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Abstract

This dissertation contains the following two contributions on the applications of

sparse codes.
e Fountain codes

— Batched zigzag (BZ) fountain codes

— Two-phase batched zigzag (TBZ) fountain codes
e Write-once memory (WOM) codes

— WOM codes implemented by rate-compatible low-density generator ma-

trix (RC-LDGM) codes

First, two classes of fountain codes, called batched zigzag fountain codes and two-
phase batched zigzag fountain codes, are proposed for the symbol erasure channel. Ata
cost of slightly lengthened code symbols, the involved message symbols in each batch
of the proposed codes can be recovered by low complexity zigzag decoding algorithm.
Thus, the proposed codes have low buffer occupancy during decoding process. These
features are suitable for receivers with limited hardware resources in the broadcasting
channel. A method to obtain degree distributions of code symbols for the proposed
codes via ripple size evolution is also proposed by taking into account the released
code symbols from the batches. It is shown that the proposed codes outperform Luby
transform codes and zigzag decodable fountain codes with respect to intermediate re-

covery rate and coding overhead when message length is short, symbol erasure rate is



low, and available buffer size is limited.

In the second part of this dissertation, WOM codes constructed by sparse codes
are presented. Recently, WOM codes are adopted to NAND flash-based solid-state
drive (SSD) in order to extend the lifetime by reducing the number of erasure opera-
tions. Here, a new rewriting scheme for the SSD is proposed, which is implemented
by multiple binary erasure quantization (BEQ) codes. The corresponding BEQ codes
are constructed by RC-LDGM codes. Moreover, by putting RC-LDGM codes together
with a page selection method, writing efficiency can be improved. It is verified via
simulation that the SSD with proposed rewriting scheme outperforms the SSD without
and with the conventional WOM codes for single level cell (SLC) and multi-level cell

(MLC) flash memories.

keywords: Fountain codes, low-density generator matrix (LDGM) codes, low-density
parity-check (LDPC) codes, NAND flash memory, solid-state drive (SSD), write-once
memory (WOM) codes.

student number: 2011-20923
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Chapter 1

Introduction

1.1 Background

The fundamental goal of digital communication is reliable transmission of informa-
tion such as speech, audio, and data from source to sink via noisy channel. When there
are a source and a sink, it is called point-to-point communication problem. In 1948,
Shannon [1] proved in a landmark paper that, by applying suitable encoding including
source and channel encoding, errors induced by a noisy channel can be removed to
any desired level without reducing the rate of information transmission, as long as the
information rate is less than the capacity of the channel. It is also shown that the point-
to-point communication problem can be decomposed into two separate problems, i.e.,
source and channel coding problems. The block diagram of the decomposed problem
is shown in Fig. 1.1. The first part is the source encoder which transforms given infor-
mation m into a bit stream u. It removes all redundancy from the source, which results

in the bit stream having the smallest size while reproduction of the source is still possi-
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Figure 1.1: Block diagram of a point-to-point communication problem.

ble. In other words, it is impossible to compress the data such that the average number
of bits per symbol is less than the entropy of the source. Secondly, the channel en-
coder adds redundancy, called parity bits, to the given bit stream, where the parity bits
protect the bit stream from errors or erasures. Here, the encoded bit stream is called
a codeword and denoted as c . Then, the codeword is transmitted through the channel
such as wired, wireless, and storage medium. After that, the channel decoder receives
a vector r which may contain errors or erasures and tries to find which codeword was
sent over the channel. The estimated codeword and the corresponding information are
denoted by ¢ and 1, respectively. Finally, the source decoder transforms the estimated
information bit stream into m and delivers it to the sink.

Unfortunately, Shannon used a random coding technique which is good for proving
the channel capacity theorem, but hard to be implemented in practice. Thus, a number
of constructions of implementable codes, i.e., codes with low encoding and decoding
complexities, have been studied. A well known subclass of channel codes is a linear

block code which contains codewords generated by the linear combination of basis



and thus is defined by the corresponding generator or parity-check matrices.

In 1962, low-density parity-check (LDPC) codes are invented by Gallager [2] as
forward error correction (FEC) codes. However, their excellent potentials are undis-
covered due to the limits of implementation in the 1960s. At that time, the probabilis-
tic iterative decoding algorithm requiring high computational complexity was hard to
be applied and thus LDPC codes were almost forgotten and neglected over 35 years.
Turbo codes were first presented to the coding theorists by Berrou, Glavieux, and Thiti-
majshima [3] in 1993. They introduced a new family of convolutional codes built from
concatenation of two recursive systematic codes with an interleaver. The name was
derived from its iterative decoding algorithm, i.e., the part of decoded output is rein-
troduced at the input and processed again, like a turbo engine. After the appearance
of turbo codes, LDPC codes were rediscroved by McKay and Neal [4] in 1996. They
revealed that the iterative decoding algorithm for turbo codes was a special case of the
decoding algorithm for Gallager’s LDPC codes. Since then, LDPC codes have been
one of the main research area due to their capacity-approaching performance.

From early 2000, generalization of LDPC codes and theoretical analysis of their
performance have been studied by a number of researchers including Richardson, Ur-
banke, Luby, Mitzenmacher, Shokrollahi, and Spielman [5]-[8]. In addition to theoret-
ical interests in LDPC codes, they have been adopted in many communication systems
such as wireless metropolitan area network (WMAN), wireless local area network
(WLAN), 10GBase-T Ethernet, and digital video broadcasting [9]-[12].

Similarly, another subclass of sparse codes, low-density generator matrix (LDGM)
codes have been attracted attention [13], [14], where LDGM codes can be considered

as dual codes of LDPC codes. However, it is shown that LDGM codes are asymptot-



ically bad since poor distance properties cause high error floor problems [15]. While
maintaining the advantages of low complexity iterative decoding, the error floor prob-
lem of the LDGM codes can be solved by properly concatenating LDGM codes and
another codes, which results in compound or concatenated codes such as MacKay-
Neal (MN) codes [16].

Recently, alternative to fixed rate codes, concept of digital fountain is introduced
[17], which allows any number of heterogeneous clients to acquire data with optimal
efficiency even though channel state of each receiver is unknown to the transmitter. In
2002, Luby proposed practical fountain code with simple XOR operation [18], called
Luby transform (LT) codes. In view of sparse codes, LT codes can be considered as
LDGM codes. Therefore, LT codes may suffer from the error floor problem as men-
tioned earlier and thus raptor codes are invented by Shokrollahi [19], which are con-
catenation of the LT code and a precode.

While sparse codes such as LDPC codes, LDGM codes, and several fountain codes
are used as error correction codes (ECC), they also have been applied to various areas
due to their outstanding performance with low complexity decoding algorithm. The

research areas adopting sparse codes are described as follows:

e ECC for the conventional communication systems

Quantum error correction in quantum computing [20]-[22]

Cryptosystem [23]-[26]

Data compression [27]-[31]

Compressed sensing [32]-[34]



e Peak-to-average power ratio (PAPR) control in orthogonal frequency division

multiplexing (OFDM) systems [35]-[38]

e Write-once memory (WOM) codes [39], [40].

Especially in this dissertation, two classes of fountain codes defined by sparse
graphs with zigzag coding technique and WOM codes implemented by rate-compatible

(RC) LDGM codes are mainly discussed.

1.2 Overview of Dissertation

This dissertation is organized as follows. Chapter 2 introduces a well known subclass
of sparse graph codes, i.e., LDPC codes. Firstly, basic notions and definitions of lin-
ear code are given in Section 2.1 and Section 2.2 reviews concepts of LDPC codes.
Moreover, a simple message passing algorithm for LDPC code is briefly presented in
Section 2.3.

In Chapter 3, two new classes of fountain codes are proposed, which can be re-
garded as sparse LDGM codes. Section 3.1 overviews LT codes and ZD codes. BZ
fountain codes are proposed in Section 3.2. Degree distributions of code symbols for
the proposed BZ fountain codes are derived in Section 3.3. Further, the TBZ foun-
tain codes are proposed in Section 3.4. The performance improvement of the proposed
codes is verified via numerical analysis in Section 3.5.

In Chapter 4, WOM codes constructed by RC-LDGM codes are introduced. Sec-
tion 4.1 overviews characteristics of NAND flash memory, rewriting schemes for flash

memory, and the construction of rewriting codes with BEQ codes. In Section 4.2, a



new rewriting scheme for NAND flash memory is proposed and a construction of the
corresponding RC-LDGM codes is described in Section 4.3. The performance of the

proposed WOM codes is verified via simulation in Section 4.4.
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Chapter 2

Sparse Codes

In this chapter, some preliminaries of linear codes, sparse codes such as LDPC codes,
and their message passing decoders are introduced. First, the basic concepts of linear
codes are described and background of LDPC codes which are well known sparse
codes are provided. Finally, a message passing decoder which has low complexity is

introduced.

2.1 Linear Block Codes

In this section, we review definitions of linear codes and their properties. Let IF, be the
finite field with ¢ elements, where g is a prime power. Then a linear code is defined as

follows.
Definition 2.1 IfC C Fy is a subspace of ¥y, then C is said to be a linear code.

Since C is a subspace, there is a basis {cj,ca,...,c}, where k is the dimension of

the subspace. It is known that any element in C, called codeword, can be represented



as the linear combination of k basis vectors. Hence, the code C, denoted by (n, k)4,

can be defined by its generator matrix.

Definition 2.2 A matrix G € IE";X" is said to be a generator matrix of C if its k rows

span C.
In other words, we have C = {cy,co,... ,ch} and each codeword is given as ¢; =
m;G, where m; is k-tuple vector, called message vector for i = 1,...,¢". Further,

the rate of a code C is denoted by R given as

log |C| k
— - _ = 2.1
i nlog|F,| n @1

Also, the code C can be described in terms of a parity-check matrix H € an_k)xn
such that HeT = 0T for all codewords ¢, where 0 denotes all zero row vector and (-)7

represents the transpose. With the parity-check matrix, we define a syndrome vector

of received vector y as follows.
Definition 2.3 A vector s = HyT is said to be the syndrome of given vectory.

Clearly, a linear code is a subspace of ;' and thus the dual or orthogonal space can be

defined.
Definition 2.4 IfC C F} is a linear code, then its dual code C L is defined as
ct = {zeFylac’ =0, veec}. 2.2)

With above definitions, some properties of linear code are described as the following

lemmas.

Lemma 2.5 A parity-check matrix H for a code C is a generator matrix for the dual

code Ct.



Lemma 2.6 dim(C) + dim(C*) = n. Thus, if C is an (n, k), code, then C* is an

(n,n — k)q code.
L
Lemma 2.7 <CL) =C.

Here is a simple example of a linear code and its dual code.

Example 2.8 Ler C = {000,110,011, 101} be a (3,2) linear code. Then the gener-

ator matrix is given as

110
G = . (2.3)
0 1 1
Also the corresponding dual code C* is
ct = {(vl,vg,vg)]vl +v9 = 0,v9 +v3 = 0,v; € {0,1} for i = 1,2,3}
= {(0,0,0),(1,1,1)} . (2.4)

2.2 LDPC Codes

In this section, some preliminaries of LDPC codes are introduced. An LDPC code is
a linear code which is defined by its parity-check matrix consisting of mostly 0’s and
a few nonzero elements. Especially, when the finite field is [F, the number of 1’s in
the matrix is very small compared to that of 0’s, which results in a sparse matrix. An
alternative representation of LDPC code is a bipartite graph G = (V, C, E), generally
called Tanner graph, where V and C are sets of variable and check nodes and F is a set
of edges connecting two nodes from different sets, i.e., V" and C. Generally, a variable

and a check nodes are represented as a circle and a square, respectively. Note that the



€1 C2 €3 C4

Figure 2.1: A Tanner graph of LDPC code.

number of edges in a node is called degree. An LDPC code who has variable and check
nodes with only degree d,, and d.., respectively is called (d,, d..) regular LDPC codes.
Whereas, if the degrees of variable (check) nodes are different from each other, the

code is said to be irregular.

Example 2.9 A parity-check matrix of a binary (2, 3) regular LDPC code with length

6 is given as

H= 2.5)
010101

001011

and the corresponding Tanner graph Gy is shown in Fig. 2.1. Here, it can be checked

that V.= {v1,ve,...,v5} and C = {c1, ca,c3, ¢4}

10



2.3 Message Passing Decoder

In general, message passing decoding algorithm is used for LDPC codes, where its
operations can be represented by passing the messages along the edges in a Tanner
graph. It is also called iterative decoder since the outgoing messages from variable
(check) nodes are put again into check (variable) nodes iteratively. The decoder stops
until it finds a valid codeword or the number of iteration reaches the predetermined
maximum iteration number.

In this dissertation, binary erasure channel (BEC) is mainly considered and thus
a message passing algorithm for BEC is introduced. Note that a received bit is al-
ways correct if it is not erased. It is known that the message passing algorithm can be
divided into three parts, i.e., variable node update part, check node update part, and
decision part at each variable node. Let M; ; and E; ; be outgoing messages from the
ith variable node to the jth check node and from the jth check node to the ¢th variable
node, respectively. Initially, every variable node does not have any incoming messages.
Hence, the outgoing message of the ¢th variable node is the same as its received value
if ¢th bit is not erased, otherwise, the message is set as *, where * denotes an erasure.
Note that variable node sends the same outgoing messages to all neighboring check
nodes. Now, the jth check node receives d; incoming messages, where d; is the num-
ber of neighbors of the jth check node. When only one message, passed from the ith
variable node, among d; incoming messages of the jth check node is an erasure, the
check node calculates the value of unknown (erased) bit by adding all messages ex-
cept for M; ; and sends the recovered value E;; as a new outgoing message. However,

when there are more than one incoming messages with x at the check node, the check

11



node cannot recover erased bits. Thus, the check node sends the outgoing message as
*. Finally, for the erased variable node, if any received message from the neighboring
check node is not *, the erased bit at the variable node is recovered by the incoming

message.

Remark 2.10 When a message passing algorithm is performed sequentially, it is called
peeling decoder. It is known that the performance of parallel and sequential message

passing algorithms are the same in BEC.

12



Chapter 3

New Fountain Codes with Improved Intermediate

Recovery Based on Batched Zigzag Coding

Fountain codes are capacity-approaching codes which provide efficient transmission
over point-to-multipoint channels. Luby transform (LT) codes [18] and Raptor codes
[19] are the most popular practical fountain codes with low encoding and decoding
complexities. In contrast to fixed rate codes, a fountain encoder generates k message
symbols into sufficiently many code symbols and transmits them to multiple receivers
without knowing their individual channel states until all receivers recover the k mes-
sage symbols. Each receiver collects at least k£ code symbols and decodes them to
recover all the message symbols with high probability.

To generate code symbols in LT codes, an encoder starts by randomly selecting
the degree of each code symbol from a given degree distribution. Then the encoder
selects the corresponding number of distinct message symbols uniformly at random
and performs bitwise XOR operation on them. The code symbols of conventional LT

codes are decoded by iteratively performing bitwise XOR operation on the received

13



code symbols with the recovered neighboring message symbols. Each decoder has two
types of storages, ripple and buffer, which intermediately store the recovered message
symbols and the received code symbols that are not fully decoded yet, respectively.

The ratio of the number of received code symbols to k is called coding overhead,
which is one of the important performance criteria of LT codes. In order to reduce the
coding overhead of LT codes, lots of research have been done. Since the coding over-
head of LT codes is clearly related to the degree distribution and the size of the ripple,
various degree distributions have been researched by using an analytic tool called rip-
ple size evolution, which represents the expected ripple size during the decoding pro-
cess [41]. In order to keep the average ripple size one, Luby proposed the ideal soliton
distribution (ISD) [18] but a small variance of adding released code symbols into the
ripple can cause decoding failure. To resolve this drawback, the robust soliton distribu-
tion (RSD) was proposed [18] to keep the average ripple size as a constant value larger
than one. On the other hand, Sgrensen et al. [41] proposed a new method to obtain
degree distributions with decreasing ripple size. They show that the decreasing ripple
size distribution (DRSD) provides a significant improvement of coding overhead. In
addition, the degree distributions of LT codes which improve their performance are
also studied in [42]-[44].

When code symbols with degree larger than one remain in the buffer and the rip-
ple is empty, standard iterative decoding fails. Recently, a new class of fountain codes
adopting zigzag decodable (ZD) structure was proposed in [45]-[47]. Using not only
bitwise XOR operation but also bit-level shift operation, these fountain codes give us
a performance improvement in terms of coding overhead. If all selected message sym-

bols are bitwisely shifted and then combined by bitwise XOR operation when gener-

14



ating a code symbol, we can make the leftmost or the rightmost bit of the code symbol
depend on only one of the selected message symbols. These bits can help decoding
process further, which is called zigzag decoding. It is known that the ZD structures are
adopted in various applications other than the fountain codes, e.g., wireless networks,
distributed storage systems, and index coding [48]-[52].

Generally, most of the fountain codes are designed to minimize the coding over-
head but they do not consider the intermediate symbol recovery rate (ISRR), which
is defined as the ratio of the number of recovered message symbols to the number of
total message symbols when the number of received code symbols is less than k. Low
ISRR implies that the decoder has to store a lot of code symbols in the buffer during
decoding process. Low ISRR is fatal for the receivers with limited memory and com-
putational power due to their extremely low cost requirements such as electronic shelf
labels in warehouse [53] and smart sensors, which are key ingredients in Internet of
Things (IoT) [54]-[56]. At an intermediate stage of decoding, if the number of unde-
coded code symbols reaches the capacity of the buffer, the decoder randomly selects
and discards one code symbol from the buffer. Then it receives a new code symbol.
Clearly, the limitation of the buffer size causes the increase of the coding overhead.

There have been several works on the ISRR [57]-[63]. An upper bound of ISRR
was derived and asymptotically optimal degree distributions for the ISRR were found
in [57]. Talari and Rahnavard [59] designed degree distributions employing genetic
algorithms to have the optimal ISRR. However, high portion of low degree code sym-
bols, e.g., degrees one and two, causes high coding overhead. They also proposed
the rateless coded symbol sorting (RCSS) algorithm for further ISRR improvement,

which additionally requires O(k?) encoding complexity. Other approaches for im-

15



proving ISRR and reducing the usage of buffer were introduced in [60]-[63]. In these
fountain coding schemes, the receivers frequently use feedbacks in order to inform the
current decoding status to the transmitter, which makes it possible to search the op-
timal degree. However, for point-to-multipoint communication systems, it is not easy
to use many feedback transmissions. Further, feedback signals from different receivers
may collide with each other in wireless channel and the frequent retransmissions cause
significant power consumption in the receivers.

In this chapter, a new class of fountain codes called batched zigzag (BZ) fountain
codes is proposed to improve the ISRR without feedback. In terms of batched cod-
ing, encoding based on common message symbols is first introduced in batched sparse
codes [64], which are concatenation of fountain codes and random linear codes over
large finite field. On the contrary, in the proposed BZ fountain codes, batches are gen-
erated based on a common subset of message symbols with the bit-level shift and the
bitwise XOR operations so that they can be zigzag decodable. It is noted that the bit-
level shift operation in the proposed codes gives rise to a small amount of additional
overhead, called bit-level overhead, which causes the effect of slightly lengthening
each code symbol. We also analyze their bit-level overhead and computational com-
plexity. While ZD fountain codes in [45] do not also consider ISRR performance, the
proposed BZ fountain codes are designed to have a higher ISRR by generating zigzag
decodable batches. Also, we extend the ripple size evolution analysis of LT codes in
[41] to the proposed codes so that we derive new degree distributions for BZ fountain
codes.

In order to reduce the coding overhead further, we modify the proposed BZ foun-

tain codes to two-phase batched zigzag (TBZ) fountain codes. Encoding procedures of

:
5

" T e Mt
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the TBZ fountain codes are separated into two phases by the stored indices of the pre-
viously selected message symbols for generation of code symbols. At the first phase,
the encoder picks previously unselected message symbols to generate the next code
symbols and constructs batches with various sizes as in the BZ fountain codes. At the
second phase, subsets of message symbols are randomly selected from the entire mes-
sage symbols and batches with size one are generated. It is noted that information of all
previously encoded symbols is stored in [65] but the memory at the encoder of TBZ
fountain code stores whether message symbols are selected or not for the previous
generation, which is much simpler.

Finally, the contributions of this chapter are summarized as follows: i) we proposed
BZ fountain codes to improve ISRR, ii) we obtained a proper degree distribution for
the proposed codes by using ripple size evolution analysis, iii) we also proposed TBZ
fountain codes by splitting encoding procedure into two phases. We verify by numeri-
cal analysis that the proposed BZ fountain codes improve ISRR and the proposed TBZ
fountain codes outperform LT codes and ZD fountain codes [45] with respect to ISRR

and coding overhead when the available buffer size is limited.

3.1 Preliminaries

3.1.1 Definitions and Notation

We consider broadcasting k binary [-tuple message symbols from one transmitter
to multiple receivers over symbol erasure channel with symbol erasure rate e. Let

m; = (m;1,m;2,..., m;;) denote the ith message symbol, where m; ; € {0,1}
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fori =1,...,kand j = 1,...,[. The ¢th message symbol can also be represented in

a polynomial form as
’I’)’LZ(Z) =m;1+m;22+ -+ muzl_l. 3.1

Obviously, this setting can be seen as a transmission of k sequential packets each of
which consists of [ bits. We assume that each receiver has so strict memory limit that
it can store at most k(5 code symbols in the buffer, where 0 < 8 < 1.

Let v and i denote the ratios of the number of received code symbols and recov-
ered message symbols to the number of message symbols k, respectively. In a fountain
code setting, collecting arbitrary k~ code symbols at each receiver leads to recovering
all message symbols with high probability, i.e., u = 1 for v > vygycc. Here, we call
Ysuce as coding overhead. For capacity-achieving fountain codes, we have ygycc = 1.

Degree of a code symbol c is the number of involved message symbols in the
encoder and the corresponding message symbols are called neighbors of c, denoted
by N(c). The degree of code symbols is drawn from a certain degree distribution

Qx) = Zfl:l Qgx?, where Qg is the probability that a code symbol has degree d.

3.1.2 LT Codes

In this subsection, we will briefly overview LT codes. An encoder of LT codes sequen-
tially generates code symbols until every receiver recovers the k£ message symbols as
follows. First, sample a degree d of code symbol from a given degree distribution.
Secondly, choose d distinct message symbols uniformly at random out of & message
symbols and perform bitwise XOR operation on the d chosen message symbols. The

decoder of LT codes iterates the following procedures until all message symbols are
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recovered.

Step 1) Store a newly received code symbol in the buffer.

Step 2) If the received code symbol is degree-one, add the neighboring message sym-

bol into the ripple and go to Step 5). Otherwise, go to Step 1).

Step 3) Store a newly received code symbol in the buffer and perform bitwise XOR

operations with already recovered neighboring message symbols if any.

Step 4) If the degree of the newly received code symbol becomes one, called released

code symbol, add the remaining neighbor of the code symbol into the ripple.

Step 5) If the ripple is not empty, select a message symbol randomly from the ripple.

Otherwise, go to Step 8).

Step 6) Perform bitwise XOR operations with the selected message symbol on every
code symbol in the buffer who has the message symbol as a neighbor. Move
the selected message symbol from the ripple to the memory of the recovered

message symbols. The message symbol is called recovered.

Step 7) Find the released code symbols in the buffer and move the corresponding

message symbols to the ripple if any. Then go to Step 5).

Step 8) Stop if all message symbols are successfully recovered. Otherwise, go to Step

3).
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3.1.3 Zigzag Decodable Codes

In this subsection, we introduce ZD codes. These codes use not only bitwise XOR
but also bit-level shift operation. As a result, the length of the code symbol is slightly

larger than that of the message symbol (.

Definition 3.1 A d-tuple vector sgi = (Si1,---,8id) is a shift vector of the ith code

symbol c;, where s; ; is a nonnegative integer representing the shift value of the jth
T

neighbor of c; for 3 = 1,...,d. A matrix Spyq = {(S?)T (Sg)T <s§1> T]

denotes a shift matrix of T' code symbols, where (-)T denotes the transpose.

Clearly, the shift vector of the conventional LT coding is all-zero shift vector, denoted
by S?O) = (0,0,...,0) for degree-d code symbol. In general, it can be assumed that

the minimum shift value in the shift vector sf is equal to zero. The maximum shift

d

max,t

= max;{s; ;}. Then ngm,i represents the number of

value in sgl is defined as s
additional bits for the ith code symbol due to the shift and XOR operations. Also, let

d

tmaz,i} D€ the maximum number of additional bits for all code symbols.

d = maxg; {s

Definition 3.2 ([45]) For a given 6r and d, let §* = (31, ..., 34) be a nonnegative in-

teger vector such that §; is selected from [0, dr | uniformly at random fori =1, ... d.

d

Find the minimum value in 8% i.e., 8, = mingeqy gy {3} and subtract the min-

imum value from all elements in 8%, Then it is called a random shift vector, that is,

d ~ ~ ~ ~
S(R) - (31 — Sminy---5Sd — Smin)-

From the shift matrix S7.4 = [s;;], the generator matrix of the ZD codes is defined
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as

251,1 z8172 e Zsl,d
2521 o522 ... 524

GTxd(Z) = . (3.2)
25T.1  Z5T2 ... 25Td

The zigzag encoding of d message symbols results in 7" code symbols and it can be
represented in a matrix form as

T T
alz) ... cT(z)] :GTxd(Z)|:m[1(Z) cooomp(2) (3.3)

where I; is an index of the jth neighbor of the code symbols for j = 1, ..., d satisfying
1<h<---<I; <k

Nozaki [45] proposed the decoding algorithm for the fountain codes based on ZD
codes using bitwise Tanner graph. First, the bitwise Tanner graph of the received code
symbols is constructed. Then the LT decoding which is described in the previous sub-
section is applied bitwisely. We call the code symbols zigzag decodable if every in-
volved message symbol is successfully recovered by bitwise LT decoding.
Example 3.3 Consider the ZD code with'I’ = d = 3, and | = 5. Also the shift matrix
is set as Sgx3 = (0,1,2)T (1,2,0)™ (1,0,0)T T, where clearly § = 2. The code
symbols ¢y, co, and c3 are graphically described in Fig. 3.1 and the corresponding
bitwise Tanner graph Gy, = (M,,, Cy, Ey,) is shown in Fig. 3.2, where My, and C\, are
sets of message and code bit nodes, respectively, and Ey, is a set of edges such that
(m,c) € Ey, form € My, and ¢ € Cy,. The circle and the square nodes represent
message and code bit nodes, respectively. Clearly, these code symbols are zigzag de-

codable, i.e., we can decode them in the following order, m1 1, m3 1, m3 2, Ma 1, etc.

5
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I M| M2 | Maz | Myq | Mys
G Ma2 | Mp3 [ Ma4 | Ma5
M3n|| M3z | M3z | M3q | M35 |
l My Mz | Mz | My | My
€2 Map | Ma3 | Mayq | Mps l
| man | Mgy | M3z | Mgyg | Mas
My Mi2 | Maz | Mya [ M5 |
C3 Myp | Mp3 | Mayg | Mys
M| M32 | M3z | Mza | M35

Figure 3.1: Code symbols of ZD code.

My, My Myz My My s

My, My My3z Moy My 5

M3q M3 Mgz M3y M35

1 G2 G3 G4 G5 G G177 €21 Ca2 C23 Ca4 Cp5 Ca6 (o7

€31 €32 €33 C34 €35 (36

Figure 3.2: A bitwise Tanner graph of ZD codes.

3.1.4 Bit-Level Overhead

Let Lg ) be a random variable which represents the length of code symbol of the

fountain code C with zigzag coding when (z), [, and § are given. Let  be the number

of additional bits for code symbols of C and let R,

that Lg) :l+R§§).

22

©)
Q

denote a random variable of 7 such

gk

e

]

I

TU



Definition 3.4 A bit-level overhead of the fountain code C with degree distribution

Q(x) is defined as
p=—td (3.4)

where E|-| denotes the expectation and 1 < n <1+ 4/I.

Obviously, for the conventional LT codes, n = 1 because § = (. On the other hand,
all code symbols in the ZD fountain codes proposed in [45] are generated by s‘(iR) and

thus the expected length of the code symbols is derived in the following lemma.

Lemma 3.5 ([46], Corollary 1) Consider ZD fountain codes with Q(x), I, and OR.

Then the expected length of the code symbols is given as

oR .
zp)] _ i
E[LQ }_z+5R—2;Q<5R+1>. (3.5)

3.2 New Fountain Codes Based on Batched Zigzag Coding

We can construct a set of code symbols using the same subset of message symbols,
called batch, i.e., C = {cq,...,cp}, where N(c1) = --- = N(cp). The size and the
degree of a batch denote the number of code symbols and the number of message sym-
bols involved in each code symbol in the batch, respectively. We consider the fountain
codes such that a transmitter generates code symbols in the form of batches and broad-
casts them to a number of receivers. Clearly, with only bitwise XOR operation on any

subset of message symbols, we can generate batches of size one. Here, we propose
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new fountain codes, called batched zigzag fountain codes such that we can generate
batches with size larger than or equal to one by using the bit-level shift and XOR op-
erations on subsets of the message symbols, that is, adopting the zigzag coding for
batches. Batched zigzag encoding and decoding denote the encoding of batches hav-
ing zigzag structures and the decoding of batches with the zigzag decoding algorithm

to recover all the involved message symbols, respectively.

3.2.1 Construction of Shift Matrix

There are various types of shift matrices for the zigzag encoding. Here we introduce a

d x d shift matrix which can be used in the proposed codes.

Definition 3.6 ([50]) A d x d shift matrix denoted by SElEX\;) = [s; ] is called an ex-
tended Vandermonde shift matrix for 1 < i < dand 1 < j < d, where s;; =
pi+(i—q)(j—1),qg=[d/2] and

(g—i)d=1), ifi<gq
Pi = (3.6)

0, otherwise.

It is shown that for any d, every code symbol obtained by arbitrary square subma-

. (EV) . _. . (EV)
trix of S; ; is zigzag decodable [50]. Further, by using S, ,’, Chen et al. [50] reduce
0 by at least 50% compared to the shift matrix proposed in [49]. Hence, the decoder
can recover all neighboring message symbols from any ¢ already recovered neighbors

and d — t received coded symbols in the same batch generated by Sgi\;).
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Algorithm 3.1: Encoding of BZ fountain codes
Input: k&, {m1(2),...,mr(2)}, ¥(2), dm, S = {S2, ..., Sy, }

Initialization: Z < {1,... k}
Step 1) Sample a degree d from ¥(x).
Step2) If 1 < d <d,,, T < d. Otherwise, T + 1.

Step 3) Select d indices of message symbols from Z uniformly at random. Z.; <

{[1,. .. 7[d}-

Step4) If T > 1, Spyq = [sjw] ¢ Sg. Otherwise, Sty < s‘(io).

T
Step 5) C(z) < Gryqy(z) mp(z) - mp(2)| where the entry of Gy 4(2) is

Gjw =2%wforj=1,..., Tandw =1,...,d.

Step 6) Stop if every receiver successfully recovers the k message symbols. Other-

wise, go to Step 1).

3.2.2 Encoding and Decoding of the Proposed BZ Fountain Codes

Now we propose a new class of fountain codes based on batched zigzag coding as
follows. Encoding and decoding procedures of the proposed BZ fountain codes are
described in Algorithms 3.1 and 3.2, where ¥(x), d,,, and S denote the batch degree
distribution, the maximum size of batch, and the set of predetermined d x d shift
matrices for 2 < d < d,,, respectively. Here, the batch degree distribution ¥(z) is

given as Zfl:l W 2%, where U4 is the probability that the batch has degree d.
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With Algorithm 3.1, d code symbols are generated from the same subset of mes-
sage symbols for 2 < d < d,, at one time and single code symbol is generated for
d = 1ord > d,,. Then the encoder broadcasts the generated code symbols one by one
in the batches. The decoding algorithm for the proposed BZ fountain codes uses both
the LT decoding and the zigzag decoding for the batches. Clearly, all the code symbols
in the batch are zigzag decodable if all code symbols in the same batch are received
without any erasures. Now we consider the case that ¢ code symbols are erased in the
channel when a batch C of size d is transmitted. Since the proposed decoding algo-
rithm does not have any difference from the conventional LT decoding for ¢t = d — 1,
we focus on the case of 1 <t < d— 2 ford > 3. A batch C is zigzag decodable when

the following two cases occur.

e Case 1)t = 1; Let m,, be a message symbol currently selected from the ripple.
If me,, € N(C), then we remove m,,, from C by XOR with its code symbols
to decrease the number of unrecovered message symbols to d — 1. Then, the
batch of size d — 1 with degree d — 1 is zigzag decodable and the corresponding

d — 1 message symbols are newly added into the ripple.

e Case2) 2 <t < d— 2; Assume that t — 1 message symbols out of d message
symbols in A/ (C) are already recovered. If m.,, € N (C), then the batch of
size d —t with degree d —t is zigzag decodable and the remaining d — ¢ message

symbols are added into the ripple.

When the ripple becomes empty, a conventional LT decoder halts its decoding process
and receives a new code symbol. On the other hand, for the BZ fountain codes, the

recovery of message symbols can be additionally done by zigzag decoding, which
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implies the increase of the ripple size and further recovery of the message symbols
from the given number of the received code symbols. Consequently, the proposed BZ
fountain codes have the improved ISRR.

Now, we derive the expected length of code symbols for the proposed BZ fountain
codes. Throughout the chapter, we assume that the extended Vandermonde shift matrix
SL(iF;\C/l) is used as the predetermined shift matrix S;. Here we derive the expected length
of code symbols using the code symbol degree distribution () rather than the batch

degree distribution W (z), whose relation will be derived in the next section.

Theorem 3.7 Consider BZ fountain codes with code symbol degree distribution Q(x),

I, dy,, and the set of predetermined shift matrices S = {SéF;\;), ceey Sglivx)dm } Then
the expected length of code symbols is given as
dm
EP&”}:Z+§:M@Qd 3.7)
d=2

where h(d) denotes the expected number of additional bits for the degree-d code sym-

bol given by
@, if d is even
h(d) = (3.8)

@AY it i odd

and the maximum number of additional bits for a code symbol § is Ldm / 2J (dm —1).

Proof. For 2 < d < d,,, there are three types of rows in Sgi\;), i.e., decreasing,
constant, and increasing rows. The ith row belongs to decreasing, constant, and in-
creasing rows if  is less than, equal to, and larger than [d/2], respectively. It is easy to

check that s¢

max,t

= ‘ [d/2] — z| (d—1) for 1 < i < d,,. Since there are total d code
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symbols, h(d) can be written as

g1 (42 d
h(d) = —— o o([d21 =)+ Y. (i-Td/2]) (3.9)
i=1 i=[d/2]+1

which results in (3.8). Furthermore, we can show that

6 = max {sihue i} = | dm/2] (d = 1) (3.10)

)

by the definition. O

3.2.3 Storage and Computational Complexity

In this subsection, we analyze the storage and computational complexities of the pro-
posed BZ fountain codes. In order to recover all message symbols, a receiver needs
to store k7ysycc code symbols, where each code symbol has E [LgBZ)} bits in average.
For the worst case, the length of all received code symbols is equal to [ + §. Thus, the
BZ fountain codes require at most k7ysycc - (I + 0) bits when buffer size is unlimited.
To compute the overall encoding and decoding complexities, we need to check the
size (number of edges) of the bitwise Tanner graph for received code symbols. If the
code symbol degree distribution is fixed to Q(z), then there are kvysyc. - E [ Lg)BZ)} .
V(1) edges in the bitwise Tanner graph while it is given as kysyce - L - Q/(1) in LT
codes, where ' (z) denotes the derivative of Q(z). Since § = Ldm / 2J (dm — 1), we
choose d,, small enough, e.g., d,, < 5, which results in § < 8. Thus, by setting
[ strictly larger than 6, e.g., I > 50, the increased computational complexity of the
proposed codes is negligible compared to that of the conventional LT codes when the

same degree distribution is applied.
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Algorithm 3.2: Decoding of BZ Fountain Codes

Step 1) Store a newly received code symbol in the buffer.

Step 2) If the received code symbol is degree-one, add the neighboring message sym-

bol into the ripple and go to Step 6).

Step 3) If a batch is received without any erasure, perform the zigzag decoding to the
batch and add all the neighboring message symbols into the ripple. Then go

to Step 6). Otherwise, go to Step 1).

Step 4) Store a newly received code symbol in the buffer and perform bitwise XOR

operations with already recovered neighboring message symbols.

Step 5) If the current degree of the code symbol is one, add the remaining neighbor

of the code symbol, i.e., the message symbol into the ripple.

Step 6) If the ripple is not empty, select a message symbol randomly from the ripple.

Otherwise, go to Step 9).

Step 7) Perform bitwise XOR operations with the selected message symbol to every
code symbol in the buffer who has the message symbol as a neighbor. Move
the selected message symbol from the ripple to the memory of the recovered

message symbols.
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Algorithm 3.2: Decoding of BZ Fountain Codes (continued)

Step 8) Find the released code symbols in the buffer and if any, move the correspond-

ing code symbols, i.e., the message symbols to the ripple. Go to Step 6).

Step 9) Perform the zigzag decoding to the batches in the buffer. If there are zigzag
decodable batches, add all the neighboring message symbols into the ripple

and go to Step 6).

Step 10) Stop if all message symbols are successfully recovered. Otherwise, go to

Step 4).
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3.3 Degree Distribution of BZ Fountain Codes

3.3.1 Relation Between V(z) and ()

In Algorithm 3.1, an encoder generates an unlimited sequence of batches using the
batch degree distribution ¥(z). For a sampled degree d, 1 < d < d,,,, the size of the
batch is equal to d, which means that d code symbols with the same neighbors are
generated simultaneously. As a result, d code symbols with degree d are generated.
Using this property, the code symbol degree distribution 2(z) can be derived from the
given batch degree distribution ¥(z).

Assume that an encoder generates B batches with Ny code symbols. For the
degree d, 1 < d < d,,, there are d code symbols of degree d in each batch of size d.
Therefore, we have Q; = BdV ;/Niot. For d > d,,,, we have B, batches composed
of single code symbol of degree d and thus Q0 = B,/ Nyot. Since Q(1) = 1, it can

be written as

k B dm
Q= 1+ (d-1)0, | =1. 3.11)
d=1 Neot c;( :

Here, 6 is defined as

N
0 = gt. (3.12)
We can easily check that § > 1 and we have
Ba if1<d<dpy
Qq = (3.13)
%, otherwise.
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3.3.2 Derivation of (z) via Ripple Size Evolution

In [41], they analyzed the ripple size evolution for LT codes and obtained DRSD. In
this chapter, we extend this approach to obtain a code symbol degree distribution for
the proposed BZ fountain codes. Since code symbols in the same batch are designed to
be zigzag decodable, code symbol degree distributions of the BZ fountain codes should
be determined by the target channel parameter. Hence, the proposed BZ fountain codes
are designed for the given symbol erasure rate while the conventional fountain codes
are designed for the successful transmission oblivious of individual channel states.
As a result, universality in channel parameters does not work in BZ fountain codes.
However, we consider applications whose channel parameter does not vary much in
our scenario. Assume that decoding process starts after receiving n code symbols for
the purpose of ripple analysis, where n = kygy,c.. In each step of decoding process,
one message symbol is selected from the ripple for decoding of the received code
symbols in the buffer and then, it is removed from the ripple and becomes the recovered
message symbol. Let L be the number of unrecovered message symbols, L = k, k —
1,...,0. Let Q) denote the desired number of message symbols which are added
into the ripple in the (k — L)th decoding step in order to keep the desired ripple size.

For the proposed BZ fountain codes, Q%) is composed of Q£LT) and Q](BL) as
QW = Qi + @y’ (3.14)

where Q(L{}) and Q](BL) are for the LT decoding and the batched zigzag decoding, re-
spectively. Let R(X) be the ripple size at the end of the (k — L)th decoding step. Then,

we have a simple relation as

RE) — RIL+1) _ 1 4 Q(L) (3.15)
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for L < kand R = QW) for L = k.

First, we analyze the ripple size evolution of LT decoding based on a symbol-
wise Tanner graph G = (M, C, E), where M and C are sets of message and code
symbol nodes, respectively, and E is a set of edges between M and C. We assume
for simplicity that degree-d code symbols with the same neighbors occur only when
they belong to the same batch for 2 < d < d,,. In this setting, code symbols with the
same neighbors can be assumed to be redundant in terms of the symbol-wise Tanner
graph and thus the code symbols of each batch are represented by one code symbol
node, called effective code symbol. Thus, when there are n code symbol nodes in Gg,
the number of effective code symbol nodes is given as
"o o,

ICI—n;m (3.16)
where E[Wj (] is the expected number of successfully received code symbols in a batch

of degree d for the symbol erasure rate €. Here, we have

d _e)Wwed—w
Zizle, if 2<d<dy,

1—ed

E [Wdﬁﬁ] = (3.17)

1, otherwise.

Example 3.8 Suppose that batches of the proposed BZ fountain codes are given as
{Cy,...,C5} with {my, ..., mg}. Let d,,, = 3. The corresponding symbol-wise Tan-
ner graph is shown in Fig. 3.3. In the Tanner graph, the white, the black, and the
gray nodes denote erased, effective, and redundant code symbol nodes at the receiver,
respectively. While the total number of successfully received code symbols is 6, the

number of effective code symbols is 4.
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Figure 3.3: A symbol-wise Tanner graph of code symbols.

In LT codes, the total number of released code symbols depends on the code sym-
bol degree distribution €2(x) and the probability that a code symbol is released and

added into the ripple. This probability is derived in the following lemma.

Lemma 3.9 ([41], Lemma 1) Let q(d, L, R) be the probability that a code symbol of
degree d is released and added into the ripple, when L out of k message symbols
remain unrecovered for the given ripple size R at the beginning of the each decoding

step. Then we have
q(d,L,R) =

1, ifd=1,L=FkR=0
& )G)
G
k—(L+1)\ (1) (L—(R-1)
( dzwg ) s <d<k, (3.18)
d

ifd=21<R<L<k-1

I1<R<L<k—-d+1

0, otherwise.

M L-tf] &
¥ |l I ’
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Using Lemma 3.9, the total number of the code symbols which are released and

added into the ripple for the given e, is

(L) _
LT —

M) =

_nlg (L+1)
=] q(d,L,R ) (3.19)

&
Il

1

for 1 < L < k, where we set that the ripple is initially empty, i.e., R*+1) = 0.
Secondly, we analyze the effects caused by batched zigzag decoding. Similar to
Lemma 3.9, the probability that the message symbols in a batch are released and added

into the ripple is shown in the following lemma.

Lemma 3.10 Let qp(d, L, R, t) be the probability that the message symbols in a batch
of code symbols of degree d are released and added into the ripple when t code symbols
are erased from the channel and L out of k message symbols remain unrecovered for
the given ripple size R at the beginning of each decoding step. Then qp(d, L, R,t) is

given as
QB(da L7 R7 t) =

1, it2<d<dn,,L=kR=0,t=0

k—(L+1)\(1)(L—(R-1)
( t—1 )(1)( d—t ) if2§d§dm7

(@) ’

1<t<min(d—2,k— L), (3.20)
L-(R-1)>d—t

0, otherwise.

Proof. As in the proof in [41, Lemma 1], we derive probabilities that t — 1 neigh-

bors belong to k — (L + 1) recovered message symbols, one neighbor is the currently

- " . =
¥ [ -1l =I
-"x_! -|'1_|= 'J!
| : 1} ]
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processing symbols at the (k — L)th decoding step, and the last d — ¢ neighbors belong

to the L — (R — 1) unprocessed message symbols not in the ripple. O

Note that d — t received code symbols of degree d with ¢ known message symbols
compose a complete batch and d — t new message symbols are released and added
into the ripple. Thus, the number of message symbols which are released and added
into the ripple with the batched zigzag decoding at the (k — L)th decoding step can be

written as follows:

QY(d) =

nQq - p(d,0,€)gs(d, L,0,0), for L=k
(3.21)

d—2
nflq - (Z p(d,t,€)q (d, L,R(L+1),t>> , for L <k
i=1
where p(d, t, €) is the conditional probability that there are ¢ erasures in the received

batch of degree d for the given ¢ as

I

te) = 22
p(d,t,€) T (3.22)

Consequently, the overall expected number of message symbols that are added into the

ripple at the (k — L) decoding step is derived as

Q(L) —
an + 2322 TLQd : p(d7 07 6)7 for L=k
k q(d,L,RL)
> g1 82 [W (3.23)
+ D pld b €)as (d, L,R<L+1>,t)] . for L <k
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The desired ripple size evolution of the BZ fountain codes is set as

e LVe2 if ey LY < L
RWE) = (3.24)

L, otherwise
where ¢c; > 0 and c > 1 are suitably chosen design parameters.

Plugging (3.24) into (3.15) gives the number of message symbols required to be
released and added into the ripple. To obtain the code symbol degree distribution ()
satisfying Q(X) in (3.23), we use the nonnegative least square approximation as used in
[41]. Here, we have two more design parameters, i.e., d,,, and €. Thus, we fix € and find
a suitable 3-tuple vector (d,,, ¢1, c2), which results in the minimum coding overhead.
Finally, ¥(z) can be easily obtained from 2(x) by using (3.13).

Note that there is a difference between (3.24) and that in [41] for some values of
cz. The condition of design parameter cy is changed from c; > 2 to co > 1. While
LT codes require d — 2 already recovered message symbols out of d neighbors to
release a degree-d code symbol, the BZ fountain codes need ¢ — 1 recovered message
symbols. Since t — 1 < d — 2, the addition of the recovered messages into the ripple
for the proposed codes is much faster than that of LT codes at the early decoding
process. Hence, the initial ripple size of the BZ fountain codes can be larger than that
of LT codes when the symbol erasure rate is low. In this point of view, we choose the
condition of the design parameter co > 1 for the desired ripple size evolution.

Selecting the proper portion of degree-one code symbols is very important because
it determines the initial ripple size of the conventional LT codes. If the probability of
degree-one code symbols is too small, the ripple size may become zero before all the

message symbols are recovered. In other words, it is vulnerable to decoding failure. On
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the contrary, high probability of degree-one code symbols results in weak connection,
which degrades recovery ratio at the late decoding steps. However, for the proposed
codes, the initial ripple size is determined by not only degree-one code symbols but
also degree-d code symbols, 2 < d < d,,. Using this property, we can reduce the
portion of degree-one code symbols and have additional room for code symbols with

high degrees.

Example 3.11 Degree distributions of LT codes and the BZ fountain code are ob-
tained for k = 32. Using the method in [41], the optimized design parameters of
DRSD for LT codes are obtained as ¢y = 1.2 and co = 2.4 and the corresponding
degree distribution as QPRSP ()= 0.1206z + 0.4190x2 4 0.1095z% + 0.1464z* +
0.063525 + 0.0182x7 4 0.12282'5. On the other hand, the degree distributions for
the proposed BZ fountain codes are obtained with d,, = 4 and various target sym-
bol erasure rates are considered, i.e., € € {0.1,0.2,0.5,0.9}. Numerically optimized
(c1,c¢2) for the given € is (1.0,1.1), (1.0,1.2), (1.0,3.5), and (1.0,3.8), respectively
and the obtained degree distributions Q) () are shown in Table 3.1. We can see that
Q1 of the proposed BZ fountain codes is much smaller than that of DRSD, which is
almost negligible. The corresponding ripple size evolutions are shown in Fig. 3.4. We

can check that the initial ripple size increases as € becomes smaller.
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Table 3.1: Degree distributions of BZ fountain codes with d,,, = 4 and k = 32.

€ Q) (x)

0.1 | 0.0001z + 0.5575x2 + 0.44242°

0.2 | 0.0002z + 0.557722 + 0.39392° + 0.04822:16

0.5 | 0.0003z+0.2625x2 +0.534023 +0.07402° +0.049321° 4-0.03412%3 +

0.0458724

0.9 | 0.0409z +0.460622 +0.144523 +0.0858z* 4+ 0.09852° + 0.0598z12 +

0.04212'3 4+ 0.04082%6 + 0.0270227
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Figure 3.4: Desired ripple size evolutions for the conventional LT codes and the pro-

posed BZ fountain codes.
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3.4 Two-Phase Batched Zigzag Fountain Codes with Addi-

tional Memory

In Section 3.2, we proposed the BZ fountain codes. With slightly additional bit-level
overhead, decoding process of the proposed BZ fountain codes contains both the LT
decoding and the BZ decoding, which gives improved ISRR. However, the recovered
message symbol ratio slowly increases around v = 1 and it leads to performance
degradation with respect to the coding overhead. This phenomenon is due to the fact
that the BZ fountain codes consistently generate redundant code symbols for the de-
coder. In other words, the encoder is apt to continuously generate inefficient batches
with already recovered neighbors (message symbols) especially at the late decoding
steps, where producing batches of d code symbols with the same neighbors repeatedly
for 2 < d < d,;, may be wasteful.

Similar to the drawback of the BZ fountain codes, the conventional LT codes also
suffer from high chance of receiving redundant code symbols at the late decoding
steps, especially for short k. In [65], two main reasons are identified for this phe-
nomenon. Firstly, some of particular message symbols may not have been selected as
neighbors of code symbols until v becomes large. Secondly, even though some mes-
sage symbols are involved, the message symbols can be included only in high degree
code symbols. Hence, some message symbols remain unrecovered and the decoder has
to receive more code symbols. To resolve this drawback, LT codes with added memory
(LTAM) scheme was proposed in [65] such that the encoder selects distinct d message
symbols, which previously have not been selected for encoding. Also in [66], the au-

thors used instantaneous degrees of the message symbols for encoding. Similarly, we
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apply these approaches to the BZ fountain codes.

3.4.1 Code Construction

Now we propose two-phase batched zigzag fountain codes to reduce the coding over-
head of the BZ fountain codes. The proposed TBZ fountain codes separate the encod-
ing procedure into two phases as described in Algorithm 3.3, that is, the first encoding
phase is from Step 1) to Step 5) and the second encoding phase is from Step 6) to Step
10). Note that the encoding phase is determined by the additional memory which stores
indices of the selected message symbols for the previously generated code symbols.
When all message symbols are selected at least once as neighbors of batches with size
larger than one, the encoder switches the encoding phase from the first phase to the
second phase. In Algorithm 3, dR is set to d,,, — 1. Moreover, the TBZ fountain codes
use Algorithm 3.2 for their decoding procedure. Since encoding procedure of the first
phase of TBZ fountain codes is similar to that of the BZ fountain codes, we use code
symbol and batch degree distributions obtained in Subsection 3.3.2.

One of key features of the TBZ fountain codes is that the encoder has additional
memory Z’. Using 7, the message symbols which have not been selected for the pre-
viously generated code symbols are preferentially selected at Step 3). This approach
ensures that all message symbols are involved in the batches of size 7' > 1 at least
once. Since neighbors of all batches of size 7' > 1 are new to the receiver at the first
phase except the last batch, there are no redundant code symbols. Further, Z’ leads to a
transition of code symbol degree distribution. At the first phase, the encoder uses ¥ ()
for the degree of batches while the degree distribution of the generated code symbols

is ©(z), which is derived from ¥ (z). However, we keep the size of all batches as one
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Algorithm 3.3: Encoding of TBZ Fountain Codes
Input: k&, {m1(2),...,mr(2)}, ¥(x), dm, 0r, S = {S2,..., S84, }
Initialization: 7 < {1,... ,k},Z < 0

(First phase)

Step 1) Sample a degree d from ¥(z).

Step2) Ifl1 <d<d,,T < d. Otherwise, T" < 1.
Step3) IfT > 1,r« |Z\Z|.

If r > d, select distinct d indices of message symbols Z,,; =

{I1,...,1;} from Z \ Z’ uniformly at random.
Otherwise, select distinct r indices of message symbols Is(il) =

{I,...,I,} « T\ 7' and select the remaining d — r indices I(? =

sel
{L41,...,14} from Z' uniformly at random.

T+ 28 0Tl

sel*

T' <+ T'"UZy and Sy g = [Sj,w] + Sa-

Otherwise, select distinct d indices of message symbols from Z uniformly at

random.
Tser ¢ {11, Ia} and S7xa = [sju] ¢ sfy).
T
Stepd) C(z) < Grxda(2)|my, () --- my,(z)| » where entry of Grya(z) is

Gjw=2%wforj=1,...,Tandw =1,...,d.

Step 5) Stop if every receiver successfully recovers the k£ message symbols.

Otherwise, if |Z'| < k, go to Step 1). If |Z'| = k, go to Step 6).

7 =T
-':I'\-\."i e ] |
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Algorithm 3: Encoding of TBZ Fountain Codes (continued)

(Second phase)
Step 6) Sample a degree d from ¥(z).
Step7) T <« 1.

Step 8) Select distinct d indices of message symbols from Z uniformly at random.
Tset ¢ {11, -, La} and Srxq = [s1,0] ¢ 8(g)-

T
Step9) C(2) < Grxda(2)|my () --- my,(2)| » where entry of Grya(z) is

Gjw=2%wforj=1,....,Tandw =1,...,d.

Step 10) Stop if every receiver successfully recovers the k£ message symbols.

Otherwise, go to Step 6).
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with the random degrees at the second phase. Thus, generation of code symbols at the
second phase simply follows W(z). In other words, code symbol degree distribution
changes from Q(x) to ¥(z).

Another key feature of the proposed TBZ fountain codes is applying the shift vec-
tor s‘(iR) to batches of size one, which improves performance of the coding overhead as
investigated in [45]. It is known that code symbols with S?R) have higher chance to be
released than those with Sflo)' Since neighbors of batches of size one are randomly se-
lected without considering the selection history, they can help recovering incompletely

received batches with 7" > 1. Thus, applying the random shift vector accelerates the

message recovering process.

Proposition 3.12 Consider TBZ fountain codes with code symbol degree distribution
Q(x) when symbol erasure rate is €. Then the ratio of the number of received code
symbols generated at the first phase to the number of message symbols is given as

1—¢

d=2

il

Proof. Suppose that B batches with Ny, code symbols are generated at the first
phase. We compute the total number of generated code symbols in the batches of size
T > 1. In Algorithm 3, we maintain the memory for the selected message symbol
history. Therefore, unselected message symbols are picked first. It implies that total
number of code symbols in the batches of size 7' > 1 is equal to k + d,,, — r =~ k, that
is,

d'm
B Z dU, = k. (3.26)
d=2
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Since a decoder receives Niot (1 — €) = k1 code symbols, we have (3.25) from (3.12)

and (3.13). O

Proposition 3.13 [f the code degree distribution Q)(x) satisfies

dm

§ jd_ladgl (3.27)
d 2
d=2

then Uy < Qufor2 <d<dpandVg> Qqford=1o0rd > dpn.

Proof. 1f Q(x) satisfies (3.27), then we can write as 1 —1/6 < 1/2, which becomes
0 < 2 from (3.12). From (3.13), we have ¥, < €, for 2 < d < d,,. Also, we can

easily check d = 1 and d > d,, since 6 > 1. g

The above condition on the code symbol degree distribution Q(x) leads to in-
creasing the fraction of high degree code symbols at the second phase, which ensures
stronger connection between message symbols and code symbols. Although the frac-
tion of degree-one code symbols is also increased, it is less affected if we keep 24
small enough. In [41], it is shown that low and high degree code symbols are more
likely to be released at the early and late decoding processes, respectively. Therefore,
changing from the first phase to the second phase at the late decoding steps in the

proposed TBZ fountain codes is effective for decoding performance improvement.

Example 3.14 Consider a code symbol degree distribution )(x) for the TBZ fountain
codes for d,, = 4 and k = 128, which is given as Q(z) = 0.0002z + 0.54762% +
0.28972° +0.07622'9 +0.086322°. Then the corresponding batch degree distribution
is U(x) = 0.0004z + 0.377022 4+0.398925 + 0.104921° +0.118822°. From Propo-

sition 3.13, it is shown that Vg > Qg except for d = 2. With Proposition 3.12, the

5
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decoder receives the code symbols generated at the first phase until it collects k1
code symbols, where 1 = 0.91 for the target erasure rate ¢ = 0.5. From numerical
analysis, we have v, = 0.90 for the receiver which has code symbols generated in
both the first and second phases when the buffer is unlimited, i.e., 3 = oo. In fact,
the average coding overhead obtained from the simulation is Yysycc = 1.08. For the
high symbol erasure rate, the number of released code symbols by the batched zigzag
decoding at the first phase decreases. Hence, the decoder also uses code symbols gen-
erated in the second phase. Indeed, they are the same as those of ZD fountain codes
using the code symbol degree distribution which gives higher average degree. They
compensate the coding overhead performance degradation. Therefore, changing from
the first phase to the second phase at late decoding process is effective for the decoding

performance improvement.

Remark 3.15 As the portion of high degree code symbols increases due to switching
of encoding phase in TBZ fountain codes, the encoding and decoding complexities also

increase.

Remark 3.16 While standard LT decoding and inactivation decoding can be easily

parallelized, BZ and TBZ fountain codes do not support parallel decoding.

3.4.2 Bit-Level Overhead

We derive the average length of the code symbols for the proposed TBZ fountain
codes. Since there are two encoding phases in the proposed codes, we analyze them

separately.
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At first, we study on the effect of adopting the random shift vector in TBZ fountain
codes. For a code symbol ¢ with degree d and the number of additional bits r, we have

d _

the shift vector s = (s1,...,54), where 0 < s; < rforj =1,...,d. Let a, be the

number of s; = uin s?, where 3! _ a,, = d. Then, a vector a = (ay, ..., a,) denotes

the distribution of shift values in s?. We define a set of (7 + 1)-tuple vectors as

Arg = {a | erau —d1< ao,ar} (3.28)
u=0

where clearly, 0 < a,, < d—2for1 < u <r — 1. Let g(r, d) be the number of shift

vectors with r for the given d. Then g(r, d) is given as

1, for all d andr =0

g(r,d) = 0, ford=1land1 <r <dR (3.29)

dl .
ZaEAT T et otherwise.

Theorem 3.17 Consider the TBZ fountain codes with Q(x), 1, d,,, 0r = d,, — 1, and
the set of predetermined shift matrices S = {Sg}i\;), .. Sgl}ivx) d, } Then the average

length of code symbols at the first phase is derived as

E[LG™] =B [1§7] +E [L§P] -1

dm—1
- Z [rf(r,dpm)] (3.30)
r=1
where
k
(bp+1-—1) (7‘ d)
Zl G Q4. (3.31)
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Proof. First, let R and D denote the random variable of additional bits for code
symbol and degree of code symbol for TBZ fountain codes, respectively. Then we

divide the number of additional bits into two parts as

dm k
E[R] =) E[RID=dQ+ Y E[RD=dy. (3.32)
d=2 d=dm+1

A

The first term leads to E [LSBZ)} — [. Again the second term can be split into

dm dm—1
A= [L(ZD} —z—zgd Y rPiR=rD=d] (3.33)
r=1

The conditional probability that for the given d, the number of additional bits is 7 is

given as
(0r +1—r)g(r,d)
Pr[R=r|D=d] = 3.34
= r|D = d) = e (334
Thus, (3.33) leads to the last three terms in (3.17). ]

For the second phase, since the encoding is the same as that of the ZD fountain

codes, we have E [LgBZ’2)] =K [LEI,ZD)} .

Theorem 3.18 Consider the TBZ fountain codes with Q(x),1, d,,, 0r = d,, — 1, and

the set of predetermined shift matrices S = {Sg}i\;), ey Sgl}ivx) d, } Then the average

length of code symbols is given as
E[LG™)] =t + 5 <E [RGPAY] - z)
+(1— k) <E [LQBZ’Q)} - z> (3.35)
Jfor 11 < Ysuce, where & = 1 /Ysuce and

E|25™9] = E [LGPY] (3.36)
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for Y1 2 Ysuce

Proof. Using Theorem 3.17 and (3.25), it is not difficult to prove it. U

3.5 Numerical Analysis

We show that the proposed TBZ fountain codes outperform LT codes and ZD fountain
codes [45] with a lower buffer occupation at the receiver when symbol erasure rate is
low. Since it is hard to analytically compute the coding overhead, we employ Monte
Carlo simulation. We verify that the proposed TBZ fountain codes have low coding
overhead and high ISRR.

We set | = 50 for all simulations. The DRSD is used for both LT codes and ZD
fountain codes. On the other hand, the degree distributions obtained from the proposed
method in Subsection 3.3.2 are applied to BZ and TBZ fountain codes.

Due to additional bits at the encoding process, the proposed codes have the bit-
level overhead larger than one, i.e., n > 1. Hence, we adjust the received code symbol
ratio as 7' = ~n for fair comparison. Let b denote the ratio of the number of stored
code symbols in the buffer to k. Similarly, b is adjusted as b’ = bn for all simulations.
Despite these adjustments, we still want to use notations - and b together with 7 instead
of 7/ and b’ for the rest of the chapter.

For improved performance of the proposed BZ and TBZ fountain codes, we ob-
tain degree distributions for different d,,, € {2,3,4,5} when k£ = 128, ¢ = 0.2, and
(c1,c2) = (1.2,1.1). We use the set of extended Vandermonde shift matrices for the

proposed BZ and TBZ fountain codes. Clearly, d,,, and the obtained degree distribution
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determine the bit-level overhead. Fig. 3.5 shows that as d,,, increases, the coding over-
head decreases and the bit-level overhead increases. We try to keep the upper bound
of bit-level overhead small. Thus, we fix d,,, = 4 for all simulations. It is reason-
able because the coding overhead is not considerably improved for d,,, > 4. For fair
comparison, we also apply ér = d,, — 1 to ZD fountain codes.

Assume that the buffer size is limited to k5. When buffer is full, LT codes and
7D fountain codes randomly discard a code symbol and receive a new code symbol.
For BZ and TBZ fountain codes, we can also discard a code symbol randomly, called
random discarding approach. Furthermore, we can apply a strategy for the proposed
fountain codes so that a code symbol in the batch which has the largest number of
erased code symbols is randomly discarded, called batch discarding approach, since
its batch is most unlikely zigzag decodable.

In Fig. 3.6-Fig. 3.9, p and b of LT codes, ZD fountain codes, BZ fountain codes,
and TBZ fountain codes are compared with respect to vy for £ = 32 and € = 0.2. Here,
BZ and TBZ fountain codes (p) and (r) represent BZ and TBZ fountain codes with the
proposed batch discarding and random discarding approaches, respectively when the
buffer size is limited. Design parameters for the proposed BZ and TBZ fountain codes
are set to (dp,,€,¢1,c2) = (4,0.2,1.0,1.2). In Fig. 3.6, both BZ and TBZ fountain
codes outperform LT codes and ZD codes for 0 < v < 0.97 and TBZ fountain codes
boost up the speed of message symbol recovery for v > 0.89 due to the random shift
vectors. Although ZD fountain codes show good coding overhead for v > 1, it has low
ISRR for v < 0.8 as the conventional LT codes. In Fig. 3.7, we can see that the peak
value of b for the proposed codes decreases from 0.59 to 0.44 for the improved ISRR.

Next, we simulate the same codes when the size of the buffer is limited, i.e, 5 = 0.6.
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Figure 3.5: Coding overhead and bit-level overhead of TBZ codes when c; and c5 are

fixed.

The corresponding results are shown in Fig. 3.8 and Fig. 3.9. While the recovery ratios
of LT codes and ZD fountain codes degrade due to discarding code symbols which
cannot be stored in the buffer, those of the proposed codes are less affected. We can
see how the proposed batch discarding approach gives additional performance gain.
For ¢ = 0.2, coding overheads for various &£ and unlimited/limited buffers are
shown in Fig. 3.10. With optimized design parameters, TBZ fountain codes have the
smallest coding overhead for unlimited buffer size cases. We verify that the proposed
TBZ fountain codes outperform LT codes and ZD fountain codes when storing at most
0.6k code symbols at the decoder. Even though ZD fountain codes also have similar
performance without any constraint, the performance of ZD fountain codes degrades

down to that of LT codes when the buffer size is strictly limited, while TBZ fountain
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Figure 3.6: Recovered message symbol ratio with 5 = oo.

codes have only small degradation of coding overhead. In fact, TBZ fountain code
outperforms short ZD fountain code with £’ = 0.6k and 3’ = 1 when k is small, i.e.,
k < 256. Moreover, in order to use short length of message symbols, the message
symbols should be divided into smaller subpackets, each of which is transmitted se-
quentially. Since we focus on broadcasting scenarios with many receivers, increasing
the number of subpackets can cause overall latency problem.

The coding overhead of the TBZ fountain codes depends on the channel parame-
ter. We fix the target symbol erasure rate to 0.2 but simulate for various € at k = 64.
Simulation results in Fig. 3.11 show that for the unlimited buffer size, the coding over-
head of TBZ fountain code does not change much for 0.01 < e < 0.6, which is similar
to those of LT codes and ZD fountain codes. For the limited cases, around the target

symbol erasure rate 0.2, i.e., 0.01 < e < 0.3, the coding overhead of the proposed
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Figure 3.7: Buffer occupancy ratio with 8 = co.

code is almost constant and is better than those of LT codes and ZD fountain codes.
However, when the symbol erasure rate becomes higher, the decoder rarely receives
complete batches, which prevents batched zigzag decoding. Moreover, the fraction of
degree-one code symbol is very small in the obtained code symbol degree distribution.
Hence, the size of ripple frequently becomes zero and coding overhead performance
degrades severely. Nonetheless, the simulation results show the robustness of the TBZ
fountain codes around the target symbol erasure rate, which means that the proposed
codes are useful in applications whose channel parameter does not vary much.

Here, we compare the performance of the TBZ fountain codes over channels with
memory. The Gilbert-Elliott (GE) channel model has two states, a good and a bad
states. Let €, and ¢}, denote the symbol erasure rates of the good and bad states, re-
spectively. The transition probability ps, s, represents the transition probability from
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Figure 3.8: Recovered message symbol ratio with 5 = 0.6.

state s; to state so, where s; € {g,b} for i = 1,2. We set the parameters of the GE
channel as pg o = ppp, = 0.9 and pg 1, = py e = 0.1. When average symbol erasure
rate is fixed to 0.2 and the symbol erasure rate of good state is €, = 0.01 or ¢, = 0.1,
the coding overheads of TBZ fountain codes over memoryless BEC and GE channel
are shown in Table 3.2, where TBZ fountain codes are designed with the target erasure
rate 0.2 for £k = 32. When the channel is in bad state, most of batches are received
incompletely. However, batches can be received without any erasure with high prob-
ability when a receiver stays in good channel state. Using batched zigzag decoding,
the corresponding message symbols are easily recovered. In this sense, TBZ fountain
codes can be applied to GE channel. However, since TBZ fountain codes are not uni-
versal, the performance of the proposed codes will be bad when channel is stuck in a

bad state for a long time at the first phase. In other words, if some receivers start to
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Figure 3.9: Buffer occupancy ratio with 5 = 0.6.

receive the code symbols at a later time, the performance of TBZ fountain codes will
be degraded, which is not the case of the conventional fountain codes [17].

Now, we verify improvement on the coding overhead for TBZ fountain codes to
LT codes with the ISRR distribution and the RCSS algorithm in [59]. Fig. 3.12 shows
the recovered message symbol ratio y with respect to the received code symbol ratio ~y
for k£ = 100. ISRR distributions with 3 different weighted vectors show almost optimal
performance. However, due to the lack of high degrees in these codes, every distribu-
tion suffers from poor coding overhead. We can see that the intermediate recovery per-
formance of TBZ fountain codes is between LT codes with the ISRR distribution and
those with the general DRSD distribution without the RCSS algorithm. Consequently,
while LT codes using the ISRR distributions and the RCSS algorithm require stor-

ing all neighbors of code symbols at the encoder and computing transmission priority,
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Figure 3.10: Coding overheads of LT codes, ZD fountain codes, and TBZ foun-
tain codes for £ € {32,64, 128,256,512} when the available buffer size is unlim-

ited/limited with 5 = 0.6.

TBZ fountain codes have improved message symbol recovery ratio without sacrificing
coding overhead. In Fig. 3.13, similar simulations are performed for various /3. Since
LT codes with the ISRR distribution have almost optimal recovery, they use very small
amount of buffer to store unreleased code symbols, which show the robustness against
B. However, their coding overheads are much higher than those of the TBZ fountain

codes.
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Figure 3.11: Coding overheads of LT codes, ZD fountain codes, and TBZ fountain
codes for various € when the available buffer size is unlimited/limited with 5 = 0.6,

where the target symbol erasure rate is set to 0.2.

Table 3.2: Coding overheads of TBZ fountain codes over memoryless BEC and GE

channel when symbol erasure rate is 0.2.

Memoryless BEC GE channel

unlimited | 5 = 0.6

€ =0.01,6, =0.39 | € =0.1,e, =0.3

unlimited | 8 = 0.6 | unlimited | 8 = 0.6

1.1258 1.2403 1.1487 1.2357 1.1262 1.2414
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Figure 3.12: Comparison of the proposed TBZ fountain codes and LT codes using the
ISSR distributions and the DRSD with/without the RCSS algorithm at the encoder

with respect to p for £ = 100 and the unlimited buffer size.
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Figure 3.13: Comparison of the proposed TBZ fountain codes and LT codes using the
ISSR distributions and the DRSD with/without the RCSS algorithm at the encoder

with respect to sy When & = 100 and the size of buffer is limited to 0.3 < 5 < 1.
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Chapter 4

Write-Once Memory Codes Using Rate-Compatible

LDGM Codes

NAND flash memory has been widely used in various storage systems due to its out-
standing features over hard disk drives (HDDs) such as higher storage density, lower
power consumption, and better random read/write behavior. Especially, NAND flash-
based solid-state drives (SSDs) have become one of the popular storage device. By
injecting charge in a floating gate of a cell, a binary information can be stored, which
is called single level cell (SLC) flash memory. In order to increase the storage den-
sity, more than one bit data is stored in one cell by precise programming scheme. It
is called as multi-level cell (MLC) or triple-level cell (TLC) flash memory, if two or
three bits of information are stored in a cell, respectively. Unfortunately, flash mem-
ory suffers from wearing out phenomenon due to frequent programming and erasing
(P/E) operations, which degrades reliability and the lifetime of the storage device [67].
This drawback becomes more fatal for MLC flash memory, because it has multi-level

states in the cells. To solve this problem, strong error correction codes such as con-
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catenation of Bose-Chaudhuri-Hocquenghem (BCH) codes [68] and low-density par-
ity check (LDPC) codes [69] are studied to guarantee reliability of flash memory. As an
another approach, rewriting scheme for the flash memory was introduced recently to
reduce the number of erasure operations. This approach reduces the factor of reliability
degradation.

Write-once memory (WOM) codes are originally introduced in [70] for write-once
memory such as punch cards or compact disc and their capacities are studied in [71].
Clearly, WOM codes allow multiple writes on the same cell without invoking block
erasure operation. Recently, low complexity WOM codes are constructed by polar
codes and low-density generator matrix (LDGM) codes in [72] and [40], respectively.
In [40] encoding of WOM code is regraded as solving a binary erasure quantization
(BEQ) problem by an LDGM code with a simple message passing algorithm. However,
the encoder will fail when the probability of initial state in an invalid page is lower than
the rate of rewriting code. In that case, the corresponding page cannot be reused for
the second write and it needs to be erased.

In this chapter, a rewriting scheme is proposed for the flash memory is by multi-rate
BEQ codes, which are implemented by rate-compatible (RC) LDGM codes. By ad-
justing rate of rewriting code, we can reuse invalid pages more efficiently. RC-LDGM
codes are constructed from protographs with desired rates, each of which is optimized
by computer search. In addition, we select pages from predetermined candidate pages
for the second write. Since the encoder of WOM code is able to recognize whether a
new message can be written over the selected pages or not, invalid pages in the block
can be reused further if combinations of the selected pages and their ordering are care-

fully chosen.
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4.1 Preliminaries

4.1.1 NAND Flash Memory

First physical characteristics of NAND flash memory is reviewed. In the NAND flash
memory, charge can be injected into a floating gate in a cell, called programming
operation and removed from the cell by erasure operation. When charge is captured
in the floating gate, the transistor will be turned on if a voltage above threshold voltage
is applied at the control gate. If there is no charge in the floating gate, then the transistor
cannot be turned on with the same voltage. Thus, states of the cell can be distinguished
by measuring current, which is read operation.

A NAND flash memory has asymmetry property between program and erasure
operations due to its manufactured feature. The flash memory unit for reading and
programming operations is called page, which is composed of cells. The size of page
may vary from 1KB to 16KB [67]. On the other hand, a block is the unit of erasure
operation and it may contain 64-384 pages. Note that each page in a block must be
erased before writing new messages, which causes wearing out the flash memory [73].
Hence, as the number of P/E cycles increases, raw bit error rate (RBER) of the memory
device increases, which results in the limitation of device lifetime. Therefore, reducing
the number of erasure operations is one of key approaches to extend the lifetime of the

flash memory.

4.1.2 Rewriting Schemes for Flash Memory

Recently, rewriting schemes for the flash memory by WOM codes have been re-

searched [74]-[77]. Yadgar et al. [74] proposed a rewriting scheme with polar code,
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Figure 4.1: Cycles of rewriting scheme in a block.

called the reusable SSD, in which invalid pages are reused for the second write. At
the first write, two messages m; 1 and my 5 are written in two clean pages. When the
messages are updated, the erasure operations are not invoked immediately but only
the statuses of the corresponding pages are changed to invalid. While the pages wait
for block erasure operation in the conventional scheme, the reusable SSD takes advan-
tage of invalid pages for rewriting. In other words, block erasure is not invoked and
new message msy for the second write is encoded by the WOM encoder and rewritten
over two invalid pages. After that, the status of page pair becomes valid again. If we
want to update ms, the status of page pair is changed to invalid and then these pages
wait for the block erasure operation. Finally, the block is erased when the number of
invalid pages exceed predetermined value. Hence the length of P/E cycle in a block
is increased from 3 to 5, which is shown in Fig. 4.1. As a result, it is known that the
number of erasures is reduced by 33% in most cases of SLC flash-based SSD.
Generally, the low-high programming is used to avoid programming interference

for MLC flash memory, i.e., low page is programmed first and then high page is pro-
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Figure 4.2: The LLH programming scheme for MLC flash memory.

grammed. Unlike the low page, the value of high page which increases the level of
cell depends on that of low page. More precisely, if the value of low page is ‘1’ then
‘0’ increases the cell level while ‘1’ programs the cell when the value is ‘0’ at the
low page. In addition, some transitions cannot be implemented in MLC flash memory
even though they are not violating the WOM constraint with alphabet size four. Thus,
adopting WOM codes to both pages in MLC is troublesome. To resolve this drawback,
[76] and [77] suggested the low-low-high (LLH) programming which reuses only low
pages and the corresponding state transitions of LLH are shown in Fig. 4.2. It is shown
that the rewriting with LLH programming scheme gives 20% reduction in erasures.
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4.1.3 Construction of Rewriting Codes by BEQ Codes

In this subsection, we briefly overview BEQ problem and the construction of rewriting

codes by BEQ codes.

Definition 4.1 A binary erasure channel function BEC' : {0,1}"x{0,1}" — {0, 1, *}"
is defined as follows. Let z and v be a binary vector and an erasure location vector,
respectively. Fori = 1,...,n, the ith component of r = BEC(z, V) is given as

Ziy if V; = 0
ri = BEC(z,v); = 4.1)

*, if vizl

where x denotes an erasure.

Definition 4.2 Let D(r,t) be a distortion function between a binary n-tuple vector

with erasures v and a binary n-tuple vector t. Then we have

D(r,f)=> d, (4.2)
i=1
where d; is given as
0, if ri =%
di = 0, if T 75 *, T = 7A’Z (43)

1, otherwise.

In [78], they introduced a binary erasure quantizer ()(r) which is defined by a
binary linear code Cg with a generator matrix G¢ and a parity-check matrix Hg.

The erasure quantizer Q(r) compresses the vector r into the vector u without any
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distortion, i.e., D(r, uGQ) = 0, which results in a valid codeword uGg € Cg. Here,
Cgq is called a BEQ code. It is known that an LDGM code, a dual of LDPC code,
can be used as a BEQ code. Clearly, BEQ problem with LDGM code is dual of BEC
problem with LDPC code, which can be solved by well known simple message passing
algorithm, called belief propagation decoder. Thus, complexity of the binary erasure
quantizer is linear.

In [40], they proposed a rewriting code Cr which is a collection of all cosets of
BEQ code Cg in 3. In order to rewrite arbitrary k bit message onto the given n cells,
a new message vector m is transformed into n tuple vector z = m(Hél)T, where
Hél is called a transform matrix and ()T denotes the transpose. Then z is converted to
the erased vector r by the BEC function with given cell state vector (erasure location
vector) v. The erased vector r is compressed via the binary erasure quantizer Q(-) and
then the corresponding codeword and z is added to make a rewriting vector (new cell
state vector) x, which is a codeword of WOM code. The block diagrams of rewriting
and reconstruction are shown in Fig. 4.3 and Fig. 4.4.

Here, the rates of the first and the second writes are R; = 1 and Ry = k/n, re-
spectively. Also the sum-rate is Ry, = R1+ Ro = 14k /n. It is known that when R
is fixed to 1, capacity of two-write WOM code is known as (1,0.5). Thus, if we use
a parity-check matrix of a capacity achieving LDPC code over binary erasure chan-
nel as a generator matrix of BEQ code, the rewriting capacity can be asymptotically

achieved.
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Figure 4.4: Block diagram of reconstruction (decoding) process by BEQ code.

4.2 Proposed Rewriting Codes

4.2.1 System Model

In this chapter, we focus on two writes on SLC flash memory and further extend to
MLC flash memory using LLH programming scheme. It is assumed that there are L
logical pages in a block and the size of each page is k bits. Let ¢ denote the probability
that cell is in initial state, that is, Pr[v = 1] = e. Further, it is considered that only
information bits, systematic part of error correction code, are stored in the logical page
and the parity bits are stored in spare page. It is also assumed that the second writing
is invoked after sufficient elapsed time from the first write, which means that prepro-
cessing can be done before request of the second write. Moreover, if an LDGM code
is applied as a BEQ code in practical system, there exists performance degradation

due to its finite length. In other words, the rewriting rate has to be reduced slightly.

3 oy 1
I
I
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Therefore, at least two invalid pages and extra o page is used for each writing request,

where 0 < o < 1.

4.2.2 Multi-rate Rewriting Codes

In [40], only a single LDGM code is used as a linear BEQ code, which implies the
fixed rewriting code rate. Thus, when the portion of 1’s (initial states) in a cell state
vector is below target €, the new message cannot be written over the cell state vector.
Therefore, those pages will not be used for rewriting and have to be thrown away.

In the communication systems, erasure patterns are randomly generated in BEC
and occasionally they cause decoding failures even though error correction codes are
used. The encoder is not able to recognize decoding failure until it receives a feed-
back from the receiver. With the feedback signal, the encoder generates and transmits
additional parity bits, called incremental redundancy hybrid automatic repeat request
(IR-HARQ). Similarly, when the binary erasure quantizer in the encoder is not able
to find any valid codeword in the BEQ code for a given cell state vector, the encoder
of WOM code recognizes encoding failure. Then we may apply modified encoding
procedure. For example, by reducing the rewriting code rate, the encoder can further
utilize invalid pages.

Here, a new encoding scheme using 5 + 1 multi-rate LDGM codes as BEQ codes

© o0 . o

is proposed, that is, CQ 0 o » Where £ is nonnegative integer. For i =

)

0,...,03, the rewriting code rate of Cg is Ro ;. For simplicity, it is assumed that

Ry 3 < --- < Ryy. First, a cell state vector is divided into § + 3 parts, i.e., a cell
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state vector which contains invalid pages can be represented as

v = (p(o),p(1)7p(2), S ,pw”)) (4.4)

where sizes of p(*) and p(¥ are o page and one page, respectively fori = 1,..., 3+ 2.

An example of cell state vector with « = 1/8 and 8 = 0 is shown in Fig. 4.5.

Definition 4.3 If the encoder succeeds rewriting over the given cell state vector, then

the cell state vector is said to be rewritable.

Now, one of performance criteria for SSD with WOM code, called writing effi-

ciency, is defined as follows.

Definition 4.4 Assume that L pages are in a block and t writes are allowed. Then

writing efficiency is defined as

4.5)
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where W0 is the expected number of one-page messages written at the ith write.

In this scenario, only two writes are used, i.e., t = 2, and [ 4+ 1 multi-rate BEQ

codes are applied at the second writing. Thus, we have
B
we =3"w, (4.6)
i=0

where W, is the expected number of one-page messages written by the ith BEQ code
Cg) at the second writing. Note that the best case is when all rewritings are successful
with the highest rate. In other words, only 2 + o pages are required for every one-
page message. As a result, the number of maximum rewriting of one-page messages is

Wnaz = {ZJ%QJ and we have

8
> Wi2+14) + [@Winae ] < L. (4.7)
=0

4.2.3 Page Selection for Rewriting

In this subsection, a new page selection scheme is proposed. While high quality of
channels cannot be chosen in conventional communication systems, rewritable cell
state vectors can be selected from a number of combinations since there are at most
L invalid pages in a block. Thus, by carefully selecting cell state vectors, the writing
efficiency can be enhanced.

Assume that the status of the /th page is changed from valid to invalid, for 1 <
I < L',where L' = L — [aW4: |- Then it can be checked whether the Ith page is a

rewritable candidate or not for the second write.

Remark 4.5 A sufficient condition for a cell state vector to be rewritable is that the

cell state vector does not contain any local stopping sets in each part p.
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Above condition can be easily checked by the message passing algorithm. First, we

construct a temporary cell state vector v ;y ; for the Ith page given as

1 (2 2
Vi, = (]-Ozkvpz( )7pz( )7 s 7pz( +6)) (48)
where pgj Jisa k-tuple binary vector and
. Plolds if j=1
P = (4.9)
1;, otherwise
fori,j =1,...,2+ B and p; oq is the k-tuple binary vector written at the first write

in the /th page. Here, the corresponding erased vector is given as
rqy: = BEC(0y, vy i) (4.10)

where n = (a4 2+ )k and 1,, and 0,, denote all one and all zero vectors with length

n. Then the quantization algorithm is applied to each erased vector r ) ;. Finally, a

(2 + B)-tuple vector qy = (qqy,1,- - - Gq),2+8) 1S given as

0, if @ <r<l>,i> = Failure
a0y, = (4.11)

1, otherwise
fori = 1,...,(2 + () and the quantization @ (r<l>7i)is performed with BEQ code

Cg ) and represented in Algorithm 4.1.

Let 6 be the maximum trial number for each BEQ code CS) for rewriting, where
1=0,..., 0. Initially, 7 is set to 0 and then p© and p(® are randomly selected from the

predetermined fragmented page and one-page invalid pages, respectively. For simplic-

ity, it is assumed that the indices of p(!) and p(®) are given as I, and l5. From Lemma
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Algorithm 4.1 Quantization with BEQ Code [40]
Input: m, v, Cq

I: Z+ m (H;)T

2: r < BEC(z,v)

3: u <+ Q(r)

4: if D(r,uGg) = 0 then
5: x<+uGqg+z

6: return x

7: else

8:  return Failure

9: end if

4.5, the selected page pY) should satisty g,y ; = 1 for j = 1,2. Finally, the BEC
function and quantization with Cg) are applied to the constructed cell state vector v.
A valid output is returned if quantization is successful. On the other hand, if the quan-
tizer fails, fragments of cell state vector are selected again and the previous steps are
repeated. In other words, the encoder increases ¢ by 1 and repeats above procedures.

The proposed scheme is described precisely in Algorithm 4.2.
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Algorithm 4.2 Procedure of the Second Writing

Input: mye,,a, 5,0, L, {Cg)), e ,Cg)}, <q<1>, e ,q<L/>>
1: isSucc + false
2: fori =0to S do

33 fort=1to6do

4: Randomly select [y from the fragments and p(®) Plo)
5: for ) =0to2+¢do

6: Randomly select [; satisfying ¢,y ; = 1 and pU) Dj
7 end for

g v (p<o>7 O p<z'+2>)

9: x < output of Algorithm 4.1 with m,,¢y, v, Gg) as inputs
10: if (x # Failure) then

11: isSucc + true

12: break

13: end if

14:  end for

15:  if (isSucc = true) then

16: return x
17: end if
18: end for

19: return Failure
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4.3 RC-LDGM Codes

It is clear that a generator matrix of LDGM code is the same as the parity-check matrix
of LDPC code. Thus, construction of good LDGM code is equivalent to that of LDPC
code, which has been intensively studied for decades. Especially, protograph-based
construction, a subclass of multi-edge-type LDPC codes, is introduced and shown that
it has excellent error correcting performance and low complexity [79]. In order to
implement structured LDPC codes with multi-rate, RC-LPDC codes have attracted at-
tention. More than two codes have rate-compatible property if codewords of the higher
rate code are embedded in the codewords of the lower rate codes. Recently, construc-
tion of protograph-based RC-LDPC codes by extending and puncturing approaches
is studied in [80]—[83]. Generally, it is done by exhaustive computer search, where
limiting search space is major concern. In [83], raptor-like structure is adopted and
shown that the corresponding RC-LDPC codes have outstanding performance while
providing wide rate-compatibility.

Similarly, we construct protograph-based raptor-like RC-LDGM codes using com-
puter search with PEXIT analysis over BEC, which is EXIT analysis for protograph
[84]. The protograph which has the best BP threshold is selected from the all candi-
dates. First, we start with the base matrix of well designed R4JA code with rate 1/2

[85] represented by
2 211
Braja = (4.12)
1131

and the corresponding protograph is shown in Fig. 4.6. By setting the maximum par-
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Figure 4.6: The protograph for the base matrix of R4JA code.

allel edges to p, the base matrix for the desired rate 1/3 is given as

2 2 1 1:00
1 1 3 1:00
Byg=|-------"----- Foo- - (4.13)
1 22 x3 24,1 0
s Tg X7 I i 01
where 0 < x; < pfori = 1,2,...,8. Using the computer search, x; = 1,23 =

3,27 = 3, and otherwise x; = 0 are found when p = 3. Similarly, the protograph
of code with the lowest rate for 3 = 2, By 4, is constructed successively, which is

represented as

Brgaja 00
Biu=| B, L0 | (4.14)
B, 0 i I
Here, B is obtained as
1 0 3 0
B, — , (4.15)
1 0 3 0

Then, the first step of lifting algorithm is applied to avoid parallel edges in the base

matrix. For example, it becomes 24 x 32 matrix B /4 when lifting factor 4 is used. Note

&)
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that the required set of rates for the proposed rewriting scheme is {R2,0, <o, Ry, 5} =
{2J+a, cee Wﬁ } Thus, B’1 /a needs to be extended again. With the protograph hav-
ing Ry o is constructed based on the lifted version of Braja. The desired protograph

B /7 for 5 = 0 is represented as

_ 1 i ) Z16 _
T17 i
7= | 215! / (4.16)
! R4JA
T24 i
where 0 < z; < 1for¢ = 1,...,24 and the computer search is applied. Finally,

the second step of lifting algorithm, called circulant progressive edge growth (CPEG)

algorithm [86], is applied to guarantee the girth of code.

4.4 Numerical Analysis

In this chapter, the parameters for the proposed scheme are set as k = 8192, L = 128,
a = 1/8, and § = 2. The parity-check matrices of RC-LDPC codes, H 4, Hp, and
H, are constructed from Section 4.3, each of which has the lifting factor as 1024 for
CPEG and the girth larger than or equal to 8. The rates and thresholds of constructed
LDPC codes, C4,Cp, and C¢, are shown in Table 4.1. In addition, BER performance
of each LDPC code is shown in Fig. 4.7. These parity-check matrices are used as the
generator matrices of BEQ codes, i.e., GS) =Hy, GS) = Hp, and Gg) =Hc.

The performance of writing efficiency of the proposed scheme is compared with
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Table 4.1: Constructed RC-LDPC codes

Code Ca Cg Cc

Rate 0.471 | 0.320 | 0.242

Threshold | 0.470 | 0.642 | 0.734

those of the conventional schemes, i.e., without WOM code, with Rivest-Shamir (4>2 /3
WOM code [70], and with WOM code which has fixed rewriting rate [40]. The simu-
lation results are shown in Fig. 4.8. It is shown that the proposed scheme outperforms
SSD with simple Rivest-Shamir WOM code when € > 0.52.

In addition, it is verified that the page selection scheme, i.e., constructing rewritable
cell state vector, improves rewriting capability. The simulation result of the proposed
scheme with various 6 for ¢ = 0.53 is shown in Table 4.2. As 6 increases, the writing
efficiency also increases. Therefore, more write request can be done before invok-
ing the block erasure operation at a cost of increasing iteration number, which causes
higher computational complexity. However, it is assumed that there is enough time for
preparing the second writes. Thus, we can reduce the erasure operation in SSD storage
device by carefully choosing 6.

Furthermore, when the proposed rewriting scheme is implemented for MLC using
LLH programming, we have ny,c = 1.234 for the best case. Even though the gain
for rewriting scheme is decreased, the proposed scheme still has advantage over the

conventional scheme which does not use WOM codes.
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Table 4.2: Writing efficiency 7 with various 6 for L = 128

0 Wo Wi Iter. n

1 | 19.17 | 26.90 | 1.59 | 1.3599

3 | 3238 | 18.06 | 2.56 | 1.3941

5 3796 | 14.36 | 3.35 | 1.4088

10 | 42.37 | 11.40 | 5.07 | 1.4201

20 | 45.37 | 9.42 | 7.38 | 1.4281

* W for all @ is equal to zero.
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Chapter 5

Conclusions

In this dissertation, research on the sparse codes and their applications are presented.
Specially, fountain and WOM codes which are constructed by sparse graphs are stud-
ied.

In Chapter 2, some preliminaries for spare codes are overviewed. In order to utilize
their excellent properties, a simple message passing algorithm is also introduced.

In Chapter 3, fountain codes for receivers with limited hardware are proposed.
Generally, well designed fountain codes with respect to coding overhead such as LT
codes and ZD fountain codes have poor ISRR. Thus, they have to store lots of unre-
covered code symbols in the buffer during decoding process. In this chapter, two new
classes of fountain codes based on the batched zigzag coding for receivers with small
buffer size, called BZ fountain codes and TBZ fountain codes are proposed. A method
to obtain code symbol degree distributions for the proposed codes via the ripple size
evolution is also proposed. By carefully generating batches of size larger than one to

be zigzag decodable, the proposed fountain codes have improved intermediate recov-
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ery at low symbol erasure rates. Consequently, the coding overhead performance of
the proposed codes is little affected by the restriction of buffer size. It is verified that
the proposed codes outperform the conventional fountain codes via numerical analysis
with respect to intermediate recovery and coding overhead when message symbol is
short, symbol erasure rate is low, and the buffer size is limited.

In Chapter 4, WOM codes with message passing algorithm are introduced. While
NAND flash memory has many advantages such as high storage density and low la-
tency, it can be worn out due to frequent erasure operations. Thus, reducing the num-
ber of erasure operations can be one of key approach to extend lifetime of NAND
flash-based SSD. In this chapter, a rewriting scheme with multi-rate BEQ codes is pro-
posed. Also by selecting invalid pages and ordering those pages appropriately to make
cell state vectors rewritable, writing efficiency is improved. It is verified via numerical
analysis that SSD with the proposed rewriting scheme outperforms SSD without and

with conventional WOM codes with respect to writing efficiency.
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