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ABSTRACT

LOW DENSITY PARITY CHECK DECODER IMPLEMENTATIONS

Low density parity check (LDPC) codes are linblrck codes used for error
correction mostly in high speed digital communication systemsdigigal broadcasting,
optical fiber communications and wireless local area netwdREC codes have been
subject to extensive research because of their significafttrm@nce in error correction.
LDPC codes are mainly decoded using an iterative algorithmedcadum product
algorithm. This algorithm can be implemented in both probability agdibmains. Since
it is more suitable for hardware, sum product algorithm is comyriorplemented in log-
domain.

The work done in this MS thesis is hardware implgation of LDPC decoders for
variations of sum product algorithm in log-domain. Irregular LD&@es which were
found to be better in error correction were used in all impléatiens. Decoders were
designed configurable for usage of different parity check matriskbsdecoders were
implemented using parallel architecture and one of the variatfaihe algorithm was also
implemented using serial and semi-parallel architecturescodiers were implemented in
VHDL (VHSIC Hardware Description Language). Functional veaiion was made by
running simulations, using Cadence NCSIM simulator, a top-level Vk#d3tbench and
input stimuli generated using MATLAB. As the result of thendiations, bit error rate
(BER) values for different signal to noise ratio (SNR) valwese found for each decoder
implementation. The implementations were synthesized to logtesgm 65 nm
technology. Area reports were generated using the synthesis Sgobpsys Design
Compiler. Finally, the power estimation was done for eachdicimplementation using
Synopsys Power Compiler tool. As the result of the analifsesgdecoder implementations

are compared according to their BER performance, area and pomgimption.



OZET

“LOW DENSITY PARITY CHECK DECODER” UYGULAMALARI

Low Density Parity Check (LDPC) kodlar, guriltuli &iéarda sayisal veri
iletiminde olyabilecek hatalarin dizeltimesinde kullanilan lineer blok kodla&hasisal
yayin, fiber optik ilegim sistemleri, kablosuz ilgim aglari gibi yiksek hizli sayisal veri
iletim sistemlerinde kullanilan LDPC kodlari, ¢ok yiksek hata dimeel oranlar
sazlamaktadir. Bu 6zelliklerinden dolayi pek ¢ok ginanaya konu olan LDPC kodlarinin
¢ozllmesi icin toplam carpim algoritmasi adinda yinelemelialgoritma kullanilir. Bu
algoritma hem olasilik tanim alaninda hem logaritma tananiada kullanilabilir fakat

donanim tasarimina uygugiu nedeniyle logaritma tanim alanindaki kullanimi yaygindir.

Bu master tezinin i¢grilogaritma tanim alaninda toplam carpim algoritmasinin
degisik varyasyonlari donanim yapilarinin tasarlanmasidir. Hataltdiee daha iyi
olduklart bulundgundan, tasarimlarda diizgin olmayasgiike kontrol matris yapisi
kullaniimistir. Matris parametreleri programlanabilen LDPC kod ¢oziucpkalel mimari
kullanilarak tasarlanmgiir. Ayrica toplam c¢arpim algoritmasinin bir varyasyonu i
paralel ve seri mimariler de kullanilarak tasarimlar yagtir. Tasarimlar VHDL adi
verilen donanim tasarim dili kullanilarak giurulmustur. Daha sonra tasarimlar, VHDL
testbenchler ve MATLAB kullanilarak ojturulmus giris verisi kullanilarak olsturulan
dogrulama ortaminda, Cadence NCSIM lojik simulatorle simule naghi.
Simulasyonlarin sonucunda her bir tasarim icigigle isaret gurultii oranlarinda bit hata
orani dgerleri elde edilmgtir. Ayrica tasarimlar Synopsys Design Compiler devreezent
programi kullanilarak 65 nm teknolojisinde sentezlgrwei her tasarim icin alan bilgileri
elde edilmgtir. Son olarak devrelerin tahmini gug gdeleri Synopsys Power Compiler
programi kullanilarak bulunmgtur. Sonug¢ olarak, kod ¢oziict tasarimlari, bit hata orani

performansi, alan ve gu¢ harcamasi 6zelliklerine gorgl&sgrmimistir.
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1. INTRODUCTION

The recent improvements in high-speed commtinitancreased the importance of
efficiency and reliability in digital communicati®ystems. Since error correction is one of
the most important subjects for designing a rediabgital communication system, a lot of
research activity has been done in the last yaathis subject. One of the most significant
outputs of these activities is the rediscovery oWwlDensity Parity Check (LDPC) codes

which were developed by Gallager [1] in the 1960's.

LDPC codes remained unnoticed for neahlyty years because they were too
complex to implement using the hardware impleménmaiechniques of those days. Later
in 1990’s they were rediscovered by MacKay and N2phnd they were found to have
very good error correcting capability. Extensivesearch activities following this
rediscovery showed that it is possible to have annbl capacity which is very near to
Shannon limit using LDPC codes as error correcti@thod in a digital communication

system.

An LDPC code is linear block code specifby a sparse parity check matrix which
determines the error correcting performance. Emgpdif LDPC codes is made using a
generating matrix derived from the parity check nmatDecoding of LDPC codes is
generally made using derivations of “sum prodiugorithm” that can also be found with
the name “message passing algorithm” in the liteeat Sum product algorithm was
presented by MacKay [12]. This algorithm can bessiiied as a belief propagation
algorithm which uses a bipartite graph composelitohodes and check nodes and belief
messages are sent between these bit nodes andratabek Different derivations of sum
product algorithm are used in different applicateoeas of LDPC codes and each has its

own advantages and disadvantages according tppteation area.

Sum product algorithm can be implementetivio different domains like probability

domain and log domain. The aim of this thesis ieeg®arch the algorithm in both domains



and make hardware implementations of differentvdgions of the algorithm in order to

compare them in terms of suitability for hardwarpiementation.

LDPC decoders implemented in this thesgsveritten in VHDL (VHSIC Hardware
Description Language) in RTL (Register Transfer élgvThey are functionally verified
using a logic simulator (NCSIM from Cadence) usiigDL testbenches and input stimuli
generated using MATLAB. As the result of this viedtion, bit error rate (BER) values are
found for each implementation for different sigtmhoise ratio (SNR) values. In addition,
decoding latency is found for each implementatiédter verification, the decoder
implementations are synthesized to logic gates ®fnf technology using Synopsys
Design Compiler tool and area reports are genefateglach implementation. Finally, the
estimated power consumption for each implementatiaa found using Synopsys Power
Compiler tool. Using the result of this analysigcmparison is made in terms of hardware
design suitability among the decoder implementatitm find the implementation type

which is more convenient for hardware implementatio



2. LOW DENSITY PARITY CHECK CODES

2.1. Introduction

In this chapter, the necessary backgrdendhe research of Low Density Parity
Check (LDPC) decoder implementations is preser8atte LDPC codes are a special case
of linear block codes, main properties of lineade®are discussed first. Then LDPC codes
and their general properties are explained. Finaly?C decoding is explained and two

main types of LDPC decoding algorithms are presknte
2.2. Linear Block Codes

Linear block coding is a subtype of bloofding that is made by dividing the
information sequence into message blocks. Lineackbtodes have a linear algebraic
structure that provides a reduction in the encoding decoding complexity compared to

arbitrary block codes.

Definition 2.1. An (n, K) linear block codé with message word length k and codeword
length n over the finite field F2 = ( {0, 1}, +)s a k dimensional subspace of the vector
space W(F2), of n-tuples with elements from F2. There &le message words
U = [W, W, ..., U.1] and 2k corresponding code words C g [@, ..., G.1] in the codeL.
Thus a linear code of length n is a subspace pofwlich is spanned by k linearly
independent vectors,g, ..., &-10f V,. With the k linearly independent vectos g, ...,

Ok-1 Of V,, given above, any codeword X can be written ageat combination of these

vectors as follows:

X=3mg, (2.1)

i=1

Different code words are obtained forfediént combinations of the coefficients of
m; . Also the codeword X can be represented by mattikiplication as X=mG where m is

a 1 by k matrix (vector) which is essentially thegsage word to be encoded and G is a k



by n matrix whose rows constitute the k linearlggpendent vectors'sy G is called the
generating matrix of. From the above discussion, it is easy to seeGHas rank k, hence
it can be reduced to the form G % [IP] where{ is a k by k identity matrix. The reduction
of G to that form may need some column swappingiwpbiermutes the order of the bits in

the code words.

In addition, using G matrix, if a messagard m is encoded to a codeword c, then
the first k bits of ¢ are exactly equal to m. Thésults an easy extraction of original
message sent after decoding a received word. Thespace( of the subspacé has

dimension n-k and is spanned by n-k linearly indelemt vectors § hy, ..., k1. Since

each hi belongs tgl, for any c ing, ch’ =0 for all i. Furthermore, if x is any binary

block of length n but x does not belonggothen xh™ # 0for all i. These n-k linearly
independent vectors honstitute the rows of a matrix called Parity Gh&tatrix so that

cH™ =0, if and only if ¢ belongs td. Before continuing the explanations about linear

block codes, the following definitions should been:

Definition 2.2. The Hamming weight of a codeword is the numbenarf zero bits of the

word.

Definition 2.3.The Hamming distance between two code words oédangth

is defined as the number of places where the digtsr between the two words.

Hamming distance is a metric on the set of all cadeds, {. Also, the weight of a
codeword U is simply d(U, 0) where 0 is a codewnfdame length as U and consists of

all zero’s.

Definition 2.4.The minimum distance of the cogés the minimum distance between any

two vectors irt.

The generating matrix G is chosen in sugbay that the minimum distance ©is d.
If a received word is found to be at a shorteragise from any other codeword {nit
indicates that an error has occurred and it shaulbe corrected to a codeword that is

closest to it in the sense of the Hamming distariéar. example, in case of a channel that



will create at most one error per codeword, minimdistance between the code words
should be two. By this way, if an error occurs, theeived word which is at a distance of
one from at least one of the code word§ implies that there was an error. But it might be
impossible to correct the error if the received avaw at the same distance from two or
more code words if. Linear block codes is that in order to deteatrors, the minimum
distance of; must be at least t+1, and in order to correctdrsy the minimum distance

must be at least 2t+1 [3].

Detecting an error in a received codewayr@omparing it to all possible code words
in  and correcting the error by replacing it with tradid codeword which is at the least
distance from the received codeword is not prakctic@ase a large generating matrix is

used. In such cases, syndrome decoding is used.

Definition 2.5.The syndrome of a codeword x is defined as thdumrbof x with the
transpose of the parity check matrix H lil®= x - H = 0. Thus upon arrival, a received
word is valid if and only if its syndrome is ze generating matrix G in the form of G =
[k | A] so that the first k bits of any codeword »x @&xactly equal to the message word it
encodes and the parity check matrix is H £ [A-]. Syndrome decoding is used in LDPC

decoding algorithms when deciding if the decodetk@wrd is correct or not.

2.3. Low Density Parity Check Codes

Low Density Parity Check (LDPC) codes weeveloped by Gallager [1] in the
1960s but for the next few decades, they remaimgmbticed. The reason that they were
neglected by researchers was it was not pracbdahplement LDPC encoder and decoder
architectures in hardware in those years. They wediscovered by MacKay and Neal [2]
in 1990s and since the VLSI technologies and ICigtesechniques had improved
drastically throughout these years, LDPC codesrhecan important alternative for error
correction coding. There has been a lot of reseactivity done on LDPC codes since
their rediscovery which showed their very good ermorrecting performance that can

reach near Shannon limit [6].



LDPC codes are linear block codes spetiiiea sparse parity check matrix.
This means the number of 1's per column (columrghigiis very small compared to the
column length of parity check matrix and the numbiket’s per row (row weight) is very

small compared to the row length of parity checkrm§20].

LDPC codes are classified into two grolipe regular LDPC codes and irregular
LPDC codes according to the row and column weigbperties of parity check matrix. In
regular LDPC codes, the parity check matrix hagoam column weight and row weight.
On the contrary, in irregular LDPC codes the pactigck matrix has non-uniform column
weight and row weight. As the result of extensigeearch done on regular and irregular
LDPC codes, it is found that irregular LDPC codesveh a better error correcting
performance than regular LDPC codes [7],[18h the other hand, regular LPDC codes
have the advantage of regularity which brings therbig advantage like they can be
implemented much easier compared to irregular LDB@les. LDPC decoder

implementations presented in this thesis haveuteed DPC code structure.

Besides the parity check matrix repregenmtaLDPC codes can be represented by a
bipartite graph called Tanner graph [1], [35]. Avdnitite graph is a graph whose nodes may
be separated into two classes, and where edgesontpybe connecting two nodes not
residing in the same class. The two classes ofsnoda Tanner graph are bit nodes and
check nodes. The Tanner graph of a code is drasordiag to the following rule: Check
node f; j = 1,...,.N - Kis connected to bit node;x = 1,...,N whenever elemen} m H
(parity check matrix) is a one. Edges of the Tarmgraph act as information path between
bit nodes and check nodes for decoding processrd-By1 shows a Tanner graph made for
a simple parity check matrix H. In this graph edihnode is connected to twaheck

nodes and each check node is connected to fonodés.
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fa K : Number of bits in the message word
N - K : Number of check nodes

Figure 2.1. Tanner graph of a parity check matriwith a cycle of length four

Definition 2.6.A cycle of length lin a Tanner graph is a path comprised efifjes which
closes back on itself. The Tanner graph in Figuiehas a cycle of length four which has

been shown by dashed lines.

Definition 2.7.The girth of a Tanner graph is the minimum cyclegth of the graph.

The shortest possible cycle in a bipartite grapblésrly a cycle of length four. These
cycles are observed in therhhtrix as four 1's that lie on the corners of a-satrix of H.
The cycles in a Tanner graph is important becabsg have negative impact on the

decoding algorithms for LDPC codes if they are shgcles.

LDPC codes are constructed by defining phaaty check matrix H. If the parity
check matrix A has N columns and M rows, any camtevgenerated for this LDPC code
consists of N bits which satisfy M parity checkdiere the location of a 1 in the parity
check matrix indicates that a bit is involved imparity check. The total length of the
codeword is N bits, the number of message bits is - M, and the rate of the code is

R = K/ N, assuming that the matrix is full rank.



The error correcting performance of LDR&le&s is determined by the properties of
H matrix. The most important properties that H mxaghould have for a good performance
LDPC code is like below:

* H matrix should be sparse. Sparseness increasesinimaum distance of the code
words generated for this LDPC code which result©dgceerror correction
capability.[1]

e The girth of the Tanner graph derived from H masirould be high. Short cycles

in Tanner graph decreases the error correctingodéapaf LDPC code.[1]

Some ways to generate good performanced.&deles and the most commonly used

ways of generating H matrix are listed below:

1. Start from all zero matrix of the size (N - KNxand randomly invert some elements in
the matrix to reach the resulting degrees for thffié nodes.

2. Generate Hy randomly creating weight Y¢olumns.

3. Generate hvith weight W, columns and uniform row weights of Wr.

4. Generate Hwvith weight Wc columns and uniform row weights ofr With no two
columns have overlap of more than one. This camitemoves all the length-four cycles
which results in better performance.

5. Generating Hike (4) and avoiding other short cycles.

6. Generate the parity check matrix in a structumashner. For example a structure that is
used in hardware design is to generate this masiixg a combination of the shifted blocks
of identity matrices.

7. Generate the parity check matrix using a polyiabm

Each of the above ways has advantages dssatvantages, depending on the
application. Sixth way is more suitable for thedvearre design. After designing the parity
check matrix H, it can be put in the form H ='[F] by Gaussian elimination and the
generator matrix @an be derived by solving GH: 0 like G =[I | P].



2.4. Low Density Parity Check Encoding

LDPC encoding is more complex than it ggypdor LDPC codes of big codeword
lengths due to the computational intensity of mxatnultiplication of generating matrix G
and message word. The encoding methods are obeddope of this thesis but there is
extensive research done on low complexity encotiingniques based on the H matrix and
efficient methods for LDPC encoding can be foundthe literature [4].Besides low
complexity, it is also important that the encodprgcess should be suitable for different
channels. Since the decoder implementations are fmdAWGN channels in this thesis,

encoding for AWGN channel is described briefly lvelo

Given a message word m, a correspondirdgword ¢ such that ¢ = m-G is
generated. This codeword is then converted to @ntagmbers {-1, +1} word x according
to the following rule: x= (-1)". This integer codeword is then sent through thennokl and
white Gaussian noise n ~ N(&) is added to it. The resulting word has same legit
the bits can have any real values that are causedadthe noise. Once decoding is done,

the codeword sent is recovered via the inverséioalg=0ifyy=+1land c=1if y =-1.

2.5. Low Density Parity Check Decoding Algorithms

LDPC decoding algorithms for AWGN charmmelre based on Gallager's [1]
iterative decoding method. After reworking Galldgenethod, MacKay [12] came up with
the sum product algorithm. Sum product algorithntlassified as a belief propagation
algorithm. Belief propagation algorithms are présdras messages update equations on a
factor graph [17][19].

Definition 2.8: A factor graph is a bipartite graph that is casgd of two kinds of nodes
like variable nodes for variables and factor nofitedocal functions. A variable node is

connected to a factor node by an edge if the viariskan argument of the local function.

Sum product algorithm uses the Tanneply@eated from the parity check matrix
H, as factor graph and sends belief messages hetwerodes (variable nodes for LDPC

Tanner graph) and check nodes (factor nodes for@.D&nner graph) [40]. By this way,



1C

sum product algorithm determines the a posterimbabilities for bit values based on a
priori information, improving the accuracy of thessculations in each iteration [19], [20],
[24], [39]. Check nodes and bit nodes in the Tamgraph perform computations in
parallel and then communicate with each other ovenections described by the edges of
the Tanner graph. The messages that communicati@omposed of are estimates of
probabilities [8].

The nature of the nodes in the Tanner lgrapd the structure of the graphs
interconnections are completely described by threber and location of ones in the parity
check matrix H. The check nodes determine the fmibtyathat a parity check is satisfied
if one particular data bit is set to be a one @o}and the other data bits have values with
a probability distribution corresponding to the tmoa priori probabilities. The bit nodes
determine the probability that a data bit has thiee one (or zero); given the information
from all of the other check nodes. Only bits andai{s that are related by having a one at a
specific corresponding location in the parity chec&trix need to be considered in these

calculations.

100100100
010010010
001001001
A=l 00010001
010001100
00110001 0]

Check nodes
H1 H2 H3 H4 H5 H6

X1 X2 X3 X4 X5 X6 X7 X8 X9

Bit nodes

Figure 2.2. Message passing structure of an LDROd#r
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In Figure 2.2, messaging across the Tragwagh of parity check matrix H is shown.
R represents messages from check nodes to bit mode® represents the messages from
bit nodes to check nodes. Each row of parity chmekrix H corresponds to a check node
in the Tanner graph. In other words each row remissa single parity check of LDPC
code. Similarly each column in H represents a bden Consequently the number of bit
nodes in the Tanner graph or the number of colummise parity check matrix is equal to
the number of bits in the codeword. The locatioronés and zeros in H determine the
nodes which are connected in the Tanner graph.ngavione at location row j and column
i simply indicates that check node j is connectedit node i. In the first row of H, it can
be seen that there are ones in the first, fourthsawenth columns. This can be observed in
the Tanner graph as connections between check HadEorresponding to first row in
parity check matrix H) and bit nodes X1, X4 and e6ftesponding to first, fourth and
seventh columns). The number of ones in a row oetes the number of data inputs
coming from bit nodes that the corresponding cheette has. Similarly, the number of
ones in a column determines the number of datasnguming from check nodes that the
corresponding bit node has. In Figure 2.3, the gensgructure of LDPC encoder and

iterative decoder is shown.

Check nodes

Transmitter  Receiver b

Qij Rji Decoding

»

v

Bit nodes

Figure 2.3. General structure of LDPC encoder &mdtive decoder structure

As stated before, the content of messagelside probability values but these
probability values can be either real probabiliéyues or probability values in log domain.
It is observed in the literature that sum produgoathm for LDPC decoding is classified

into two main groups according to the structur¢hef messages between check nodes and
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bit nodes [9] These are sum product algorithm in probability domand sum product
algorithm in log domain. Details and sub groupstlodse main types of sum product

algorithm will be described in detail in the negtgons.
2.5.1. Sum Product Algorithm in Probability Domain

Sum Product Algorithm in Probability Domaiises real probability values in the
iterative preparation of messages between chec&snadd bit nodes [5]. Algorithm works

as follows:

Step 1: Messages from bit nodes to check nodesofgiénas g, ) are initialized to

probability values calculated according to the clercharacteristics and the values of
decoder input bits with AWGN. This initializatios done like equations (2.2) and (2.3)

wherey; is the received data with AWGN amtis the noise variancep’and p' represent
the apriori probabilities for each bit of the ramd codeword determined by the data

received from the AWGN channel. For the first itema, g; values are initialized to

p’and p; values. Initialization is done once for decodifigach received codeword.

gy =1-p'=p’= (2.2)

1+ e—2yi 102

g =p = (2.3)

1+ e2yi 1o

Step 2: Messages from check nodes to bit nodesadcalated. Each check node gathers

all the incoming messages from bit nodes connectétfo generate; value wherer].? is
the probability that check j is satisfied if itassumed that data Hit= 0.Similarly, r; is
the probability that check j is satisfied if it Bssumed that data bit= 1.These
probabilities are computed as in equations (2.4) é&h5) The notation’ Drow[j]\{i}

means the indices (1<i < n)of all bits in rowj (L< j < m)which have value one, not

including the current bit index,
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1_ _
s @) e
L i'Drow[j]\i} ]
T R o Gt 2.5)
s . |V 1 j
| i'Orow{j]\i} |

Step 3: Messages from bit nodes to check nodesadealated. Each bit node gathers the

probability information from the check nodes tha¢ @onnected to it and generate the
g; values, wheregyis the probability that data bit = 0, given the values of all check
nodes other than j.SimiIarI)qi} is the probability that data bit= 1, given the values of all
check nodes other than j. These probabilities amgpated as shown in equations (2.6) and
(2.7). Two terms contribute to the calculationcpfvalues, a priori probability values used
in initialization andr; values coming from check nodes. The notatiprlcol[i]\{j}
means the indice§ (1< j < m)of all checks in column (L<i < n)which have value

one, not including the current check indgxg; is a normalizing value chosen so that

qi? + qu1 =1
qU(') =4 pio |_| rj(i)' (2.6)
i Dool[1Y G}
qu1 =a; pil |_| ri (2.7)
j Ocol[i \j}

Step 4: Extrinsic probabilities of decoder outpitss bre calculated. These are calculated in
a similar way thatg; values are calculated. These extrinsic probatslitare used to
determine the values for each decoder output Inmil& to g; values calculation, the

accuracy of these probabilities improves with edehation of the algorithm. Equations

(2.8) and (2.9) show this extrinsic probability@ahtion, whereQ’is the probability that
the decoded bit, = &nd Q' is the probability that the decoded bit= . The notation
j' Ocol[i] means the indices (1< j <m)of all checks in columi (1<i < n)which

have value one, is a normalizing value chosen so ti@it + Q" =1.
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Qio - ai r'lol (2 . 8)
jCeolfi]

Qil - ari |_| rjl'i (29)
j Ceol[i]

Step 5: Decoder output bit candidates are determacedrding to the probability values

calculated in Step 4. IQ'is greater than 0.5 (d®’is equal to or smaller than 0.5), then

decoded output bit candidafe is determined as 1. Otherwise it is decoded as 0.

c % if Q'>05 a1

0 elsewhere

Step 6: The syndrome of the decoded output careigatcalculated. As the general

property of linear block codes, syndrome valuedat#s if the decoded output candidate is
equal to the transmitted codeword. Thus, it isfiestiif the decoding is successful or not.

The syndrome calculation is made by matrix multigion of decoded output candidate
which is a vector oflx N and transpose of parity check matHX which is a matrix

of N x (N — K), whereN is the number of bit nodek, is the number of bits in the message

word andN - Kis the number of check nodes like:
g xH™ =S (2.11)

If S is a zero vector ofix (N — K) then this means the received code word is
decoded correctly a decoded output candidate is given out ededemutput. Otherwise,
decoding continues iteratively by repeating the algorithemtisg from Step 2 until the
syndrome is received as zero vector. In practical applicatimmaumber of iterations are
limited to some value which is usually give as a decodeameter called maximum

number of iterations.

Sum product algorithm in probability domain has some daakb like below:
* The algorithm suffers because of the multiplication®ived which are costly as

compared to additions in hardware implementations [15].



 These multiplications may result in overflow or satumatiin hardware
implementation when the algorithm runs for large nunabéerations.

* In the calculation of messages from bit nodes to check n(ge} and the

calculation extrinsic probabilities of decoder outpu@s ), there are divisions by
the normalizing coefficients (representedabgind a; ) used in the algorithm.

Division by a variable is difficult to implement in havdre.
2.5.2. Sum Product Algorithm in Log Domain

Sum product algorithm in log domain is &eotform of sum product algorithm
where the probabilities are characterized by the log-li@elihratios (LLRs)[10].This
means, the same steps are used as sum product algorithobabipty domain in but the

real probability values are replaced with LLR values. Thostead ofrj values,L(rj)

0
. A M o .
values are used which are calculated likg; ) = Iog—’; .Similarly q; values are replaced
ji

A 0 A 0
with  L(q;) =Iogq—'i values, p values are replaced hyp,) :Iogp—'l values andQ

ij i
o QP . .
values are replaced By(Q,) = Ioga'1 .The algorithm can be described as follows:

Step 1: Messages from bit nodes to check nodes (deast€d; ) ) are initialized to LLR
values calculated using the channel characteristics analinesvof decoder input bits with
AWGN. This LLR valueL(p) is calculated like equation (2.12) where yi is the received
data with AWGN ando is the noise variance. For the first iteratidfg; ) values are

initialized toL(p;) values calculated from a priori probability values deteediby the data
received from the AWGN channel.

Lp)=logP =2y L(g) = L(p) (2.12)
p- ag
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Step 2: Messages from check nodes to bit nodes are calcagat¢dR values. Each check

node gathers all the incoming messages from bit nodesciaohto it to generate(r;)

value. Before calculation oE(rj) following equations usind(g;) values following

information should be given:

For independent random variables ahd X%, the joint log-likelihood ratioL(x, O x,) is

given by:

1+ eL(M)eL(Xz)

L(x, Ox,)=1In parey (@)1

+ el—(xz)

Consequently, the joint log-likelihood ratlq(x, [I...00 x, cgn be derived like

+[7,..tanht(x)/2)

L(x O...0 =1 [
(6 0.0 %) "1 et (x)/2)

|
= 2.tan‘1(” tanh(L(x; )/2)] (2.14)
Thus,L(rji) which is composed df(q; ) values can be calculated like:

L(r;)=2 tan‘l{ |_| tanh(L(q;; )/2)) (2.15)

iTrow] J J\i}

The notation i’ Orowj]\{i} means the indices’ (1<i <n)of all bits in row j

(L<j < m)which have value one, not including the currentrieix,i.

Step 3: Messages from bit nodes to check nodes are calcatateR values. Similar to
probability domain algorithm, each bit node gatherspiabability information in LLR

domain from the check nodes that are connected to it and geiheraig; ) values. These
LLR values are computed as shown in equation (2.16). #emms contribute to the

calculation of L(qg;)values, LLR calculated from a priori probability values dise

initialization which isL(p;) and L(rj ) values coming from check nodes. The notation
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j Ocol[i]\{j} means the indice§ (1< j <m)of all checks in col (I<i < n)which
have value one, not including the current check inflem is the number of check nodes

and n is the number of bit nodes in parity check matrix.

L(g;) = L(p) +( 2L, )j (2.16)

jTcol()\i}

Step 4: Extrinsic LLR valudgQ, of decoder output bits are calculated (in a similar way

used forL(q;) calculation) for determining decoder output bits. Simitat_(c;) values

calculation, the accuracy of these LLR values improves witth eteration of the

algorithm. Equation (2.17) shows,(Q, ) calculation, where the notatiof [ coli]\{;}
means the indiceg (1< j < m)of all checks in column (1<i <n)which have value
one, not including the current check indgx,

L@Q)=L(p) +[ YL, )] (2.17)

jTcol(i)\(}

Step 5: Decoder output bit candidates are determined amgotdi the LLR values
calculated in Step 4. IfL(Q )is negative then decoded output bit candidéteis

determined as 1. Otherwise it is decoded as 0.

i @1
0 elsewhere

e :{1 if L(Q)<O0

Step 6: The syndrome of the decoded output candidaialdslated in the same way as

probability domain algorithm.
¢ xH" =S (2.19)
If syndrome vect®@ is a zero vector ofx (N - K) then the received code word is

decoded correctly and the decoded output candidate is giviemsodecoder output.

Otherwise, decoding continues iteratively by repeatiegatigorithm starting from Step 2
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until the syndrome is received as zero vector. Again,itikgrobability domain algorithm
the number of iterations should be limited to some vaheh is usually given as a

decoder parameter called maximum number of iterations.

L(5) values are calculated iteratively, so that the fi(sf;) values combined and
then the result is combined with the nefdj;) and so on. This process is very difficult to
implement is hardware. A property of joint log-likedibd ratios can be useful in

implementation of this formula. Equation (2.13) can beiteen like:

L(x 0x,) =sigr{L, L, }. min{L, |

L,

}+o(L, L, ), where (2.20)

S(Lx,, Lx,) = log+e 1" "2y + log(+ e 11y

Now, using this propertl(r;) calculation can be rewritten like:

L(ry) = []sigr{L(a )} minQL(qi-j )\)+ o(L(a,)) (2.21)

i Trow] J ]\i}

Most of the multiplications used in probapitlomain algorithm become additions in
log domain algorithm. Only the multiplications used_{n;) calculations are left, but since
these multiplications are made for sign valued (©fj) values, they can be implemented
using XOR gates. This reduces the computational complexitgrdware implementation.
In addition, division by normalizing coefficient does eatst in log domain algorithm. On
the other hand, log domain algorithm has a drawback Ilik@lementation of

functiond(x) which is called correction teri(x) is a nonlinear function and is difficult
to implement in hardware. There are some solutionaed for implementation 0d(x) in

the literature and these solutions bring out sytesyof log domain algorithm [11], [16],
[21], [23], [26], [30], [31], [33].

2.5.2.1. Min-sum approximation methobh this approximation method, the correction

term is completely omitted andr;) is implemented like below:
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L(r,) = i-mm]\?fgw% )} min(L(q;))

(2.22)

[23], [26].

Omitting the correction term brings a simplification implementation but it causes
performance degradation in error correcting pertoroe of LDPC decoder [11], [14],

2.5.2.2. Look-up table approximation methdohplementation ofd(x)is made using a
look-up table in this method [16], [21], [31], [331 is sufficient to prepare a look-up table

for function y(x)=|og(1+e“x‘)for values since both components df(x) can be
presented likg(x) .Figure 2.4. showg(x) function.

0.7

0.6

Figure 2.4.y(x) = logL+e™™) function

Usage of look-up table fa@¥(x)is commonly seen in the literature but this method

error is 0.05.

has a trade-off between the size of the look-ufetabrsus accuracy [11]. In Table 2.1, a
look-up table that can be used for this methodhsws. The maximum approximation
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x| log(1+€”)
[0,0.2) | 0.65
[0.2, 0.4)] 0.55
[0.4, 0.7)] 0.45
[0.7, 1.0)| 0.35
[1.0, 1.5) 0.25
[1.5, 2.2)| 0.15
[2.2,4.5) | 0.05
[4.5+w) | 0.0

Table 2.1. Look-up table fad(x) implementation

2.5.2.3. Piecewise linear approximation meth@&imilar to look-up table method,

y(x) =log(L+ e"x‘) is implemented in this method in order to compisg. y(xX) non-
linear equation is replaced with a group of lineguations for different margins of x. To
ease the implementation in hardware, these lingaat®ns are chosen such that the
multiplication factors are chosen as factors of §da]. In Table 2.2, an example of
piecewise linear approximations gf(x)is shown for six margins of x is shown. If the
number of linear equations used in the approximaitierease, (this means the length of
the margins of x decrease) the perfection of ther@apmation increases but the

implementation becomes more complex [16].

IX| log(1+&)

[0, 0.5) -2* x| + 0.7
[0.5,1.6) | -2°|x| + 0.575
[1.6,2.2) | -2°|x| + 0.375
[2.2,3.2) | -2'|x| + 0.2375
[3.2, 4.4) | -2|x| + 0.1375
[4.4, +) | 0.0

Table 2.2. Linear equations for piecewise linegrapimation method
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2.5.2.4. Linear approximation methoth this method, instead of using several linear

functions for different regions, an optimum lineafunction is found to

approximatey(x) = logl+ e"x‘) in order to compos&x). In [13], the optimum linear
approximation was found like y(x) = -0.24|x| + @$the result of some simulations. This

method brings simpler implementation compared ¢égguvise linear approximation.
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3. IMPLEMENTATIONS OF LDPC DECODER

3.1. Introduction

In this chapter, LDPC decoder hardware implememnatidone in this thesis are
presented. The implementation of sum product algoriin probability domain for
irregular LDPC codes is presented first. Then pealrarchitecture implementations for
different methods of sum product algorithm in lognaiin are presented. In addition to
these, for min-sum approximation method of log donagorithm, implementations of
semi-parallel architecture and serial architectare also presented. Since probability
domain algorithm has the drawbacks explained irti@e@.5.1., this thesis aims to focus
more on log domain algorithm implementations. Alplementations are made suitable for
AWGN channel. This means a priori probability vauwesed in initialization are calculated

for AWGN channel characteristics liks (0,0° where zero is the mean value amd= 1

is the noise variance taken in the implementatwasented in this thesis.

The same top level structure is used in the impleat®ns of parallel architecture
for both sum product algorithm in probability domand sum product algorithm in log
domain. The difference in the implementation faesh two types of the algorithm is the
functionality of check nodes and bit nodes modubdso the bit precisions of ports of
modules are different for the implementations, bseahe nature of input data is different
in two implementations like probability informatidar probability domain algorithm and

log-likelihood information for log domain algorithm

The LDPC decoders implemented in this thesis aegutar LDPC decoders which
are found to be better in error correction. Pacityeck matrix is defined in a common
VHDL package to be used by all related moduleshithesis, a parity check matrix H of
irregular structure composed of 12 check nodes Hndbit nodes is used for both
implementations. Similarly, the number of bit nodé® number of check nodes and the
number of iterations in the algorithm are also midi in the same common package. Thus
in order to use another type of LDPC code, it ffigant to change these parameters in the

common package. This property brings configurabibtthe decoder implementations.
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Top level diagram of LDPC decoders implated in this thesis is shown in Figure
3.1. Functionality details of modules for each alfpon will be explained in the next
chapters.

3.2.Implementation of Sum Product Algorithm in Probability Domain

Sum product algorithm in probability domain is implented like each step of the
flow described in Chapter 2.5.1 is implemented ime omodule. Each module is
implemented in a parallel architecture. Bit nodasction in parallel to calculate messages
to check nodes and check nodes function in partlealculate messages to bit nodes.

Similarly, extrinsic probability values are calcigld in parallel for each bit.

There is a controller module in decoder top levéich enables all the modules
(except create_input module) using the output_readigation signals coming from each
module. When the received codeword with AWGN isdseat the input of the LDPC
decoder, the input_ready signal is set and cregiatimodule starts functioning. It
prepares the a priori probability values usingakiap table and gives the values for all the
received bits from pout output bus. These valuesfpout bus are used by initialization
module to fill in the message matrix g to checkewdrhus the q matrix is initialized by a

priori probability values for each received codeavbit.

When g matrix is ready, allchecknodes module recéivfrom its input bus and
prepare the r matrix which is the message matrikdth allbithodes and computebigQ
module. Using r matrix coming from rout output lmisallchecknodes module, allbitnodes
and computebigQ modules function starting at theesdime. Allbitnodes module
calculates messages from bitnodes to checknodesupdates the g matrix with the
calculated values. At the same time, computebigQduigo calculates the extrinsic
probabilities of the received bits. Using thesebpimlity values, decodebigQ module
determines the bit values for the received codeword

Finally, compute_syndrome module calculates thelyme vector value using the
decoded codeword from decodebigQ value. If thisleyme vector is a zero vector, the

decoded codeword is given out as LDPC decoder aufiitherwise, another iteration starts
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by enabling allchecknodes module that updates rgessatrix r using the q matrix which
was updated by allbitnodes in the previous iteratibhus, the decode output is updated
either when the syndrome is zero or the configerabbximum number of iterations is

reached.

The functionality of input and output ports of tiog level entity shown in Table 3.1
is described in first, and then the modules in Il will be explained in detail in the

following chapters.

enable_computebig()

v

- | enable_allbitnodes A\ 4
create_input pout v
ing hawen reset & _clk
—>
gl clk initialization allbitnodes reset reset,| compute_bigQ
—> D ——
inputready . . P g
enable_initialization < >
clk bieQ
qout_init gout_bitmatrix enable_decodebigQ
reset
Initialization_LUT cnable_initialization
gnable N qmatrix 4“”‘ decode_bigQ
cnable_allbitnodes
— reset
qout decoded_output
A\ 4
clk rout ﬁb
—
reset
reset allchecknodes compute_syndrome
—
enable_computesyndrome
cnable_allchecknodes — >
01 _aTChecknodes, |
o syndrome |
outputready_createinp —_ ! h o
- cnable_initialization
outputready _initialization — | »
P Y- cnable_allbitnodes
. [ g
outputready_allbitnodes enable allchecknodes
outputready_allchecknodes > controller cnable_computebigQ
. >
outputready_computebigQ —————» cnable_decodebigQ
[
outputready_decodebigQ —————» cnable_computesyndrome
> y
outputready_computesyndrome —————»| outputredy N
I decoder_output
[

»

Figure 3.1. Top level diagram of LDPC decoder impatations



Port name Direction |Number of bits
inputwithawgn (Input N x8
inputready Input 1
Clk Input 1
Reset Input 1
decoder_outpuiOutput N
outputready |Output 1

Table 3.1. Top level entity of probability domaums product algorithm implementation.

(N = number of bits in the codeword)

inputwithawgn: This input port is a vector that brings the lifsreceived codeword
with AWGN. As mentioned in Chapter 2.4, each bitle# codeword to be transmitted
becomes -1 or 1 after encoding and given to tharaaThe value of the received bits
from AWGN channel is limited to range [-3, 3] inidhmplementation for practical
purposes. Since the encoder implementation is faiecscope of this thesis, this range
of -3 to 3 is be scaled to 8 bit signed value witaximum value 127 and minimum
value -128. Each signed value scaled between td2427 is called a soft bit. Thus
inputwithawgn input port will bring N parallel sdfits where N is the number of bits
in the codeword.

inputready: This active high input port enables the decodeefch codeword. After
decoder receives the rising edge of this inpamples the parallel inputwithawgn bus
composed of N soft bits.

clk:System clock of the decoder is received fromitisit port.

reset Asynchronous reset for the decoder synchronayis Is received from this input
port.

decoder_output: This is the output port which gives out the decbdedeword.
outputready: This is the output that flags that the decodedputuis ready on
decoder_output port.
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3.2.1. Create_Input Submodule

This module includes a look-up table aruaek of registers. The block diagram of
the module is shown in Figure 3.2. Input data cgnfrom inputwithawgn input port is
sampled in the block of registers called input_tagut_reg is composed of N blocks of 8
bit registers where N is the number of bits ind¢bdeword in the design. When inputready
is set to ‘1’, create_input module samples inputaitgn parallel input bus in input_reg
block. The next clock cycle the corresponding valfrem the look-up table are given out

from pout output bus.

The look-up table is composed of 60 valke@sesponding to the received soft input
bits with AWGN taking values between -3 and 3. Thkies between [-3,3] are quantized
by 0.1 like X[k] = {-3, -2.9, -2.8, ...,0,..., 2.2.8, 2.9, 3.0} and using these values, the

look-up table values are computed as 8-bit sigradules like:

Y (K) :;ZX127 (3.1)
142X (N0

These computed values are apriori prothghilformation calculated for each bit in
the received codeword. The soft bits coming froputwithawgn port which are in the
range of [-128,127] (corresponding to the inputdhwiWGN in the range [-3,3] ) go to the
comparators to get their corresponding initial@atvalue in the look-up table. This can be
explained by the following example. When inputwittgs(0)(0) value is received as
100(as 8-bit signed value), this value represemesahbit value with AWGN of 2.36. The

corresponding initialization value in look-up talideY (2.3) =;><127: 1. Thus

1+ e2(2.3)/:72
when 100 is received from inputwithawgn(0)(0), é¢tsrresponding value in the look-up

table is found by the comparators and pout(OX@ssigned to this value 1.

When pout output vector is assigned wiith ¢orresponding values in the look-up

table, outputready signal is set to one to inditiaae data is ready on pout bus.



inputwithawgn([N-1];0)(7:0)

inputready

clk

reset

input_reg

inputwithawgn_reg|

(IN-1]:0)(7:0)
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Initialization LUT

outputready

pout([|

N-11:0)(7:0)
>

N: Number of bit nodes=Number of bits in the codeword

Figure 3.2. Create_input module block diagram

3.2.2. Initialization Module

This module creates initial messageshieck nodes using the apriori probability

values received from create_input module. It is posed of a register block g_init which

is a matrix structure with i rows, and j columnseni is the number of bit nodes and j is

the number of check nodes. The elements of thatgnatrix are 8-bit registers.

in I : pin1
enable initialization f

clk

pin17

reset

q_init

qom;t init >

output_ready
| outpul ready

Figure 3.3. Initialization module block diagram
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8 bits q_tnit
pin1 P pin1 | pin1 | pin1 | pin1 | pin1 4
pin2 P pin2 | pin2 | pin2 | pin2 | pin2
pin3 P pin3 | pin3 | pin3 | pin3 | pin3
pin4 § pin4 | pin4 | pind | pind | pind
pin5 D> pin5 | pin5 | pin5 | pin5 | pind
piné § pin6 | pin6 | pin6 | pin6 | pin6
pin7 § pin7 | pin7 | pin7 | pin7 | pin7
pin8 § pin8 | pin8 | pin8 | pin8 | pin8
pin9 P pin9 | pin9 | pin9 | pin9 | pin9 ~
pin10 $ pin10 | pin10 |pin10 | pin10 |pin10
pin11 } pin11 |pin11 |pin11 |pin11 |pin11
pin12 } pin12 |pin12 |pin12 |pin12 |pin12
pin13 P pin13 |pin13 |pin13 |pin13 |pin13
pin14 P pin14 |pin14 |pin14 |pin14 |pin14
pin15 > pin15 |pin15 |pin15 |pin15 |pin15
pin16 J- pin16 | pin16 |pin16 | pin16 |pin16
pin17 } pin17 |pin17 |pin17 |pin17 |pin17
M v

Figure 3.4. Initialization of the message matrixni_using pin input vector

M = Number of check nodes, N = Number of bit nodes.

Data from create_input module is receibgdnitialization module from pin input
port. This input port is a vector dfl x8 bits. When enable_initialization input (coming
from controller module) goes high, pin input padring from pout output of create_input

module) is stored in g_init register block coluntike shown in Figure 3.4.).

When all g_init columns are set to pinues, data in g_init are given out from
gout_init port which is also a matrix dfl xM x8 bits. Then output_ready is set to ‘1’
which indicates that the first set of messageshteck nodes is ready on port qout_init.
gout_init is calculated only once for each receiwedle word and message matrix to
checknodes gmatrix is initialized with qout_initftie allchecknodes start to function in

the first iteration.

3.2.3. Allchecknodes Module

This module creates messages from chedesto bit nodes using the message
values received from gmatrix module. Allchecknoaesdule is composed d#l check
nodes and each check node is composedN oheck node sub-modules wheXeis the

number of bit nodes and is the number of check nodes. Check node sub-raadakes
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the calculation ofr; gathering the incoming messages coming from gmatrithe
corresponding element of parity check matrix atiooi i and row j is one. In this case, the
check node sub-module is called active check nabaersodule. Check node sub-modules
are arranged in matrix structure Bf x N to form allchecknodes module. The connections
between the check node sub-modules and the inputaade according to the parity check
matrix structure, like the check node sub-modulealculater;  has inputs as the ones in

row j of H matrix. Figure 3.5. shows the block d&m ofr; calculation in check node sub-

MR

R2
8-bits 8-bits

module.

. comparator >>
1
—

> 7-bit shift

N ’ right

D w | :

2-bit shift 8-bits
right

Figure 3.5. Check node sub-modujecalculation

When enable_allchecknodes signal is setnt by controller module, each check
node sub-module starts to calculate g value. There are two subtraction and one
multiplication operations imj; calculation. Divisions by constants are perfornbgdshift
operations. After all check node sub-modules cateultheir outputs, output_ready

indication is set and r output matrix is updatethwiese outputs.
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3.2.4. Allbitnodes Module

Allbitnodes module creates messages frimddes to check nodes using the r
message matrix received from allchecknodes modlieitnodes module is composed of
N bit nodes that are composedMfbit node sub-modules where N is the number of bit
nodes and M is the number of check nodes. Bit sotbemodule makes the calculation of
gij, gathering the incoming messages coming from riridthe corresponding element of
parity check matrix at column i and row j is one.this case, the bit node sub-module is
called active bit node sub-module. Bit node sub-mheslare arranged in matrix structure
of NxM to form allbitnodes module. The connections betwte bit nodes and the
inputs are made according to the parity check matructure, like the bit node to calculate
gj , has inputs as the ones in column i of H matrixufeg3.6. shows the block diagram of

gj calculation in bit node module.
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Figure 3.6. Bit node sub-modulg calculation

When enable_allbitnodes signal is sebrie by controller module, each bit node

sub-module starts to calculate gisvalue. There are two multiplications, one subtmacti
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and one division operations in bit node sub-modaleulation. For division by variable,
Synopsys DesignWare signed divider was used. Divisby constants are performed by
shift operations. After all bit node sub-moduledcuakate their outputs, output_ready

indication is set and g output matrix is updateth\hese outputs.

3.2.5. ComputebigQ Module

ComputebigQ module computes extrinsic pbiliiies of decoder output bits. It is
composed of computebigQ sub modules which computeales using the r message
matrix received from allchecknodes module. Compg@bsub module has the same
hardware architecture as bit node sub module. Tig difference is r matrix values
received as incoming messages inclgdewhich was excluded in bit nodg calculation.
ComputebigQ module is composedNbEomputebigQ sub modules wheédas the number
of bitnodes. The connections between the compu@elsgbmodules and the input
messages are made according to the parity chedkxms&ucture, like the computebigQ

sub module to calculate; @as inputs as the ones in column i of H matrix.

When enable_computebigQ signal is set te doy controller module, each
computebigQ sub module starts to calculate itgaue. There are two multiplications, one
subtraction and one division operations in bit nodiulation. Divisions by constants are
performed by shift operations. After all computé&digub modules calculate their outputs,

output_ready indication is set and Q output veistaipdated with these outputs.

3.2.6. DecodebigQ Module

DecodebigQ module determines decoder ouliu candidates using jQualues
calculated by computebigQ module. It is composedNotomparators where N is the

number of bit nodes. When controller module setbkn decodebigQ signal to one, each
comparator takeQ' value as input and compares it with 64.Qfis greater than 64,

comparator output is set to one, otherwise setto.zZConsequently, decoder output bit

candidates form decoder output codeword candigavehich is a vector of N bits and

output_ready indication is sent to controller medul
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3.2.7. Computesyndrome Module

Computesyndrome module calculates thersyne vector using the decoded output

codeword candidate. Each soft hitof the codeword candidate is ANDed with the

corresponding bit in each column of transposedypahieck matrid " . A vector of N bits
is received from this operation for each columnbf. Then each column’s elements are
XORed between each other and the result bit becamesof the N elements of the

syndrome vector. Figure 3.7 shows calculation"dfi} of syndrome vector. All elements

of i column of HT are ANDed with corresponding bit @.The results are XORed with

each other to get'jbit of syndrome vector S.

Co ——

HY(0)(j) ——

C

N —

H'N)()——

Dkgm

Figure 3.7. Calculation of'jbit of syndrome vector in computesyndrome module

uw%p

The bit for each column ¢ " is computed in parallel. Thus, there gié—1)x M
XOR gates andN x M AND gates for syndrome vector S calculation in catepyndrome
module. After S is prepared, it is checked if iz&0 vector or not by gating all bits using
OR gates likeSyndrome= S(0) + S@ +...+ S(N —1) where N is the number of bit nodes
and M is the number of check nodes. When syndrontpub is ready, output_ready to

controller module is set.
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3.2.8. Controller Module

Controller module enables all modulesegtcreate_input module. It also controls
the iterations of decoding and giving out the decaulitput. It sets the enable signal of a
module when it receives output_ready indicationmfrthe preceding module. Finally,
when computesyndrome finishes and sets its outgadyr indication, the controller
module checks the value of syndrome. If it is zeamtroller stops the iterations and sets
the decoder output with the current output of debiglQ. Otherwise, it starts another
iteration by enabling allchecknodes module. Contnobdule controls iterations by
checking if the maximum number of iterations pareanes reached. The maximum
number of iterations is set to 20 for the impleraéions done in this thesis. At that point, it
stops iterations and gives out the current outputezcodebigQ as decoder output. After
setting decoder output it sets its output_readyadigvhich is also the output port of
decoder top level. This port indicates that theodew is finished.

3.3. Implementations of Sum Product Algorithm in Log Domain

Sum product algorithm in log domain igplemented for different variations of the
algorithm that are described Section 2.5.2. Allstheariations are implemented using a
parallel architecture. In addition, min-sum appnoeation method is implemented using
semi-parallel and serial architectures in ordercampare the properties of these three
architecture types. Parallel architecture implemgmis of log domain algorithm
variations use the same top level structure as aghibty domain algorithm
implementation. The blocks of the decoder are cogethe same way and the same

controller module is used.

The functionality of input and output mof the top level entity is the same as
probability domain algorithm implementation as shaw Table 2.3.The common modules
used in log domain algorithm implementations Wwél explained in detail in the following
chapters.
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3.3.1. Common Modules of Implementations

In the parallel architecture implementasiosame modules are used for different

variations of log domain algorithm except fdu(r;) calculation. For all algorithm

variations, each check node sub-module needs tdeimgmt the Equation 2.21. As
described in Section 2.5.2., the implementationd6(q;;)) part in L(r;) calculation
brings different variations of sum product algarmithin log domain. There is a common
part for check node sub-module functionality faegé variations of the algorithm which is
expressed in Equation 2.22. The implementationttfisrcommon part (which is presented
as min-sum approximation method in Section 2.5.2sldescribed in this section together
with other common modules of log domain algorithmpiementationd(L(q,; ))
approximations for different variations of the Idgmain algorithm will be described in
sections 3.3.3, 3.3.4. and 3.3.5.

3.3.1.1. Create_Input Moduléfhis module includes a look-up table and a block of

registers as it does in probability domain algonitalgorithm. The functionality of the
block is the same as its functionality in probapiiomain algorithm. The only difference
is the look-up table content.

The look-up table is composed of 60 vak@sesponding to received soft input bits
with AWGN taking values between -3 and 3. The valbetween [-3, 3] are quantized by
0.1 like X[K] = {-3, -2.9, -2.8, ...,0,..., 2.7,8.2.9, 3.0} and using these values, the look-up

table values are computed as 8-bit signed valkes li

Y(K) = % X X (K) X127 (3.2)

These computed values are LLR informatialtulated for each bit in the received
codeword. The soft bits coming from inputwithawgartpwhich are in the range of
[-128,127] (corresponding to the inputs with AWGN the range [-3, 3]) go to the
comparators to get their corresponding initializativalue in the look-up tablélhese

values in look-up table are given outlgp, to)initialization module.
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3.3.1.2. Initialization Modulelnitial message matrix to allchecknodes moduleréated in

this module like in probability domain algorithmpAori LLR valuesL(p, )coming from

create_input module is used in updatibfg) matrix in the same way as in probability

domain algorithm.

3.3.1.3. Alichecknodes ModuleAllchecknodes module creates the message matrix to

allbitnodes module in LLR domain. This module ismamsed of check nodes and each
check node is composed fcheck node sub-modules whétés the number of bit nodes.

Check node sub-module makes the calculatiob(of gathering the incoming messages
coming from gmatrix if the corresponding elemenpafity check matrix at column i and

row j is one. In this case, the check node sub-igoducalled active check node sub-
module.

For parallel architecture implementatioheck node sub-modules are structured in
the same way as probability domain algorithm immatation. The only difference with
probability domain implementation is the functiahalof check node sub-modules; that
they computel(r;) values instead of . Check node sub-modules are arranged in matrix
structure of M x N to form allchecknodes module. The connections éetwthe check
node sub-modules and the inputs are made accamlitige parity check matrix structure,

like the check node sub-module to calculafg; ), has inputs as the ones in row j of H

matrix.

In semi-parallel architecture implememmaficheck node sub-modules are arranged
in a matrix structure of%x N to form allchecknodes module where N is the nunaber

bit nodes and M is the number of check nodes. Timeber of check node sub-modules is
decreased to half compared to parallel implemeriatiFor decoding of one codeword,
each check node functions twice for each iteratiorserial architecture, there ddecheck
node sub-modules that form one check node’s funality. Each check nodgub-module

works M times for each iteration in decoding process oéaeived codeword. The details
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of the construction of allchecknodes module inadeaind semi-parallel architectures will
be described in more detail in Section 3.3.2.2. $&ction 3.3.2.3.

Two calculations are made to compltg;) messages. First calculation is the
XORing the sign values ot (q,) inputs connected to the check node. The second
calculation is finding the minimum oE(q;;) inputs connected to the check node sub-

module. This is made using comparators which fimal minimum absolute value among
their inputs. Figure 3.8 demonstrates the signutation part of check node sub-module

and Figure 3.9 demonstrates the minimum finding plcheck node sub-module.

Figure 3.8. Sign values part &{r; ) calculation in check node sub-module
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Figure 3.9. Minimum finding part of (r; ) calculation in check node sub-module
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3.3.1.4. Allbitnodes Module:Allbitnodes module creates the message matrix to

allchecknodes module in LLR domain. This moduledmposed of bit nodes and each bit
node is composed &l bit node sub-modules whekt is the number of check nodes. Bit
node sub-module makes the calculatiorL{dj; ) gathering the incoming messages coming

from rmatrix if the corresponding element of paktyeck matrix at column i and row j is

one. In this case, the bit node sub-module is @alt#ive bit node sub-module.

For parallel architecture implementatibit,node sub-modules are structured in the
same way as probability domain algorithm implemgota The only difference with
probability domain implementation is the functiahabf bit node sub-modules; that they
computeL(q;) values instead @f; .Bit node sub-modules are arranged in matrix strect
of NxM to form allbitnodes module. The connections betwtbe bit node sub-modules
and the inputs are made according to the paritglch®atrix structure, like the check node

sub-module to calculate(g; ) has inputs as the ones in column i of H matrix.

In semi-parallel architecture implemeiatat bit node sub-modules are arranged in a
. N . . .
matrix structure of Ex M to form allbitnodes module where N is the numbgbib

nodes and M is the number of check nodes. The numibbéit node sub-modules is
decreased to half compared to parallel implemeortatiFor decoding of one codeword,
each bit node functions twice for each iterationsérial architecture, there avkbit node
sub-modules that form one check node’s functionaliich bit node sub-module workis
times for each iteration in decoding process oéeeived codeword. The details of the
construction of allbitnodes module in serial andnisparallel architectures will be

described in more detail in Section 3.3.2.1.

Each bit node sub-module calculated g, ) value by adding itls(rj.i) inputs and

the apriori LLR valué.(p,).Figure 3.10 shows the bit node sub-module ardiitecin

min-sum approximation implementation.
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Figure 3.10. Bit node sub-module structure in mimsapproximation algorithm

3.3.1.5. ComputebigQ Modul€omputebigQ module computes extrinsic LLR valués o

decoder output bits. It is composed of computebig@omodules. In parallel
implementation, computebigQ module is organizedsdree way as the implementation of
sum product algorithm in probability domain. ConmghigQ module is composed bf
computebigQ sub modules whexeis the number of bithodes. The connections between
the computebigQ submodules and the input messagesmade according to the parity
check matrix structure, like the computebigQ suldude to calculatd.(Q;) has inputs as
the ones in column i of H matrix. ComputebigQ suldoles computé (Q;) values using

the L(r) message matrix received from allchecknodes modigenputebigQ sub module
has the same hardware architecture as bit nodensdule. The only difference is

L(r) matrix values received as incoming messages intl(rg¢, which was excluded in

bit nodeL(g; )calculation.

. . . N . .
In semi-parallel |mplementat|on5 computebigQ submodules are used in

computebigQ module. In this case each computebigignedule functions twice for each
iteration of decoding a received codeword. In $ém@lementation, computebigQ module
is composed of only one sub-module, which functibhgimes in each iteration. The
details of the construction of computebigQ modulseérial and semi-parallel architectures

will be described in more detail in Section 3.3.2.1

3.3.1.6. DecodebigQ ModuleDecodebigQ module determines decoder output bit

candidates using(Q;) values calculated by computebigQ module. It is cosep of N
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comparators where N is the number of bit nodes. Wikentroller module sets
enable_decodebigQ signal to one, each comparater téQ') value as input and
compares it with 0 since the comparison is doné.Edt values. IfL(Q'") is greater than 0,

comparator output is set to zero, otherwise sen® as shown in Equation 2.18. Like in
probability domain sum-product algorithm implemeiata, decoder output bit candidates

form decoder output codeword candidatevhich is a vector of N bits and output_ready

indication is sent to controller module.

3.3.1.7. Computesyndrome Moduléomputesyndrome module calculates the syndrome

vector using the decoded output codeword candidiates exactly the same structure as

probability domain sum-product algorithm, takingcddéer output codeword candidate

¢ and transposed parity check matfik as input and calculating the syndrome.

3.3.1.8. Controller ModuleController module has the same structure as suwhipto

algorithm in probability domain. It sets the enaldgnals of all modules except
create_input module and controls the iterationslefoding and giving out the decoder
output. When the iterations are finished, it sées decoder output and its output_ready

signal which indicates that the decoding is fingshe

3.3.2.Min-Sum Approximation Method Implementation

It is observed in the literature thatghi@t, semi-parallel and serial architectures are
used for LDPC decoder implementations [14], [1&8B][ [22], [25], [27],[28], [29], [31],
[32], [34], [37], [38]. Min-sum approximation algorithrs implemented for parallel, semi-
parallel and serial architectures in order to camphe advantages and disadvantages of
each architecture. In this section, the impleméntatietails of these three types of

implementations are presented.

3.3.2.1. Parallel Architecture ImplementatioRarallel architecture implementation for

min-sum approximation method uses the same tofd Exgcture as probability domain
algorithm implementation for parallel architectur€he blocks of the decoder are

connected the same way and the same controller Imaglused. For parallel architecture
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implementation, each module is designed using allpaarchitecture composed of its own
sub-modules like described in Section 3.3.1. [[&], [28], [29], [31], [32],[37], [38].The
functionality of input and output ports tiie top level entity is the same as probability

domain algorithm implementation as shown in Tab& 2

3.3.2.2. Semi-Parallel Architecture Implementatibm:the literature, it is observed that

semi-parallel architectures are more commonly usede they decrease the number of
functional units to a considerable level [14]8], [19], [21], [27], [34]. In this thesis, semi-

parallel architecture implementation decreasesittmeber of functional units to half. This

. . . S N .
means, semi parallel architecture mplementatmnhMesEx M bit node sub modules,

% x N check node sub modules a%dcomputebng sub modules.

Check nodes functionality is implemeniech module called allchecknodes like in
parallel implementation. In allchecknodes modull;e‘,x N check node sub modules work

in parallel. Each check node is enabled twice far iberation of decoding. For example, in
parallel implementation check node O is enablecednd in semi-parallel implementation,

it is enabled twice. lts first functioning repladése functioning of check node 0 of parallel
implementation and its second functioning replaites functioning of check node'\;l—.
Similarly, check node C in semi-parallel implenagiun replaces check node 1 and check
node% + C. A control logic is used in allchecknodes modulemnable the% x N check

node sub modules. This logic enables check nodsshbiy the enable signal coming from

controller module to prepare the first half of thér;) matrix. Then after receiving the

output_ready signal from checknodes for this fiostctioning, it enables the check nodes

again to prepare the second half of th{e;) matrix. After the second functioning finishes,

the output_ready signal of allcheknodes modulets s

The same strategy exists for bit noded @ewmputebigQ functionality. Similarly

allbitnodes and computebigQ modules exist thaeasbled twice by the controlling logic
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inside them. Allbitnodes module’s control logic bles bit nodes twice; first time it
creates the first half of.(g;) matrix and second time it creates the second dfathe
matrix. At the same time, computebigQ module’s oaribgic enables computebigQ sub-
modules twice, first time it creates the first halfL(Q;) array and second time it creates

the second half of the array.

outputready_from_checknodes
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Check Node 0

enable_checknodes

0
s|npow gns
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Control
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oufputready

Check Node M/2 -1
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Figure 3.11. Semi-parallel architecture of allcheatkes module

The rest of the modules are implemenikd tescribed in Section 3.3.1. The
functionality of input and output ports of the ttgvel entity is the same as probability

domain algorithm implementation as shown in Tab& 2

3.3.2.3. Serial Architecture Implementatidn:serial architecture implementation, there is
only one functional unit for each functional unjipé [22], [25],[37]. This means there is
one check node, one bit node and one computebigpQmadule in the decoder. These

functional units work in a serial architecture untlee control of a block similar to the

control logic described in semi-parallel architeetu
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The check node functions M/2 times fachederation. The control logic enables the
check node first with the enable signal coming frmp-level controller module. Then for
the next times, it enables the check node usingtteut ready signal generated frdime
previous functioning. After the check node funcidw/2 times, output_ready signal of the

check node module is sent to the top-level comtratiodule.

Similarly, bit node and computebigQ madubre enabled by the control logic. Bit
node and computebigQ sub module are both enabRdimNés. After the last functioning,

the control logic sets the related output_readyadgto top-level controller module

outputready_from_checknode

Check Node 0

enable_from_topleve enable_checknode|

Control
logic

0
s|npow gns
apou »29yn

- ZIN
s|npow gns
apou ¥o8y)

outBut_ready

Figure 3.12. Check node module in serial architecitmplementation

The rest of the modules are implemenikd Hescribed in Section 3.3.1. The
functionality of input and output ports of the ttgvel entity is the same as probability

domain algorithm implementation as shown in Tab& 2
3.3.3. Look-up Table Approximation Method Implementation

Look-up table approximation method is iempented using parallel architecture. The
top-level structure is the same as probability donaéggorithm implementation for parallel
architecture. The blocks that the implementatioooisiposed of are the common modules
described in Section 3.3.1. except for allchecksoa®dule. In allchecknodes module,

besides the common part used in min-sum approxamatd(x) approximation is
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implemented using the look-up table demonstratefeation 2.5.2.2. Top-level structure
for check node sub-module unit is shown in Figuds3
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Figure 3.13. Check node sub-module structure fok-lgp table approximation

implementation
3.3.4. Piecewise Linear Approximation Method Implementatn

Similar to look-up table approximation timed implementation, piecewise linear
approximation method is implemented using paraliehitecture with the common blocks
described in Section 3.3.1. except for allchecksadedule. In allchecknodes module, in
addition to the common part used in min-sum appnaxion, JL(q,)) is implemented
using 5 linear equations shown in Section 2.5f:135 regions of x. Since the coefficients
of the equations are chosen as powers of 2, muolipn with these coefficients is
implemented using shift registers. Like shown igufe 3.14, there is a decoder which

chooses the equation to calculate &{&(q.;)) approximation according tt(g;;) value.
According the decoder output, tig€q;.;) value is sent to the shift register. A look-upléab

holds the constant parts of the linear equatiohs. donstant part of the linear equation to

be implemented is added to shift register outptdotm 5(L(q,;)) approximation. Finally,

o(L(g,;)) approximation is added to min-sum approximatioliedo formL(r;) value.
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Figure 3.14.L(r; )calculation in piecewise linear approximation noeth

3.3.5. Optimum Linear Approximation Method Implementation

In optimum linear approximation method plementation, J(x) function is

implemented using the linear equation mentionedSection 2.5.2.4. For ease of
implementation, the coefficient 0.24 is changedh® nearest power of two 0.25. By this

way, only one adder and shift register is enough ifmplementation of d(x)

approximation.

0.6 | =+
L(9:;) - —1
s |L(a)| Mo 3
Shift register + 41‘(’”]1 )

Min-sum
> approximation

Figure 3.15.L(r;) calculation in optimum linear approximation method



4. VERIFICATION AND BIT ERROR RATE ANALYSIS

Implementations of LDPC decoder are functionallyifiedd in a VHDL verification
environment using Cadence NCSIM tool. As stateth@previous sections, sum product
algorithm is not suitable for hardware implememtasi because of the drawbacks
explained in Section 2.5.1. The implementation ased for this algorithm but bit error
analysis is not done. For all of the log domainodthm implementations, the same
verification environment is used; including top ééWHDL testbench of the design and

input stimuli for top level generated using MATLAB.

For input stimuli generation, a 46andom message words are generated first. These
message words are encoded to codewords in a MATABram which makes the matrix
multiplication ¢ = m-G, where G generating matsxderived from LDPC codes' parity
check matrix.Each bit of the codeword is convettethteger numbers {-1, +1} according
to % = (-1 formula in this MATLAB program. Codewords are eafted in an array of
size 16.After the addition of AWGN (by using awgn functiohMATLAB), each element
of this array is converted to 8-bit signed numbmsveen -128 and 127. Using this way,
input stimuli composed of £Gandom message words is received. At the same tire
10° codewords generated as the result of ¢ = m-Gor@e&fWGN addition) are dumped to
a text file which will be the reference data todmmpared to the decoder outputs. This
process is repeated for different signal to noe#or(SNR) values that is given as a
parameter to awgn function. Finally 9 input files © different SNR values are received.
These files are used in frame error rate (FER)yaisabf decoder implementations using
Monte Carlo analysis. For this purpose, a simutat®run for each input pattern file by
feeding the data in the file to the design undst te the VHDL testbench. The outputs
were dumped to a text file in the VHDL testbenchisTtest file content should contain®10

decoded code words which are compared to the codgsvin the reference data file.

For each different LDPC decoder impleragah, 9 simulations are run and the

simulation outputs are compared to reference codikwles to find how many bits differ
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between decoded received codewords and referedesvoods. In each simulation, 17%10

bits are processed.

Another important result received frone timulations is the latency information
which shows how many cycles it takes for the decadedecode a codeword. In sum-
product algorithm, decoding is an iterative process the number of iterations to decode a
codeword for the implementations in this thesis tzke 1 to 20 iterations. That's why in
order to compare the implementations in terms teinley; the latency of only one iteration
is compared between the implementations. Tableskdlvs the latency information for

each implementation.

Implementation Type Latency in Modules Total Decoding Latency
(Clock Cycles) (Clock Cycles)

Parallel Architecture Createinput Module: 1 | 67

Implementation Initialization :1

(Min Sum Approximation Method ,| Allchecknodes :20

Look-up Table Approximation Allbitnodes : 15

Method , Piecewise Linear DecodebigQ : 17

Approximation Method, Optimum | ComputeSyndrome: 12

Linear Approximation) Control: 1

Semi-Parallel Architecture Createinput Module: 1 | 110

Implementation Initialization :1

(Min Sum Approximation Method) | Alichecknodes :44
Allbitnodes : 34
DecodebigQ : 17
ComputeSyndrome: 12
Control: 1

Serial Architecture Implementation Createinput Module: 1 | 560
Initialization :1
Allchecknodes :254

(Min Sum Approximation Method )| Allbitnodes : 274
DecodebigQ : 17
ComputeSyndrome: 12
Control: 1

Table 4.1. Decoding latency values for decoder @mantations
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In Table 4.1., latency values are givenrhodules of each implementation. Since
allbitnodes module and computebigQ modules functioncurrently, only the latency of

allbitnodes is given because it has more latenay tomputebigQ module.
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Decoder implementations are synthesizdguSynopsys Design Compiler tool. A

CMOS 65 nm technology library is used in the sysih@f the circuits. As the result of

synthesis, area report of each implementationasived. Table 5.1. shows the area results

for each implementation in terms of NAND gate area.

Architecture | Approximation Method CombinationalSequential Total
Type Area(KGates) | Area Area
Parallel Min Sum Approximation Method | 144 182 326
Architecture Look-up Table Approximation 146 182 328
Method Implementation
Piecewise Linear Approximationl52 183 335
Method Implementation
Optimum Linear Approximation 149 183 332
Method Implementation
Semi-parallel| Min Sum Approximation Method | 89 133 222
Architecture
Serial Min Sum Approximation Method | 13 76 89
Architecture

Table 5.1. Area Values of LDPC Decoder Implemeateti

Power efficiency is an important issue in the asialyf different LDPC decoder

implementations [36].After that estimated powerstanption of each circuit is found for

each implementation using Synopsys Power Compilek. fTable 5.2 shows the power

estimation values for each implementation. The aljirgg voltage is chosen like 1.2V and

temperature is chosen 25C. The clock frequency usgubwer estimation is 100 MHz.

Average toggling rate for the gates in implementatiare taken as five per cent. Three

different types of power values are compared fehemplementation.
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Internal Power: Internal power is any power diss&dawithin the boundary of a
cell. During switching, a circuit dissipates intakrnpower by the charging or
discharging of any existing capacitances internathe cell. Internal power also
includes power dissipated by a momentary shortutiroetween the P and N
transistors of a gate, called short-circuit power.

Switching Power: Switching power is the power giaseéd by the charging and
discharging of the load capacitance at the outguthe cell. The total load
capacitance at the output of a driving cell is then of the net and gate
capacitances on the driving output. Because suatgty and discharging are the
result of the logic transitions at the output o ttell, switching power increases as
logic transitions increase.

Leakage Power: Leakage power is dissipated wreegdte is not switching, that is
when it is inactive or static. There are two leak@g@wer sources [41]. The first
and the major one is leakage current caused byguhehreshold currents of the
transistors. There is leakage current in MOS tstioss even when 34 is below
threshold voltage.The other leakage power sourcéeakage current flowing
through the reverse biased diode junctions of thaststors located between the
source and the substrate.
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Architecture| Approximation Method Internal | Switching | Lekage
Type Power Power Power
(uwW) (uwW) (uwW)
Parallel Min Sum Approximation Method 8965 4694 10.67
Architecture L Table Approximation | 9020 4723 10.74
Method Implementation
Piecewise Linear Approximation | 9212 4824 10.97
Method Implementation
Optimum Linear Approximation | 9130 4780 10.87
Method Implementation
Semi- Min Sum Approximation Method 6105 3196 7.27
Parallel
Architecture
Serial Min Sum Approximation Method | 2447 1281 291
Architecture

Table 5.2. Power estimation values for LDPC decadeiementations
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6. SUMMARY OF FINDINGS

As the result of simulations, FER perfance improvement that
o(X) approximation methods bring compared to min-sumr@pmation method is
observed. At the same time, it is observed frontregis results thad(x) approximation
methods do not bring important hardware overheadpeoed to min-sum approximation
method implementation. Figure 6.1. shows the FERopwances of LDPC decoder
implementations. Piecewise linear approximatioplementation is found to give the best
error correcting performance. On the other handhai$ the biggest area and power
consumption. Look-up table approximation methothes second in FER performance but
it is has the smallest area and power consumpften @in-sum approximation method.
Optimum linear approximation method implementatttas larger area and worse FER

performance than look-up table approximation immatation.

10
10°
o
L
L
10°
[| —%— Piecewise Linear Approximation !
| —&— Optimum Linear Approximation
| —8— Min-sum Approximation
4 —F— Look-up Table Approximation | | |
1|:| I I I I

1 1.5 2 25 3 34 4 4.4 5
SNR

Figure 6.1. FER performances of LDPC decodersifterdnt SNR values
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Consequently, it can be stated that itamparison is made among parallel
architecture implementations, the most suitableodecimplementation should be chosen
taking into account the trade-off between gate tand FER performance. If smaller gate
count is more necessary, look-up table approximafeuld be chosen. This choice brings
smaller area and less power consumption with a v@nall degradation in FER
performance compared to piecewise linear approximamplementation. Otherwise, if
the FER performance is more important, piecewiseali approximation implementation

should be chosen.

Another evaluation can be made for pekaemi-parallel and serial architecture
implementations of min-sum approximation method. cin be seen that parallel
implementation has a gate count 326 K composed4fkicombinational part and 182 K
sequential part. For semi-parallel implementatiom gate count decreases to 222 K with
89 K combinational part and 133 K sequential fartally, for serial implementation, total
number of gates is 89K with 13K combinational gartl 76K sequential part. Number of
functional units in semi-parallel implementationtliee half of number functional units in
parallel implementation but decreasing of gate todwme to this property is more
significant in combinational part than in sequdngart. Similarly, there is only one of
each functional unit (check node, bit node and ageilggQ submodule) in serial
implementation. It is observed that combinatiorat glecreases approximately 90 percent
compared to parallel implementation but sequeptat does not decrease this much. This
is due to the reason that even if the number oftfanal units is decreased; an important

amount of registers to hold the message valueddleaist.

Besides, if the decoding latencies aresiiered, it can be observed that serial
implementation has a big latency like 560 cyclesciwhs approximately eight times the
latency of parallel implementation. Semi-parallethatecture implementation has 110
cycles of decoding latency which is more acceptablapared to serial implementation.
Therefore, semi-parallel architecture is found te khe optimum for hardware
implementation of LDPC decoder. It has less gatentcompared to parallel architecture
which brings advantage both in area and power ecopsan and it has smaller latency

compared to serial architecture.
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As the result, piecewise linear approxioraimplementation using semi-parallel
architecture is found to be the optimum implemeoteif FER performance is has priority.
If gate count and power consumption is more impaytéook-up table approximation
implementation using semi-parallel architecture ri®re convenient for hardware
implementation.
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