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Executive Summary

This report provides all the documentation abdbe DAVINCI decoder implementationand the
necessary information for its integration into other platforfitie different development tools (VHDL
files andC files) arealsopresented.

Section lexplainshow to run and validate théHDL model of the decodarsing ModelSim

Section 2 briefly describethe C model conforedto the VHDL modelwhich we designed to help the
debug and the validation tfe VHDL model.

Section 3 describdhe VHDL specification of the decoder that has been delivered to IMEC.

Section 4 describes the different stépsthe generalizationf the DAVINCI decoder to obtain a generic
decoder able to decodéferent codeéngth, code rate and message lengiihs

The currentversion of theD6.2.2 decoderconsidersa BPSK malulation In section 5, we give®ne
insightsto obtain a decodexdapted t®4-QAM symbols.
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List of Acronyms and Abbreviations

BC Bubble Check

CN Check Node

CAM Content Addressable Memo

ECN Elementary Check Node

EMS Extended MirRSum

FER Frame Error Rate

GF Galois Field

GCU Global Control Unit

LBC L-Bubble Check

LDPC Low Density Parity Check @&le

LLR Log Likelihood Ratio

PCM Parity Check Matrix

SNR Signatto-Noise Ratio

VN \Variable Node
Conventions

This document uses the following conventions. An example illustrates each convention.

Convention

Meaning or Use

Example

Square brackets A[0:n]

components

Denotes a vector

CT V][ O denotes the Ched
To Vaiiable message of sizg,

Composite type: A.B

Denotes the component B of
vector A of a composite typ
component (VHDL record type)

CTVIJi].LLR: denotes the LLR
component of thei™ composite
component of the Check
Variable message
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1. Validation of the DAVINCI decoderwith ModelSim

The VHDL model of the decoder consists df BHDL files plus one test bench file for ModelSim
simulation.

ModelSim Folder. ModelSim_project

Top Level VHDL entity:CVNB.vhd

Test bench filesim_CVNB.vhd

Main parameters to be set in the Davinci_pkg.vhd file are:

NiterMax number of maximum iterations executed during the decoding process (maximum value is
soper constant representing the number of supplemeatatipn to be done in the Elementary Chg

Node function. Number of total operation is;, + soper¢ 16

nm: the message length going from the RAM to the CN (is set to 12)

nmv: Message length entering the Variable Node (is set to 16)

bit_IIr: numbe of bits representing the intrinsic LLR values (set to 6)

S_llir: number of bit representing the extrinsic LLR values (set to 6)

sat_valuea constant value related %o lllr. satvalue=3-"-2. For S_lIr=6, sat_value62.
offset a constant representitige offset compensation of the truncated message in the EMS algorithn

ISE Folder: ISE_project

The validation of the DAVINCI decodarsing ModelSimconsists instimulatingthe decoder by ingu

data repremnting the noisy encoded bits generated witlC anodel of the Notbinary LDPCercoder

using a Gaussian Channel model and BPSK modulation. The decoder receives the BPSK symbols,
performs the decoding iterations and generates the decoded symbols

In order to verify the functionality of the decoder, one should compare the output of the decoder to the
encoded symbols obtained at the output of the encoder (befermodulation andaddition of the
AWGN). For this we have saved a set of frames gaed using theC model of the encoder to be
compared witlthe decoded symbslobtained with VHDL model of the decoder.

Figure 1-1 depicts in a block diagram the validation method of the VHDL model. ODeC code
considered in tis experiment is LDPC(2,6) N=192. This is the code considered in the D6.2.2.

The database glaGFedcodedBdB titdt®e ¢ o hteaifins t he GF symbol s
where each frame consists of N=192 symbols. These 192 symbols represent the iorfoamztthe
redundancy symbols.

The database sdata § BdBilter80 tamtains the hoised AGF symbojsroduced at
SNR=3.0 dBdenoted byy;. This is the binary noised version of the encoded GF symbols saved in the file
dbGF_encoded3dB_Iter8 It consistehen 0f2267 frames where each frame is representeits iynary

format of(192*6) y; data.

The data in these two files are saved in one single column and the read of each frame from the
data_yi_3dB_lIter8 anddbGF_encoded3dB_Iter8takes 192 ah 192*6 clock cycles respectively.

Wenotet hat a 26s compl ement represent atdataoTheseodata 6 bi t s i
are quantized according to the quantization technique described in the D6.1.3 with a quantization range
yi_ QR=18.
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C model
AWGN Channel
Encoder Decoder |-
data yi 3dB Iter8
dbGF_encoded3db Iter8
Encoded GF Noised GF
symbols symbols GF symbol FER
comparsion -——»
Q)
VHDL model
Decoder >
F I
GF symbol {0
comparsion | ——»
(VHDL)

Figure 1-1: Block Diagram of the validation method of the VHDL model of the DAVINCI Decode

We note here, that with the latg$trame Error RateJFER simulation of different quantization range
yi_QRusing the C decoder, wwave obtained the best FER wjth QR=9.35. Thisis thevalue which has
been used to perform C FER simulation for different SNR illustrated in the D6.2.2.

The C and VHDL decodsmerform the decoding process using 8 iterations. The FER is computed by
corsidering the comparison of the decoded symbols to the encoded sineed in the

fidbGF_encoded3dB_Iter® file. After 8 decoding iterations, the FER obtained with the two models C

and VHDL was respectively 10/2267 and 9/22606r the VHDL decoder the signds that showthe
results arenbframes(number of simulated frames amdror_frame (hnumber of erroneous frameak
shown inFigurel1-2.

error_frame

Figure 1-2: lllustration of the simulation of two frames obtainedwith ModelSim

Conclusion: A validation of the VHDL model st i mul at ed
databaseshould give9 erroneous framesamong 2267 simulated frames when the VHDL decoder
output is compared to the GF symbols stored in thdbGF_encodel3dB_Iter8 database.

by

t h @B HeaBd a
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The Hardware implementation of the DAVINCI decodé®H_ project) showed that the decoder
consumes 21808lices and run a maximum frequency of48MHz. A timing constraint of 1 b ns was
set t o the Ta&debdekce: ¥iBebdK(BC4vIx200-11ff1513. The result sunmary of the
implementation can be seen in the html filla&/NB_summariocated alSE_project folder.

2. Model C of the decoder

Relatedsoftware projects and Files:

C: Idpc_min_vraiVHDL
VHDL : decoder2_debug
Matlab: comp_C_VHDL

During the development of the VHDLode of the decoder architecture, it was necessary to validate each
designed component and manly the Variable N@dd) and the Check NodéCN) by considering as
reference the C model which has been validbtelbng FER simulations.d¥ this, we have reonsidered

the development of the C model of each of the Variable and the Qletdsas well as the decision
making circuit described in the D6.2.80, we developed a C code conform to YHeDL model by
consdering the timing at the clock cycle level. This new C model has been validated by long FER
simulation.

Now, in order to validate the developed VHDL VN and @® considered the stimulation of the C and
VHDL model with the same input and a comparisbithe corresponding output can judge on the VHDL
model. Tha means, if the C and VHDL outputs are the coherent, we consider that the VHDL component
is well operatingThis validation method is illustrated iigure2-1-1. The stimuli is a file containing a

set ofdatagenerated with the C model. The C and VHDL outputs of the CNs are sawvealfites.

C model
Check Node "
?=0
Stimuli —
VHDL model
"I Check Node :

Figure 2-1: Diagram block of the validation method of the VHDL Check Node

The C model of the DAVINCHecodemwhich conforms tahe VHDL one is developedh the kdevelop
project located in thédpc_min_vraiVHDL folder. This decoder can be esuted using the execution
command described in the scripics_simu.sHile. The executioncommand used in this files well
explainedby thecomments at thbegin of the file.This project can only simulate the LDPC(2,6) N=192
code.

The VHDL project dedicated tche d e b u g i s [decader2_delug. iThe tedt bench
decoder2_debug/sim_CVNB.vhdile reads the stimuli file and execst¢he @coding operatianThe

VHDL process dedicated to the storing of the required data are developed in the top level entity file
decoder2_debu¢CVNB.vhd

Once thdiles constituting theC and VHDLdatdasa are generated, theiomparison is performed using
some Matlab scriptl e vel oped comp @ WHDL i éThisfile dcans the C and VHDL
databases and performs the comparitfaihe result is zero, this means that the VHDL model is coherent
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with the C model, otherwise the difference between the C\AfidL databases constituting the GF
symbols is indicated. Let us considéte code LDPC(2,6) N=192, M=64. The comparigmmsists in
comparing the GF symbols obtaineith the two models. We have 64 CN operations, at each operation
the d.=6*n,, GF symbols ee compared column by colummfihe result of compason is a 64*6 matrix. If

the matrix is zero, it means that all the GF symbols obtained with the C model are found in the VHDL GF
database. If not, each component of the row indictite number of &GF synbols that has not been
found in the VHDL symbols.

Anotherkdevelopproject located in thédpc_minCVHDL folder has been developed. This project was
the first version of the C model which considers the same wiring technique of the F&ackndard
algorithm used in the VHDland C models of the CNs. But the timing at the clock cycle and the order of
the data is natonformingbetween the C model.

The projectldpc_minCVHDLIs generic and can simulate the set of the DAVINCI codefixed and
floating pointprecision. The FER simulation using floating point precision illustrated in the D6.2.2 are
obtained by means of this C project.

3. Description of the DAVINCI decoder delivered to IMEC
This delivery comes in a zip file, named DaVinci_2010_01_22wfiich contains:
1 Asetof VHDL files
1 Asetof test files
1 A modelsim directory with a modelsim project for simulation and validation purpose
1 Anise directory with a valid ISE synthesis project for a Virtex4
Decoder implementation VHDL files
async_fifo.vhd RAMBLOCK.vhd
COMP_INTERLEAVER26_N192.vhd ROM_BANC32_26N192 kd

ControlUnit2.vhd
CVNB.vhd
DaVinci_pkg.vhd
fsl_v20.vhd
gen_srlfifo.vhd
gen_sync_bram.vhd
gen_sync_dpram.vhd
INTERLEAVER26_N192.vhd
listsorter.vhd

lIr.vhd

lIr_stage.vhd
Multiplier.vhd
RAM.vhd
RAM_SECN.vhd

ROM_BANC64 26N192.vhd
ROM_BANC64 26N192_ Desinter.vhd
ROM_CASE32_26N192.vhd
ROM_CASEG64 _26N192.vhd
ROM_DIV_26N192.vhd
ROM_MULT_26N192.vhd
ROM_MULT_26N192.vhd
SCN.vhd

SCNB.vhd

SECN.vhd

sim_CVNB.vhd
sorter_stage.vhd

sync_fifo.vhd

Decoder interface with MEC environment, VHDL files

DV_ctrl_interface.vhd
DV_ctrl_interface_arch.vhd

DV_decoder_interface.vhd

DV_decoder_interface_arch.vhd

DV_imec_ctrl.vhd
DV_imec_ctrl_arch.vhd
DV_imec_input.vhd

DV_imec_input_arch.vhd
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DV_imec_output.vhd DV_lib.vhd
DV_imec_output_arch.vhd DV_output_interface.vhd
DV_imec_output_arch.vhd DV_output_interface.vhd

DV_input_interface_arch.vhd

Top level, testbench VHDL file
testbench.vhd

Data files for test and functional validation
data_yi 3dB_lter8.txt
dbGF_encoded_3dB_Iter8.txt
entree_3.0dB_18.0_6.txt
sortie_3.0dB_18.0_6.txt
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3.2 Decoderdés functional parameters with iIm
The delivered decoder considers a:

1 BPSK modulation, 6 words per symbol

1 NonBinary LDPC(2,6), with N=192 symbols, one framd 152 words

1 Word width is 6 bits

—— decoder's constants

constant MODULATION EBITS : natural = 1:

subtype MODULATION TYPE iz 2td logic wvector (MODULATICH EITS-1 downto 0] :
constant QAME4d : REGISTER_TYPE := conv_std logic wvector (0, REG BITSI):
constant QAMEd WORDS PER SYMEOL @ natural := 2}

constant BPRE i REGISTER_TYPE := conv_std logic_wvector (1, REG BITS):
constant EPSK_WORDZ PER 3TMECL : natural 1= A2

constant MAXY WORDS PER 3VHMEOL ¢ natural := BP3SE WORD3 PER SYMROL:

constant FRAME SIZE EITS : natural = 12; -- 0..2048, C2Z coded

subtype FRAME SIZE TYPE is std_logic_wvector (FRAME 3IZE BITS-1 downto O);
constant FRAME WORD3 EBITS : natural := FRAME 3IZE EBITS + 3: —- bhecause EBPSK will n
subtype FRAME WORD3I TYPE iz std logie vector[FRLHE WORDS BIT3-1 downto 0O):
constant MODULATICN ADDR i ADDRE3IS TYFE := conv_std_loglc_vectortﬂ ADDR_EBITH):
constant FRAME 3IZE ADDR H ADDRESS_TYPE t= conv_=td logic wector(l, ADDR BITSI):
constant INFUT FRAME WORDS ADDR @ ADDRESS TYPE := conv_std logic wvector (2, ADDE_EBITS);
constant OUTPUT _FRAME WORDS_ADDE : ADDRESS TYPE := conv std logic wector (3, ADDR _EITI):
constant WORD BITS ¢ natural := PAYLOAD BITS:

subtype WORD_TYPE iz std_logic wvector (WORD EIT3-1 downto 0O);

Figure3-11 DV_lib.vhd file parameters

1 FRAME_SIZE_BITS (12) is the number of bits required to store a frame size (in words).
Because max frame size is 1152 (192x6=Nx6), we need 11+1 bits (11 bits of magnitude, 1 sig
bit).

T WORD_BITS(6) is the number of bits per word output by the decoder. At this time
PAYLOAD_BITSandWORD_BITSare the same. This can be adapted if required.

—— tegthench configuration

—— gelect only one of the two following lines

constant TEST MODULATICH i REGIZTER _TYPE := EP3E:
—-—constant TEST MODULATION ! REGIZTER TYPE := QAME4;

—— gpecify the frame length (in symbols)
constant TE3ST FRAWNE 3TZE i hatural = 192;

Figure3-21 Testbench.vhd file parameters

To configure the testbench and replay it:
1 Setmodulation to BPSK.
1 Specify frame size (in symbols) withe TEST_FRAME_SIZE parameter = 192

Pagell (20)
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3.3 On theintegration of the DAVINCI decoder at IMEC

1/ The decoder has been designed and validated by simulation at UBS. Decoder simulation needs the
unisim library from Xilinx for the targeted device.

2/ Synthesis with ISE 11.1 for a Virtex4 (xc4vIx200ff1513 device) gives an estimation of 57 MHz
max frequency and consumes |l ess then 25% of the devi

3/ I ntegration of c or €ace dvithcldELCehas beem tdane ah@ cedfiddebyd s | nt e
simulation with files entree_3.0dB_18.0_6.txand sortie_3.0dB_18.0_6.txtWhen data from file
entree_3.0dB_18.0_6.tdre input directly to decoder or to decoder_interface they provide the same
results:sortie 3.0dB_18.0_6.txt

4/ For functional, systesevel, with BER rate, validation at IMEC:

dbGF_encode_3dB_Iter8.txtis a file containing the data generated with the model C of theB\mary
LDPC(2,6) N=192 Encoder. This File contains 2267 frames. Each framsists of 192 GF symbols.

data_yi 3dB_lIter8.txt is a file containing the noisy version of the first file generated using a Gaussian
Channel modelisation. This file will constitute the input of the f&amary LDPC decoder. The data have
been generated ol bits using 2's complement binary representation. This File contains 2267 frames.
Each frame consists of 192*6 data.

In order to validate the decoder, tatepsto be done:
1- Stimulation of the decoder with the file data_yi 3dB_Iter8.txt

2- Comparison betweenthe decoder ouput and the symbols constituting the file
dbGF_encode_3dB_Iter8.txt

The comparison result should give 184 erroneous symbols among (2267*192) compared symbols.

3.4 Simulation of the DAVINCI decoderinterface

A picture of -chronizatidntschegmel evel 0 syn

4
4
4
4
o
=

|+

L

R

1rst input frame 1rst output frame
2"%input frame
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A picture of the start of the first frame

1
1
1

o

=

Input data on signal input_payload are the data found iaritree_3.0dB_18.0_6.tkte.

A picture of the start of the first output frame
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4. Generalization ofthe decoder

The decoder describad the D6.2.2 and discussed in hievious sections is dedicated to treat one NB
LDPC code of rat®®=2/3,N=192 andh,=12. In this section we describe the generalizataf the decoder

at different stepsFirstly we desdbe the design of a generic state machine able to handle different NB
LDPC codeswith different rates and code lengtl8econdly we discuss thikesign of generic VN and CN
and then we discuss the memory partition for diffeNBtLDPC codes

4.1 Generic sate machine

The state machine described in the D64 illustrated irFigure3-1 is designed in a generic way

Let us begin withthe stateLoad_yi. As shown inFigure 3, the timing of this state depds on the
codelength and the type of modulation (BPSK&QAM) denoted byy1Q. We remark that this state can
handles any codelength and the two modulation tydasthe Gen_LLR state,the decoder performs the
LLR generation of theodelengthvariables.Having d. Variable Node implemented in parallel, then the
total time of the LLR computation is equal to the time of computation of one vatipb&e(n,+YI1Q+1)
clock cycles multiplied bydodelengttd,).

As for theUpdate state, the timing depends orettodelengthd,, n,, YIQ, n. andsoper The parameter
n. representing the number of candidates in tHBQ algorithm is fixed to 4The timing of decoder is
mainly based on the time of this state which in turn based on the time of the CN operatioe.oMteth
parameters excepf, andsopercan be adjusted according to the user need.

start_in=0

Wait_start

Niter = NiterMax
and
glob_count > Upd_cst

glob_count < Load_cst

Niter < NiterMax
and
glob_count < Upd_cst

Load_cst=codelength*YiQ-1
Gen_cst=(codelength/d }¥{n+YIQ+1}-1
Upd_cst=2*{codelength/d ) *{2*(d_-2}+n+YiIQ+{(n-1}+sopertl)-1

Figure 3-1: Generic state machine

d
The parameted, with the fixedd, =2 defines the coderate R=1- d—" , we recall thad, denotesthe
[
degree of connectivity of the VN. Then, the timing of this state can executodaiengthR, message
lengthn,=12 and soper1. By this way we have a state machine which can handle different codalength
andrates. The message length, and the numhreof supplement operatiorsopershould be adjusted
according to the timing of the VN. This issue will be discussed in the next section.
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4.2 GenericVariable Node

As described in the D6.2.2, the architecture of theddds not dependn the codelength riéier on the

code Rate. The VN reives a CTV (Check To Variablehessage, internally generates the corresponding
intrinsic LLR and performs the update operation. This generic aspect of the update process of the VN
depends only on the message leraytdthe used modulatiotype (BPSK or QAM64). For the moment,

we considethe BPSK modulatiomnd we discusthe generalization of the messdgagth to be treated

by the VN.

As discusseth the D6.2.2one ofmain componeiston the VN is the sorter and the sture of the sorter
depends on the message lendthe sorter is composed ab_stagesstages wher@b_shgesis fixed
according to the size of the ligf, to be sortedwith nb_stageslog2(n), wheren is the first integer of the

form n=2"-%%9%2 n_ The latencyf the sorter depends on the number of stagesis expressed as

nb_stages1
Lsorter= § 2' +2*nb_ stages
i=0

For nb_stages4, Lsorter=15+8=23 clock cyclesNe consider here that the message length entering the
sorter of VN is inferior or equal to 16. Thisessagedngth is fixed as the sum nf, andthe supplement
operatiors done in the ECN function of the CN;;+soper16. Based on the FER simulation, a message
length > 16 does not give an important gain in performance. So, we consider that the maximmflengt
the message to be sorted in the VN is equal to 16.

Now let us consider the VN input message coming from theAGNliscussed in the D6.2.2, each ECN in
the CN generates,+sopern.-1 (LLR,GF) couples whose.-1 couples are always naalid as shown in
Figure4-34-3. This arises during the initialization phase of the ECN compatfemote here that other
nonvalid symbols can arise during the ECN computatigigure 4-4 illustrates the CN outputs goig
toward the VN. As we remark, the outp@3V(0), CTV(1), CTV(4) and CTV(5) generate3 nonvalid
symbols while CTV2) and CTVQ) generate 4 nemalid symbols during the initialization phase. This is
due to the wiring scheme of the Forwddckward algothm whenan ECN of the layer 3 of the CN
receives two inputbothtreated with the same number of ECNs of the layer 1 and layer 2 (see D6.2.2).

a S s

rst J—\

Dinl.start l—l l—]

Din1.dvalid | FTT T 1T

S T v e e (et fiweramsfaner

Din2.start |—|

Din2.dvalid I‘|-- =12 cycles =l|

Din2data XM XE,GFX@ LLRGF X ----- X LLR,GF| XEXEGFXEEX:

symb_count ‘X D X:X ------ D X:X:

Dout.start [ ] [

Doutd.valid [ ] BERHEEN | [ L
— TS ST

Doutd.data LLR,GF@G;TX 63_,9)@@X [ §3:9) ————— XLLR’GF m

f? A #nc-1+soper=16 cycl - "
ECN compiriatis
Write in the RAMs / vutation

Read from the RAMs

non-valid symbols

Figure 4-3: Timing diagram of the ECN computation

The VN architecture described in the D6.2.2 consitlee treatment of ttse nonvalid symbolsand the
sorter considers the whole input list of size 16. In order to exfileie three clock cycles, we have
inhibited the treatment of the first three realid (LLR, GF) couples generated just after the fginbol.
By this way we can increasg, or sopersuch than,+soper16. We have slightly modified the VHDL
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code of the VN and we have simulated and validated the decodenwits andsoper1. Thus, any
combination oh,;+soper16 can be simulated.

Pagel6 (20)



DAVINCI D3.2v1.0

Figure 4-4: Timing diagram of the CN obtained with ModelSim
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