RXN_1 A3 Input  Not used MGTTX
TXP_1 Bl 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 Cc4 Input  GTX Transceiver reference clock MGTRE
FCLKN
Interface card debug leds
LED O 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_0O 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 dutire OMEGA project for the prototype VLC-
OWS.

This firmware processes the Ethernet frames in OVAMAC protocol following the requirements of
Orange Labs document: “Omega_I|D4.3_Omega_OWMAC-SpEcification”.

The OWMAC specifications describe a MAC protocolweomplete with lots of performance features.
However, for the VLC-OWS prototype, we do not nedidthese functions because we realised only a
broadcast transmission. Then, the Ethernet framestransmitted by Visible Light Communication
(VLC) at around 100 Mbps to an optical card readid®y HHI/Siemens, European partners in the
OMEGA project.

This part shows various elements of the OWS FPGglgde and then the means established to test these
boards and finally the OWS development structuzage, batch commands...).

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

For information, this part will also use sometimes, the terms \&xRo indicate a type of OWS
firmware:

Vxx = Number of Version,
Rxx = Number of Revision.

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

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

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

VO01R04 = VLC OWMAC Broadcast transmission with 84Klinterface clock.
VO01RO05 = VLC OWMAC Broadcast transmission with 93&interface clock.

5.2.2 Position of OWS equipment in HWO demonstrator

Frame Analyzer
— & Ghit/s PC1
Ghit/s  Rx Tx .
Dse"’e’ VAV A “N\N ke ows | coiyg [ |
Ghit/g .
ons AVAVAE EEE—— N\~ Ghit/s
TX RX
Frame Analyze’r, -7 VLC g ~o -
" Gpi 100 Mbit/s ~o_
D Ghit/s Broadcas o Rx .
) vLC ows ]
Frame Analyzer ,
[

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

Transmission around 100 Mbps with the VLC boargs(f84 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 impletee 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 fran€b/s transmission via Gigabit Ethernet
interfaces,

A frame analyser which receives Ethernet data feaatésb/s transmission via Gigabit Ethernet
interfaces.

The ML510 Xilinx board [based on Virtex-5 FPGA (F3T)] is a board with notably two Gigabit
Ethernet interfaces and 2 RJ45 connectors. Sl board replies to these two requirements.
5.2.4 Interface with VLC card (Description of VLC — OWS interface)

5.2.4.1VLC PHY header

FCS

/

Figure 83: PHY frame structure.

The VLC PHY header is formed by 3 bytes:
1 byte just for provision (OxAF),
2 bytes containing information of frame size: FraPagload.
5.2.4.2VLC to OWS transmission

For VLC to OWS transmission, OWS card samples ¢&tmalRX _DATA VL(E on the falling edge of
the 100 MHz clock (signdRX_CLK100M_VLE Thus from the VLC side the emission must beisedl
on the rising edge of the 100 MHz clock (sigR¥_CLK100M_VLE

VLC --> OWS
N
RX_CLK100M_VLC i I { | { 1 I i | } { :l 1 I i | { {
RX_data_VLC L/, ] [ 1 7/ 2LvCMOS
7 N L signals
/ (50 Ohm SMA
Idle period P . connectors)
SFD = x"E8FA" Frame data (N bytes)
. (16 bits)

VLC sends data on rising edges of 100 MHz clock. 1st bit of the frame (= '0" in this example)
OWS samples data on falling edges of 100 MHz clock.

Figure 84: Transmission from VLC to OWS

The beginning of the frame is detected with thdit$ of the SFD.

The frame size is implemented in the PHY header.
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5.2.4.30WS to VLC transmission

For OWS to VLC transmission, OWS card send d@ta DATA_VLCsignal) on the rising edge of the
100 MHz clock TX_CLK100M_VLGignal).

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

OWS -->VLC
RN
TX_CLK10OM_VLC Ly Y Y Y Y Y Y O B _f L £ L 4 f 1
TX_data_VLC 1 /] | | | /T 1 2 LVCMOS
TT N L signals
TX_ON_OFF_VLC f (50 Ohm SMA
/ N connectors)
Idle period T P N
SFD = xX"E8FA" Frame data (N bytes) )
(16 bits)
1st bit of the frame (= '0" in this example)

OWS sends data on rising edges of 100 MHz clock.
VLC samples data on falling edges of 100 MHz clock. 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 thebit§ of the SFD. The OWS retrieves then the frame
length information with the data signal achieveiathe processing.

TheTX _ON_OFF_VLGignal is ‘high’ level to indicate the presencedafa to VLC card.
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5.2.4.4Composition of VLC — OWS connectors

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

OWS side
Nb | Signal name 110 Type Power | Impedance| Frequency | OWS | Connector
supply MHz FPGA
Pin

1 RX_CLK100M_VLC input | LVCMOS | 2.5V 50 30 to 150 AG7 SMA
PM_IO_63_N

2 RX_DATA_VLC input | LVCMOS | 2.5V 50 30 to 150 AE7 SMA
PM_IO_67_N

3 | TX_CLK100M_VLC | output| LVCMOS | 2.5V 50 30 to 150 AH4 SMA
PM_IO_55_N

4 | TX_DATA_VLC output | LVCMOS | 2.5V 50 30 to 150 AH5 SMA
PM_IO_51_N

5 | TX_ON_OFF_VLC output| LVCMOS | 2.5V 50 30 to 150 AG4 SMA
PM_IO_54_P

6 Provision_A input | LVCMOS | 2.5V 50 30 to 150 AG6 SMA
PM_IO_62_P

7 Provision_B input | LVCMOS | 2.5V 50 30 to 150 AF7 SMA
PM_IO_66_P

8 Provision_D output | LVCMOS | 2.5V 50 30 to 150 AH6 SMA
PM_IO_50_P

9 Provision_1 input | LVCMOS | 2.5V 50 30 to 150 AB8 SMA
PM_IO_45_N

10 | Provision_2 input | LVCMOS | 2.5V 50 30 to 150 AB9 SMA
PM_IO_44_P

11 | Provision_3 input | LVCMOS | 2.5V 50 30 to 150 AE9 SMA
PM_IO_72_P

12 | Provision_4 input | LVCMOS | 2.5V 50 30to 150 | AE10 SMA
PM_IO_73_N

13 | Provision_5 output| LVCMOS | 2.5V 50 30 to 150 G28 SMA
PM_IO_28_P

14 | Provision_6 output | LVCMOS | 2.5V 50 30 to 150 H28 SMA
PM_IO_29 N

15 | Provision_7 output | LVCMOS | 2.5V 50 30 to 150 K27 SMA
PM_IO_22_P

16 | Provision_8 output| LVCMOS | 2.5V 50 30 to 150 L26 SMA
PM_IO_23_N

Figure 86: OWS — VLC connectors.

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

5 LEDs will be provided on board with PM1 connedtmrdebug.

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

5.2.5 OWS card equipment

The OWS equipment is based on the Xilinx board: Mb%nd on the OWS-VLC interface card. A
ML510 Xilinx board brief presentation and the gadrhprovement are described in secttoh.5.1. Also
the OWS interface card is presented in sedidnb.2.
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For the VLC prototype, the connections are:

cards.

Connector FPGA signal

Name
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 VLCWIS design are presented with synoptic and few
comments.

5.2.6.1Component overview
The OWS V1.3 design realises the management of O\@Mmnsmission with the VLC Rx and Tx

Architecture Design OWS (partie VLC)

Top_OWS

GlobalTypes / top_ows_pack

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_pro

cess |

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

Figure 87: OWS architecture.
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Interface with
Ethernet PHY for
PHYO_TXD_P
OWMAC-LLC PHYOTON | yser
>~
PHYO_RXD_P e
- IP TEMAC (Xilinx) PHYO_RXD_N
CLK_IN - IP SGMI (XilinX)

100 MHz (ML570 PLL) Clock_man.vhd

PHY1_TXD_P || Frame
TX_data_block_VLC PHY1_TXD_N (| Analyzer
. )
TX_CLK100M_VLC (FIFO_131072_x_10 bits) 5 RUAS connectors
TX_ON_OFF_VLC,
TX_data_VLC|
TX_data_block_VLC.vhd
VLC Card < RX_data_block_VLC
Data 100 Mb/s Ethernet_Interface.v
100 M RX_CLK1OOM_VLC . -
(physical link) Wi_CLK_100M . MAC_LLC_process.vhd hd
RX_data_VLC| - Rd_fifo (200 MHz)
o (SMA connectors) RX_data_block_VLC.vhd

ICON, VIO

Chipscope.vhd

Mux_Frame_Analyzer.vhd

Figure 88: Synoptic of OWS top block.

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



ICT-213311, OMEGA 15 February 2011

5.2.6.2Top_ows block

File: Top_OWS.vhd

The Top_OWSblock is the top block of the OWS design. Its bodyntains all the necessary
inputs/outputs to OWS.

It maps all blocks of the first design level:

The easements components: Clock _man, Mux_FrameyZeralChipscope, Inst_ILA 1
The top management block of the Ethernet: Ethentetrface
The top block of MAC layer processing for VLC aRid: MAC_LLC_ process.

It also maps the blocks of receipt and issue of \dnd IRC.

Package design
File: top_ows_pack.vhd

The packagdop_OWS_packontains all the design constants. Therefore im file certain parameters
can be modified according to changes in the smatiéin or in any adjustments for the final testdhef
demonstrator.

File: GlobalTypes.vhd
This file contains the types necessary for thegiesi

These two element$op_ OWS_paciandGlobalTypesare referenced in each library to the block design
5.2.6.3Easement components

Clock_man block

Files: Clock_man.vhd
DCM_adv_ows.vhd
DCM_adv_ows_ 84M.vhd

TheClock_marblock generates the clocks:

clk_50Mfrequency of 50 MHz,

clk_100Mfrequency of 100 MHz or 84, 93 MHz (following theed of the VLC card),
clk_125Mfrequency of 125 MHz,

clk_200Mfrequency of 200 MHz.

These clocks are generated from two DCMs: Digitédck Manager Xilinx (DCM_adv_ows and
DCM_adv_ows_84M blocks) and the 100 MHz Pldk(signa) from the board.

The dk_200Mclock is the OWS system clock.
Theclk _100Mclock is the VLC emission clockiX CLK100M_VLC.
The dk_125Mclock is the clock used by the Xilinx IP managettetihernet (TEMAC).

Finally, this block also delivers the signal stapitlocks: lock used in the fileTop_ OWSo create the
reset signal of the FPGARST_N

MAC_LLC_process block
File: MAC_LLC_process.vhd
The block MAC_LLC process handles the mappindlatlaments of VLC data processing.

Sub-Blocks in MAC_LLC_process:

Rx_PLCP_Header VLC,
Data_Frame_process_VLC,
Tx_PLCP_Header VLC
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MAC LLC processing for VLC
a0
T for 0
-]
Piror o
TXLL[5RC ROV IS
T PiLpsTrov D
Pile_IP Interfa e bl
"X DFP SRC_RDY N0 vie e |RebaTa 0
Dete_Frame_process RO EoF 0 L
X D7 SOF 10
e wsor w0
oo Rx_PLCP_Header_VLC e st 1, RX_DFP_DATAO £ e
< PLCP Header L wrors
BoBesbd G TX_DFP_SRC_RDY_N_O e el
« , Rx_Source Adr VLC TX_DFP_EOF_N_0 RASE SRC_ROY_N_0
Revd |[-meePLoP Feader| [ 2+ e seq convavic TXCOFP_SOF N0 RXtfosT_rovn 0
o o ||-CRCsampaneon
o soomen |- com e YA
e - 255239
5 P i
L 1 Frame Conro_vic
o Rt T Dest der i
REmEL AT Cre32x@bit £ Lata .
o end povons VIC T Souee ader vic
— Rcpayess Vi
. i Seq Conv i
cosves Ra_ ORC_emor VLG FIFO ZoMEiibts e et P viC TXNC el
Rx_ser_rdy VLC * o MAC_LLC_process.
To_Paguet pe i
Ri_PLCP_H [ FIFO_2048s8bis hd Tx_Length_paykoad VIC
Tacome daa VIC
. T payosd VLG
[——— Tu_Enate_ iy VIG
Rulengh_payoas VLC
FaEng_ Fame VLo Mo Frame_Ansyze

Figure 89: Synoptic MAC_LLC Rx.

This block has been simplified. At the beginningle# design, there was the Pile_IP block inclugimgy

of ML510 boards. Those cards had a very speciicatldress associated with their MAC address.
However, even though this option worked propertywas removed to obtain better results in rate
(chariot, videos ...).

TX_PLOP_Header_VLC
Tx_Frame_Control_VL.
T_Dest_Addr_VLC

PestAdd - FSM_Data_for_RS Roed | [- FSM_Data_for_TX_block TX_SOF_VLC
Tx_Source_Addr_VLG y - FSM_Insertion_ProtocolID || Solomon | |VLC TY_EOF VLG
z - Shift_data_send_to_orc n R To Tx_data_block
Tx_Seq_Control_VLC idata_send foc fioiond TX_SRC_RDY_VLC 0 Tx_data_bloc|
Data_frame_process Z 2 Ty data_Frame_VLC
Tx_Ace_Fdback VLG 1P Xilinx
Tx_Paquet_type_VLC
Tx_Length_payload_VLC > Crea2x@bits
Tx_sync_data_VLC
Tx_payload_VLC > . le—— ik 200m

Tx_Enable_rdy_VLC

Tx_Length_payload_V.C

MAC_LLC processhd

Figure 90: Synoptic MAC_LLC Tx.

Mux_Frame_Analyzer block
Files: Mux_Frame_Analyzer.vhd

This blockMux_Frame_Analyzemanages the data sent to the “Frame Analyser”ibig,not used for
the VLC prototype.

Chipscope

Files: Chipscope.vhd
ICON_control_4.ngc
vio.ngc
ILA.ngc
ILA_2.ngc

The Chipscopeblock instantiates the component elements of cbiotripscopelCON_control_4andvio
component.

The icon is composed of 4 control bus:

CONTROLOwhich manages thelO of Chipscope

CONTROLIwho manages thieA of Top_OWSvisualisation of internal OWS signals)
CONTROL2which manages theéA_2

CONTROL3who manages thié_ 3.

All these elements allow to view some of the ing@mPGA signals including signal criticism. Thegar
essential for the initial debugging of the FPGA.

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



ICT-213311, OMEGA 15 February 2011

5.2.6.4Ethernet 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
RMIl.vhd
rgmii_v2_0_if.vhd
TEMAC_ V3 _5.ngc

This partEthernetis based on the Xilinx Core: TEMAC and on the d&ft Xilinx: Virtex-5 FPGA
Embedded Tri-Mode Ethernet MAC Wrapper vddcuments: “ds550.pdf” and “gsg340.pdf”). Thistpa
is already detailed within sectié@nl.6.3.

5.2.6.5VLC 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 blockRX_data_block VL@etrieves binary data from the IRC card.

It detects the 20 bits of the ‘Start Frame Delimi{&x_SFD_detect). Then, it forms some bytes and
creates a working window of the frame (Window_frAm€&hese processing are realised with the
100 MHz clock (or 84 MHz or 93 MHz following the nggon). Then, these bytes are sent to a FIFO that
permits to change the clock domain.

RX_data_block_VLC

Detection of Start Frame b paTa y.0_ g “orking window of the
Rx_Data_VLC Delimiter — = frame
44444 " RX_SFD VLG double clock

RX_CLK100M_VLC = - 4096
Ry_SFD_detect Window_fram En_data_afterbi0b

| S

decoded_data

FIFO

Rs_data_frame_IRC_i

ey

ssssssss

e _async
S Rd_en_dd
ProcessRA o 3§ perier octet Iu
/ Starl_Rx IRC_dd

Figure 91: Rx_Data_block_IRC synoptic.

——#-Rx_SRC_RDY_VLC

These bytes are at the FIFO output at a rate o288 (system clock). Then, they will be processed a
analysed by the block MAC_LLC_process.
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Rx_PLCP_Header_ VLC block
Files: Rx PLCP_Header VLC.vhd
ReedSolomon_decoder.vhéhot used)

crc32x8bits.vhd(not used)

ReedSolomon_decoder.ngc

The blockRx_PLCP_Header VL& composed of two processes. One of them is iteFtate Machine
(FSM) which decomposes all the elements of the Pka&ler (Proc_Tempo_rx_plcp_header) and counts

the number of bytes of the payload.

Detection of a new Fram

Rx_sync_Frame= ‘0"

Length of payload Recove

En_data="0"

Length of payload Recove

En_data="0"

En_data = “0"and
= i Recovery of PLCP part:

End data_IRC="0 Frame_Control_VLC

Dest_Addr_VL.C

END OF PAYLOAI S arvic
Seq_Cortrol_VLC
Acc_Fdback_VLC

Increment the counter: cpt_plcp_part

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

PAYLOAD Payload formatior
part = | Increment the counter: cpt_payload_part

Figure 92: Synoptic of FSM: Proc_Tempo_rx_plcp_heagk.

The other process (Proc_Acq_plcp_header) recoherglitferent elements of the PLCP header with the
cpt_plcp_partcounter generated by the previous FSM.
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VLC OWMAC data processing
Files: Data_Frame_process_VLC.vhd

The block Data_Frame_process_VL@nalyses and filters the VLC frames received frdra block
Rx_plcp_header (processes: Data_Rx_VLC_analyzeeBsing_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 Eth@aré{process: Proc_Acq_Longueur_Trame_Ethernet).

The blockData_Frame_process_VL@anages the flow data frames from the Ethernetthieves the
length information of the frame: “Length_payload m&c” 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.vh¢hot used)
crc32x8bits.vhd(not used)
ReedSolomon_encoder.ngc

The block Tx PLCP_Header VLCis composed by a Finite State Machine (FSM):
FSM_TEMPO_Data_for_TX_block_VLC and by a procesmpe_decalage. This process shifts the data
signals coming from the Data_Frame_process_VLCkbliycsome shift registers to can insert the PLCP
header in the data flow with the FSM.
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Wait Start of fram:

ait_Tx_Data

Tx_sync data VLC

-0
Sending of the first byte of PHY Header (x"AF")
TX_Phy_
Header_ 1
TX_Phy_
Header_2
TX_Phy_
Header_3

Sending of the information ¢
Payload lengtl

Sending of the information ¢
Payload lengt/

Sending of the infrmation of frame
control

Sending of the information of fram
control

Sending of the inform ation ¢
Access Feedbac

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

TX_MAC_
Header_RS

CPLRS = F"

TX_data_
payload

Shift_Tx_Enable_rdy_IR C(29) = “0" and Shit_Tx_fin_payload_IRC (29) = 0"
(if Data ready and if the end of frame)

Sending of the Data Paylo:

Shift_Tx_Enable_rdy_IRC(29) = "0
(ifD ata ready)

I\ Activ_lect_fifo_data_i takeshe value'1’, 5o th
reading of the FIFO of Data_Frame_process_VLC

block is reactivated.
eare waiting the next Data frame from the

Data_Frame_process_VLC block

Figure 93: Synoptic of the FSM_TEMPO_Data_for_TX_ bbck_VLC process.

The CRC block has been developed in the Tx_PLCPdéte®LC 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 blockTX_data_block VLGtores the bytes of the frame in FIFO with thetesysclock (200 MHZz)
and read by the Finite State Machine: FSM_tx_lectfifo with the TX_CLK100M_IRC (100 MHz or

84 MHz or 93 MHz).
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sending of the second bit of Start
Frame Delimiter (SFD}

Sending of the bit 8 of Start Fran
Delimiter (SFD)

Sending of the bit 9 of Start Frame
Delimiter (SFD) or the first bit of
the byte from the FIFO output

hib_tx = 0"

Sending of the bit 14 of Start Frame Delim iter (SF&

6 the bit 6 of the byte from the FIFO output

Study of the next word of the FIFO and possible
reactivation of reading FIFO

hib_tx = 0"

Sending of the bit 15 of Start Frame Delimiter (SF&
the bit 7 of the byte from the FIFO output
Deactivation of reading FIFC

nhib_tx =°0"

Sending of the bit 16 of Start Frame Delimiter (SF&

gl the bit 8 of the byte from the FIFO output

TX_DATA_VLC_8bits_d8(8) = 0' and TX_DATA_VLC_8bits(9) = '0'

endof actual frame and ifthe start of the nextframe)

Timeout period before the sending of the next dasane
Counter cpt_wait

inhib_tx = 0"

Figure 94: Synoptic of the FSM

_tx_lecture_fifo proess.

During this FIFO reading, the ‘Start Frame Delimit&FD) is also added at the beginning of the ftam
The value of the SFD is: “E8FA” (Top_OWS_pack.vhd).

5.2.7 VHDL VLC test bench and sim

ulations

During the OWS firmware development, many simulaitave been performed also with “ModelSim”
tool to verify the behaviour of the VHDL blocks. &ffigure here under shows an example of a simulatio

wave.

D4.2b: Physical layer and Specification - Version 2

Page 89 (94)



ICT-213311, OMEGA

15 February 2011

Figure 95: Extract of simulation wave.

Stimuli Ethernet Tx

OWMAC lays

Data resultg

Rx card

Figure 96: Extracts of stimuli and result files forsimulation.

5.3 OWS tools for the development

Different tools are used for the development of tBWS firmware.

Tool Manufacturer Version Year Functions
ModelSim XE Mentor Graphics 11l 6.3¢ 2007 Simulation
Corporation
. Synthesis, placement
ISE Xilinx 10.1.03 2008 and routing
. - Simulation of TEMAC
ISE Simulator (ISIM) Xilinx 10.1.03 2008 and GTX IP
- Loading the binary file
Impact ISE Xilinx 10.1.03 2008 in the FPGA
Chipscope Pro . Analyze signals within
Analyzer Xilinx 10.1.03 2008 the EPGA
Figure 97: Tool used table.
patch.
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OWS firmware versions (for VLC and IRC prototypes)
Several firmwares have been developed for the tototypes VLC and IRC.

Prototype VLC-OWS  (Prototype 1 - VO1RO0Xx)
Fimware version Binary file Description Delivery date
VO1RO00 -100 MHz |OWS_ A1l VO1RO00.ace Broadcast 100 MHz 28/07/2009
VO1RO01 -100 MHz |OWS_ Al VO1RO01 Interface_100M___90Mbps__Livraison_HHl.ace VO1RO00 + data rate improved 09/11/2009
VO1RO02 - 84 MHz |OWS Al VO1RO02 Interface 84MHz 75Mbps Livraison HHIl.ace VO1RO01 with 84 MHz clock 24/11/2009
VO1R02 100 MHz + Interface changes : SFD, no
VO1RO03 -100 MHz |OWS_A1_VO01RO03_Interface_100MHz__86Mbps__Livraison_HHI (4 Leds).ace Rx_Start, Tx_ON_OFF 10/12/2009
VO1R02 84 MHz + Interface changes : SFD, no
VO1RO03 - 84 MHz |OWS_A1_VO01RO03_Interface_84MHz__71Mbps__Livraison_HHIl.ace Rx_Start, Tx_ON_OFF 10/12/2009
VO01R03 100 MHz
VO1RO04 -100 MHz |OWS_A1_V01R04_100MHz_Random__Livraison_HHl.ace + Random period at the beginning of each frame | 12/05/2010
VO1RO03 84 MHz
VO1R04 - 84 MHz |OWS_A1_V01R04_84 MHz_Random_Start Frame Livraison_HHI.ace + Random period at the beginning of each frame | 18/05/2010
VO1RO05 - 93 MHz |OWS VO01RO05 Interface 93 MHz Livraison HHI.ace VO1R03 with 93 MHz clock 26/11/2010
Prototype IRC-OWS  (Prototype 2 - VO02ROx)
Fimware version Binary file Description Delivery date
VO2R00 OWS VO0O2RO00 (test 300M LVDS) OK Chariot 200 Mbps __Livraison UoO.ace Broadcast 300 MHz 18/01/2010
VO2R00 OWS _VO02RO00 (280Mhz, TS=50bytes...) OK Chariot 160 Mbps__Livraison_UoO.ace Broadcast 280 MHz 04/03/2010
_ . Lo . Broadcast 280 MHz + changes UCF
VO2RO00 OWS_VO02RO00 (280Mhz, TS=50bytes, Nv ucf) OK Chariot 160 Mbps__ Livraison_Uo00O.zip (LVTTL, LVCMOS) 07/05/2010
VO2RO1 8gosrag:lé_eV02R01_ (280Mhz,TS=50bytes, Nv ucf, BP, DFP, glg macros...) Livraison TDMA, Half-Duplex, BP, DP, SPF, ... 07/07/2010
VO2R02 OWS_A1_VO02R02_ (BFP,DFP,SPF, 280Mhz, TS=1500bits, gqlq macros...) Liv Oxford.ace |VO2RO01 + changes of length of TS 12/08/2010
OWS B2 VO2R02 (BFP,DFP,SPF, 280Mhz, TS=1500bits, qlg macros...) Liv Oxford.ace
OWS_A1_VO02R03_ (TS=400bits, 140 MHz) Liv Oxford.ace VO2R02 + changes of length of TS
VO2R03 OWS B2 V0O2R03_(TS=400bits, 140 MH2z) Liv Oxford.ace 07/09/2010
VO2R04 OWS_A1_VO02R04_ (TS=400bits, 140 MHz, Improved) Liv Oxford.ace VO2RO03 + Improvement (video transmissions) 17/09/2010
OWS B2 V0O2R04 (TS=400bits, 140 MHz, Improved) Liv Oxford.ace
. OWS_A1l_VO02R04_Bis (TS=400bits, 140 MHz, TxSelEIl_IRC) Liv Oxford.ace VO2RO04 + changes of TxSelEl_IRC
VO2R04_Bis OWS_B2_VO02R04_Bis (TS=400bits, 140 MHz, TxSelEl_IRC) Liv Oxford.ace 29/09/2010
OWS_A1_VO02R04_Quadro (TS=400bits, 140 MHz, TxSelEl_IRC new) Liv Oxford.ace VO2R04_Bis + changes of TxSelEI_IRC
VO2RO_Quadro OWS B2 V02R04_Quadro (TS=400bits, 140 MHz, TxSelEl_IRC new) Liv Oxford.ace 03/11/2010
VO2R05 Firmwares developped but no good results V02R04 _Bis + Control frames (ACK)
OWS_A1_VO02RO06 (3 devices, all TxSelEl1="1").ace VO2RO04 for 3 devices (RP allocation changes...)
VO2RO06 - 3 devices| OWS_B2_VO02RO06 (3 devices, all TxSelEl1="1").ace 16/11/2010
OWS C3 VO2RO06 (3 devices, all TxSelEl1="1".ace

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 gno: “Hybrid Wireless Optics” of the OMEGA project
was a rewarding and interesting on different aréas development has been achieved in 16 months.

Specifications of the network and protocols

Initially, we had to quickly assimilate the requirents of this data link layer created for this podj locate and
identify the necessary features, essential fotR@& and VLC prototypes. The specifications desctiiMAC-

LLC layer for a full and complex system in genesiay that could not be implemented in its globafidy a so

short period.

Then, the following objective was to seek and famdelectronic board adapted to:

The features described in the OWMAC-LLC specificas,
The analogical needs of VLC and IRC prototype,
Partners,

The ultimate goals of the demonstrators.

Quickly, it was shown that the ML510 board from iXd and notably the Virtex-5 FXT FPGA met the
OWMAC-LLC requirements and the desired performan¢&swvever, the connection of this evaluation board
did not meet the needs of partners. It was thezefiecessary to associate this digital processiagdbaith an
interface card customized for analogical cards. Tierfaces of the two analogical cards are coraplet
different and were not determined at that timeodtk realise the manufacture of the card (subcotitrg with

the firm: ASICA) on several assumptions for theafimterfaces and anticipate any new possible rements
(provision of connections ...).

Coding

Firmware developments were developed directly inDiHanguage as described earlier in this part dred t
simulations were performed with the “ModelSim” sedire.

Overall, the coding was successful. However, aialiffy was encountered in using Xilinx Ethernet IP
(Intellectual Property). We stayed long stuck tgyito run correctly this IP on our ML510 maps. Thic8&
support (provider of Xilinx in France) was not dable but through the direct Xilinx support (lauirapa Web
case), we solved this dysfunction (a bad calibratid the timing constraints for a path of Xilinx i&h the
ML510 evaluation board...). Some parts of the chdee been modified during the project (some unéisden
functions have been removed...) to meet performegmpairements (transmission data rate...) anddiitéte the
global routing of the design.

Placement / routing

The design placement/routing has also been a extuchallenge in particular for the IRC-OWS propty This
design is actually quite sensitive and thus adtighange may cause a faulty binary (no transnrissjoality of
transmissions ...).

The difference between the software simulations thedcard tests was also demonstrated during tbiggd.
We have very often used some spying blocks of FR@&nal signals (elements of Chipscope) to underbst
the non-functioning of certain design parts. Howewtbkese spying blocks have sometimes been a fadtor
problems for the placement/routing.

Hardware (tests of cards / integration)

Overall, the manipulations and the tests on the MLBoards went well although some failed cards thale
changed. The IRC-OWS and VLC-OWS interfaces wese designed to be used in complete chain of final
prototypes but also in direct wired (configuratitirack to back”) without the analogue part. This cgm
allowed testing directly the OWS equipment withbaliing the analogue cards and gain valuable tintbeat
integration of prototypes. Indeed, the fact of wgkon a European project involves working withleafues
who are not physically close, so it is necessatyetindependent on its side.

Note also that a problem was detected with the &Lthe ML510 card. There was a jitter on this cledkich is
used to generate all other clocks of the desigm.aprocessing only digital, this has no effectt far an
analogue processing, it can cause serious malursctHowever, some of our clocks are used by tladogoe
cards of partners. We changed the quartz of thet lmaanother quartz with no jitter (as explainedierin this
document). The using of evaluation board requires@ very vigilant to the characteristics and te th
performances of components of the card.
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Project management

Another important point of this development waslifferentiate the two parties IRC and VLC and mantgem
independently. Initially it was suggested to achiavcommon firmware for both technologies, butihéd out
that this could not happen because they requiferdift functions (TDMA and half-duplex transmission the
IRC-OWS prototype, broadcast transmission for th&€\MOWS prototype). Then we had to be careful andl ha
to order to manage these two parts simultaneoustiged, there are several firmware by prototypenduthe
development phase so it can be very easy to gef(\essions, revisions, simulations, testing, coufation
management, delivery...).

Working for a European project is not necessarltyious at efficiency and profitability level becauthe
communication between people of different natidiediis not the easiest. But for this working grosgeing the
results and performance obtained for the two pypes, we can see that this difficulty in communaathas
been largely overcome.

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

The successful integration of each party (boarggipenent...) of partners reveals that everyone awnkell 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, integrationdatitin, measures...
European Partnership (English, contacts, discoserje
Complete development
Difficulties:

Definition of physical interfaces

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

Management of the Xilinx ML510 boards (quartz, défes cards, support...)
Debugging of cards (ChipScope, feelings...)

Placement / Routing (instability of design, Chipfeo.)
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