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Executive Summary 

This report presents the emulation environment developed for hardware emulation of the DAVINCI 

codes in order to obtain performance results. First a general description of the extension of the DAVINCI 

decoder to support different codes is presented. Then, the 64-QAM modulation is considered for its 

integration in the emulation platform. Finally, the emulation platform and the performance curves are 

presented and discussed.  
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1 Introduc tion 

This deliverable deals with hardware emulation which constitutes a promising alternative to obtain 

performance curves in record time as the complete digital communication chain is implemented in an 

FPGA device. This leads to a significant speed-up factor (few hundreds to few thousands) in terms of 

simulation time. For this, the hardware description of the different parts of the digital communications 

chain is required, namely the source, the encoder, the channel and the decoder.  

 

The DAVINCI decoder generic VHDL description was considered in [D6.2.2]. In [D6.2.1] we presented 

the Hardware Discrete Channel Emulator (HDCE) as a component that emulates the effect of an Additive 

White Gaussian Noise (AWGN) in a base band channel. In this deliverable we focus on the integration of 

the different components in a single FPGA. 

 

This deliverable is organized as follows. Chapter 2 describes the generalization of the DAVINCI decoder 

to support different frame lengths and code rates. Chapter 3 presents the integration of the 64-QAM 

modulation to the VHDL decoder description. Chapter 4 presents the emulation platform and some 

emulation results. Finally, Chapter 5 is dedicated to conclusions.  
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2  Generalization of the NB-Binary DAVINCI deco der  

The decoder described in the D6.2.2 was tailored to the first NB-LDPC code of rate R=2/3, N=192, nm=12 

and nop=14, presented in [D.4.4]. In this section, we present the generalization of this first decoder in 

three different directions:  

 

1.  Architecture parameters: nm and nop. 

2. Type of code: length N and rate R for the new Quasi-Cyclic NB-LDPC matrices given 

in [D4.4].   

3 Modulation parameters: although not yet finished, we have also extended the type of 

modulation from Binary Phase Shift Keying (BPSK) modulation in a Gaussian channel 

to Quadrature Amplitude Modulation (QAM) modulation in a flat Rayleigh fading 

channel with Channel State Information (CSI).  

 

One should note that all the NB-LDPC decoders developed in the Frame of the DaVinci project are not 

flexible. There are all implemented for a given code with a given set of architectural parameters. The 

development of a versatile decoder is an engineering task which is out of the scope of the DaVinci 

project.  

 

2.1 Architecture parameters 

In this section we describe the generalization of the decoder for different algorithm parameters, mainly, 

the value nm of maximum LLR symbols taken into account in each message, soper, the number of 

additional messages taken into account in the CN processor, and, finally, the degree dc of the check node.  

Firstly we describe the design of a generic state machine able to handle those different parameters. 

Secondly we discuss the design of a generic Variable Node (VN) and a generic Check Node (CN).  

 

2.1.1 Generic state machine 

The state machine described in [D6.2.2] and illustrated in Figure 2-1-1 is designed in a generic way.  

 

Let us begin with the state Load_yi. As shown in Figure 2-1-1, the timing of this state depends on the 

codelength and the type of modulation (BPSK or QAM64) denoted by YIQ. We remark that this state can 

handle any codelength and the two modulation types. In the Gen_LLR state, the decoder performs the 

LLR generation of the codelength variables. Having dc Variable Nodes implemented in parallel, then the 

total time of the LLR computation is equal to the time of computation of one variable update (nm+YIQ+1) 

clock cycles multiplied by (codelength/dc).  

 

As for the Update state, the timing depends on the codelength, dc, nm, YIQ, nc and soper. The parameter 

nc representing the number of candidates in the L-Bubble Check algorithm is fixed to 4. The timing of 

decoder is mainly based on the time of this state which in turn based on the time of the CN operation. All 

the other parameters except nm and soper can be adjusted according to the user need.  
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Figure 2-1-1: Generic state machine 

The parameter dc with the fixed dv =2 defines the rate of the code 
c

v

d

d
R -=1  . We recall that dv denotes 

the degree of connectivity of the VN. Then, the timing of this state can execute any codelength, R, 

message length nm=12 and soper=1. By this way we have a state machine which can handle different 

codelengths and rates. The message length nm and the number of supplement operations soper should be 

adjusted according to the timing of the VN. This issue will be discussed in the next section. 

 

2.1.2 Generic Variable Node 

As described in [D6.2.2], the architecture of the VN does not depend on the codelength neither on the 

code rate. The VN receives a CTV (Check To Variable) message, 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 length and the used modulation type (BPSK or QAM64). For the moment, 

we consider the BPSK modulation and we discuss the generalization of the message length to be treated 

by the VN. 

 

As discussed in the [D6.2.2], one of main components on the VN is the sorter and the structure of the 

sorter depends on the message length. The sorter is composed of nb_stages stages where nb_stages is 

fixed according to the size of the list nm to be sorted, with nb_stages=log2(n), where n is the first integer 

of the form m

stagesnb nn ²= _2 . The latency Ls of the sorter depends on the number of stages and is 

expressed as:  
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=

   (eq 2.1.1) 

 

For nb_stages=4, Lsorter=15+8=23 clock cycles. We consider here that the message length entering the 

sorter of VN is inferior or equal to 16. This message length is fixed as the sum of nm and the supplement 

operations done in the ECN function of the CN: nm+soper=16. Based on the FER simulation, a message 

length > 16 does not give an important gain in performance. So, we consider that the maximum length of 

the message to be sorted in the VN is equal to 16. 

 

Now let us consider the VN input message coming from the CN. As discussed in [D6.2.2], each ECN in 

the CN generates nm+soper+nc-1 (LLR, GF) couples whose nc - 1 couples are always non-valid as shown 

in Figure 2.1.2. This arises during the initialization phase of the ECN comparator. We note here that 
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other non-valid symbols can arise during the ECN computation Figure 2.1.3 illustrates the CN outputs 

going towards the VN. As we remark, the outputs CTV(0), CTV(1), CTV(4) and CTV(5) generate 3 non-

valid symbols while CTV(2) and CTV(3) generate 4 non-valid symbols during the initialization phase. 

This is due to the wiring scheme of the Forward-Backward algorithm when an ECN of layer 3 of the CN 

receives two inputs both treated with the same number of ECNs of  layer 1 and layer 2 (see [D6.2.2]).    

 

 

 

Figure 2-1-2: Timing diagram of the ECN computation 

 

The VN architecture described in [D6.2.2] considers the treatment of these non-valid symbols and the 

sorter considers the whole input list of size 16. In order to exploit these three clock cycles, we have 

inhibited the treatment of the first three non-valid (LLR, GF) couples generated just after the first symbol. 

By this way we can increase nm or soper such that nm+soper=16. We have slightly modified the VHDL 

code of the VN and we have simulated and validated the decoder with nm=15 and soper=1. Thus, any 

combination of nm+soper=16 can be simulated.  
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Figure 2-1-3: Timing diagram of the CN obtained with ModelSim 
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2.1.3 Generic Check Node 

The CN architecture described in [D6.2.2] is designed in a generic way where any number of 

blocks can be implemented to meet any code rate. The ECN is also designed in a way to perform 

any message length and any supplement operation number soper.  So we can say that the CN 

presented in [D6.2.2] is generic. However, the latency of the CN varies with the variation of the 

CN degree dc. This latency also differs between the different outputs and depends on the order (or 

the position) of the output bus on the global CN architecture. In order to give some insights that 

will help the timing synchronization of the generic CN, we briefly describe hereafter the latency of 

the CN as well as for its different outputs for different degree of connectivity dc.  

 

 

latency 2(dc-2)  2(dc-3) 2(dc-4) 2(dc-5) 2(dc-6) 

dc=4 CTV(0,1,2,3)     

dc=6 CTV(0,1,4,5) CTV(2,3)    

dc=8 CTV(0,1,6,7) CTV(2,5) CTV(3,4)   

dc=12 CTV(0,1,10,11) CTV(2,9) CTV(3,8) CTV(4,7) CTV(5,6) 

 

The latency L(n) of the n
th
 output of the CN can be expressed by the following formula:  

 

L(n) = 2(dc-2) + min(0, max(1-n, n+1-dc)) cycles  (eq. 2.1.1) 

 

 

We note here that for 
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2 dcdc
n  the number of non-valid (LLR,GF) couples 

produced just after the first (LLR,GF) couple is equal to 4 as shown in Figure 2-1-3. For the other 

CN outputs this number is equal to 3.  

 

To conclude, the generalization proposed in this section allows us potentially to generate any code 

rate and code length. The remaining difficulty is to find a conflict free memory partition that 

allows to map the parity check matrix in the decoder.  

 

2.2 Memory organization for several code lengths and code rates 

The initial choice of the architecture with a single check node implementing in parallel the 

forward/backward algorithm was dictated by the limited hardware resources in the FPGA of IMEC 

for the final demonstrator. In fact, this architecture is the one that allows the minimum memory 

size for the maximum computational throughput. The drawback of this architecture is that it 

requires a complex memory organization. In fact, for each parity check, all the associated 

connected variable nodes should be stored in a different memory bank in order to be accessed in 

parallel. The study of the memory organization of the first decoder was lead by a research group of 

Lab-STICC/UBS not directly involved in the DaVinci project. They proposed an optimal memory 

organization for the first non structured NB-LDPC matrix proposed by ENSEA (R=2/3, N=192). 

Their method was presented in [CC10].  

 

The new generation of NB-LDPC matrices proposed by ENSEA [D4.5] is much more structured. 

These matrices are Quasi-Cyclic (QC) and based on a very simple prototype matrix. In order to 

construct the generic DAVINCI decoder, the main challenge is the optimal storing of the input 

data (channel observation) and the extrinsic data in the memory banks. Once a solution permitting 

to store the data in dc memory banks for each code rate and code length is proposed, the remaining 

task is the generation of the ROMs containing the memory addresses, the configuration of the 

Interleaver/De-interleaver and the GF multiplication/division. 

 

Because of the structure of the matrices in [D4.5], using a Protograph Typeī2 makes that only the 

two first memory blocks have to be analysed for a correct memory partition. The double diagonals 

make that for the matrices with girth multiple of 4, a memory partition without memory conflicts 

can be obtained with dc RAM blocks. This is the case of most of the DAVINCI matrices. 

However, for some DAVINCI matrices, no memory partition solution exists (i.e. non trivial case). 

The girth length multiplicity affects the memory partition as described by the following.  
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Figure 2-2-1 represents a bipartite graph with a girth length equal to six. A memory conflict arises 

when updating CNi because of the two VNs that belong to the same memory bank, and no 

memory partition exists to avoid this memory conflict. On the contrary, Figure 2-2-2 represents a 

bipartite graph with a girth length equal to eight. The memory partition found for this matrix 

makes that no memory arises during the update of all the CNs. 

 

 

 

 
 

 

Figure 2-2-1. Memory conflict representation for matrix with (girth_length/2) = 3. 

 

 

 
 

 

Figure 2-2-2. No memory conflict for matrix with (girth_length/2) = 4. 

 

 

In general, a memory partition without memory conflicts can be found for any matrix with a girth 

length such that (girth_length/2) is an even number. For the other matrices (i.e. matrices 

characterised by the fact that the  (girth_length/2) is an odd number), another solution has to be 

found to avoid the memory conflicts. In the following sections we first describe the case without 

memory conflicts. Then, we propose two original solutions for the case of memory conflicts. 

  

2.2.1 Memory allocation without conflicts 

The goal is to find a solution permitting to store the data in dc memory banks for different code 

rates and code lengths is proposed, the ROMs constituting the memory addresses, the 

configuration of the Interleaver/Desinterleaver and the GF multiplication/Division should be 

generated.  

 

b0 b1 b2 b4 b7 

      

[girth_length /2] = 4 

b0 b1 b2 b4 b7 

      

Memory conflict 
for this CN  

[girth length/2] = 3 
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Note that for most of the QC DAVINCI matrices, a memory partition with dc RAM blocks can be 

obtained without memory conflicts. For this deliverable, the following matrices were considered: 

 

¶ N = 192, R = 2/3 

¶ N = 192, R = 1/2 

¶ N = 48, R = 2/3 

¶ N = 48, R = 1/2 

¶ N = 72, R = 2/3 

¶ N = 72, R = 1/2 

 

These were chosen in order to provide a proof-of-concept of the decoder generalization in two 

ways: variable code length and variable code rate (i.e. different values for dc). 

 

Figure 2-2-3 partially presents the memory coloration for the first matrix (N = 192, R = 2/3). Six 

memory banks (dc = 6) of 32 cases each, are needed to store the channel information and the 

extrinsic LLRs (which are updated at each decoding iteration). The reader may refer to [D6.2.2] 

for further details on the memory partition and the definition of a ñcaseò (an abstract memory 

address that contains all information related to a variable: observation from channel as well as 

current variable to check message). Figure 2-2-3 presents the list of variable nodes connected to 

each check node. For example, in the first row, CN0 is connected to VNs 19, 28, 87, 109, 131, 

188. The given coloration (one color for each memory bank) makes possible that each CN 

accesses in parallel its six corresponding VNs, without conflict.  

 

 

 bank0 bank1 bank2 bank3 bank4 bank5 

       

CN0 19 28 87 109 131 188 

CN1 20 29 88 110 132 189 

CN2 21 30 89 111 133 190 

CN3 22 31 90 112 134 191 

CN4 0 23 91 113 135 160 

CN5 1 24 92 114 136 161 

CN6 2 25 93 115 137 162 

CN7 3 26 94 116 138 163 

CN8 4 27 95 117 139 164 

CN9 5 28 64 118 140 165 
 

Figure 2-2-3: Partial memory coloration of code matrix N = 192, R = 2/3 

 

 

The complete coloration of the code matrix is presented in Annex A (Figure A.1.1.a.). Figure 

A.1.1.b shows the content of the six memory banks. Note that, as dv = 2, each VN is updated twice 

during one decoding iteration. The memory partition for the other selected matrices is given in 

Annex A. Note that these memory partitions do not generate any memory conflict, and that the 

decoder can be successfully implemented without any complementary issue. 

 

2.2.2 Memory conflicts 

In order to provide an example of DAVINCI matrix where the memory partition with dc memory 

banks is not enough to solve the memory conflicts, we focus on the code matrices N = 28 and N = 

120 (for a code rate R = 1/2). Figure 2-2-4 presents the matrix structure for N = 28 and R = 1/2: 

for the given coloration, a memory conflict occurs between the first and second memory banks: 

CN5 needs to read VN0 and VN5, which are stored in the same memory bank. The same scenario 

occurs for CN9, when trying to read VN7 and VN9. No coloration solution exists for dc = 4 

memory banks. We then propose two different solutions:  

 

1. Write/read memory permutation  
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2. Adding a new memory bank 

 

These are explained in the following subsections. 

 

VN0 VN1 VN2 VN3 VN4 VN5 VN6 VN7 VN8 VN9 VN10 VN11 VN12 VN13 VN14 VN15 VN16 VN17 VN18 VN19 VN20 VN21 VN22 VN23 VN24 VN25 VN26 VN27

CN0

X X X X
CN1

X X X X
CN2

X X X X
CN3

X X X X
CN4

X x X X
CN5

X X X X
CN6

x X X X
CN7

X X X X
CN8

X x X X
CN9

X X X X
CN

10 X X X X
CN

11 X X X X
CN

12 X X X X
CN

13 X x x x

VN0 VN1 VN2 VN3 VN4 VN5 VN6 VN7 VN8 VN9 VN10 VN11 VN12 VN13 VN14 VN15 VN16 VN17 VN18 VN19 VN20 VN21 VN22 VN23 VN24 VN25 VN26 VN27

CN0

X X X X
CN1

X X X X
CN2

X X X X
CN3

X X X X
CN4

X x X X
CN5

X X X X
CN6

x X X X
CN7

X X X X
CN8

X x X X
CN9

X X X X
CN

10 X X X X
CN

11 X X X X
CN

12 X X X X
CN

13 X x x x

RAM0 RAM2 RAM3RAM1 Memory conflict

Non-zero elements in 
the matrix)

Non-zero elements in 
the matrix)

N=28dv= 2

 
 

Figure 2-2-4. Memory conflict in DAVINCI matrix N = 28, R = 1/2.  

 

2.2.3 Write/read permutation method  

This method was proposed by C. Chavet and P. Coussy in [CC10], two assistant professors of 

UBS. They were not directly involved in the DaVinci Project but, studying our memory allocation 

problem, they proposed (and published) a smart solution for the memory conflicts. Hence, the 

memory conflict is solved without any additional memory cost. Some logic must be added to the 

architecture for the calculation of the VN memory addresses at each iteration.  

 

Each RAM is divided in two zones, whose size is given by a parameter ȹ. For a given CN, ȹ is 

defined as the difference between the first two VNs initially stored in two consecutive memory 

banks. For example, in Figure 2-2-5.a, ȹ0 = VN2 ï VN0 = 2, for CN0. This corresponds to the 

number of VNs to be stored in the first zone of RAM0. Then, calculating N/dc ï ȹ provides the 

number of VNs to be stored in the first zone of RAM1. For the second zone of RAM0, ȹ2 = VN12 

ï VN7 = 5. And, for the second zone of RAM1, N/dc ï ȹ2 = 2. The final distribution for RAM0 

and RAM1 is then as depicted in Figure 2-2-5.b.  

 

The write/read RAM permutation through the different CN updates is then as in Figure 2-2-6. In 

this Figure, for the update of CN0, VN0 is read in RAM0, then written in RAM1; VN2 is read in 

RAM1, then written in RAM0. For the update of CN1, VN1 is read in RAM0, then written in 

RAM1; VN3 is read in RAM1, then written in RAM0. The memory addresses for the VNs change 

dynamically. The following equation provides the memory address for a given VN at each 

iteration: 

 

@ = modȹ [@ initial  + modȹ [(N/dc)*(N iter-1)] ]  (Eq. 2-2-1) 

 

where modȹ represents the modulo ȹ operation, where ȹ is a function of the RAM and the zone 

where the VN is located. 
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Figure 2-2-5.a: CN memory coloration with the write/read 

permutation method 

 
 

 
Figure 2-2-5.b:  Two zones in each 

RAM. The size of each zone given by 

the parameter ȹ. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-2-6: VNs in the two first memory banks, for N=28, R=1/2, for the first 

three CN updates. Write/read permutation method. 

 

 

Figure 2-2-7 presents the RAM contents for the third iteration. By applying Equation 2-2-1, the 

instant address for a given VN can found. For example, for VN11, the initial address is 4, in the 

second zone of RAM0. As VN11 is located in the second zone, ȹ2 = 5. Then, mod5(@init  + mod5 

( N/dc * (Niter ï 1))  )  = 3.  

 

RAM0  RAM1  

V0 V3 

V1 V4 

V8 V5 

V9 V6 

V10 V2 

V11 V12 

V7 V13 

Figure 2-2-7: RAM contents at the third iteration. Write/read permutation method
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2.2.4 Adding a new RAM block 

This corresponds to the natural solution. The VNs affected by a memory conflict are stored in an 

additional RAM. This leads to a number of RAMs equal to dc + 1. 

 

2.3 Synthesis results of the different DAVINCI decoders 

Figure 2-2-8 presents the synthesis results of the implemented DAVINCI decoders, without memory 

conflicts (see Section 2.2.1). 

 

 

 

 
Figure 2-2-8. Synthesis results of the different implementations of the DAVINCI decoder (for 

variable code lengths and rates) 

 

 

2.4 Conclusion 

The matrix coloration makes possible a memory partition (with dc RAM blocks) for the DAVINCI 

decoder without memory conflicts for most of the codes (different frame lengths and code rates). For the 

remaining codes, two solutions have been proposed: the write/read permutation and the additional RAM 

block. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




