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Design for Mobile WiMAX Applications
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Abstract

In mobile communication system, channel coding modules play an important role. To
provide a highly competitive solution, both high<data-transmission rate and low power
consumption are required. LDPC block “codes (LDPC-BCs) has attracted great interest
recently due to its capacity-approaching performance -and inherent parallel architecture.
However, the problem of high-routing complexity becomes a design challenge in decoder
implementations. The complexity of designing multiple code-rates LDPC-BCs is increased
because of different parity-check matrices are needed to be jointly considered. Low-density
parity-check convolutional codes (LDPC-CCs) were introduced in 1999, which are not only
capable of handling variable length of data frame but also possess flexible code-rates.
Compared with LDPC-BCs, LDPC-CCs enjoy the advantages of simple encoding circuitry as
well as low routing complexity. Compared to the Turbo decoder, the LDPC-CC decoder is

more suitable for highly-parallel implementation and low-power architecture.

Recently, IEEE 802.16m standards, also known as Mobile WiMAX Release 2.0, are
developed in order to provide higher data rates and lower latency for next generation mobile
communication systems. Although the LDPC-CC has the potential to meet the high-speed

requirements for the next generation communication systems, it rarely appear in system



specification for its bottlenecks of the long decoding latency, high power consumption, and
low-to-moderate decoding throughput. Therefore, our work proposed three level optimization
techniques, including algorithm-level, node-level and bit-level, to increase decoding
throughput, lessen hardware costs, and reduce decoding latency. In particular, a
hybrid-partitioned FIFO structure is presented to further reduce power consumption. We
adopted the specification of rate-compatible (491, 3, 6) LDPC-CC with period of 3 proposed
by Panasonic for the IEEE 802.16m standards. The on-demand variable node activation
scheduling with concealing channel values is proposed for algorithm-level optimization. This
technique not only allows twice faster decoding convergence speed than the standard
decoding schedule, but also saves 17% message storage requirements. The node-level
optimization enables the parallelism_of 12, thus the throughput becomes twelve multiplying
with clock frequency. In the meantime, the decoding latency is reduced by approximately 12
times. Also, the bit level optimization is utilized to-retime the variable nodes in order to

achieve higher clock frequency and around‘a 20% storage reduction.

Fabricated in UMC 90nm 1P9M CMOS process, the proposed LDPC-CC decoder chip
could achieve maximum 2.37 Gb/s under 198MHz operating frequency. The decoder
containing 5 processors only occupies an area of 2.24 mm 2 within the core area of total
2.37x1.14 mm?. It draws 284mW of power with an energy efficiency of 0.024nJ/bit/proc.
Besides, the power can be scaled down to 90.2mW at 0.8V supply with 1.58Gb/s information
throughput. In conclusions, our proposed LDPC-CC decoder outperforms state-of-the-art
designs and is suitable for the high-speed requirements of next-generation handheld mobile

devices.
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Chapter 1

Introduction

1.1 Motivation

Due to high demands on error-correcting performance and the decoding throughput,
low-density parity-check block codes (LDPC-BCs) have attracted great research interests.
Although LDPC block codes have.capacity-approaching performance and inherent par-
allel architecture, the problem of high routing complexity becomes a design challenge in
decoder implementations. Besides, the parity-check matrices of different block lengths are
needed for LDPC block codes to encode and decode arbitrary lengths of data. The con-
volutional version of LDPC codes; namely the LDPC convolutional codes were proposed
in 1999. As compared with LDPC block codes; LDPC convolutional codes possess many
advantages. LDPC convolutional codes are capable of handling variable lengths of data
frame. With simpler encoding circuitry, they can provide flexible code-rates easily through
puncturing. The pipeline decoder architecture of LDPC convolutional codes can simplify
the problem of routing congestion in the VLSI implementation. Compared with convo-
lutional turbo codes (CTC), interleavers are not necessary in the LDPC convolutional
codes encoder. Although the Turbo codes have excellent performance, the complexity of
employing highly parallel turbo decoders will significantly increase. The decoder archi-
tecture of LDPC convolutional codes is suitable for parallel decoding process comparing
to the turbo decoders. Moveover, LDPC convolutional codes can perform near Shannon
limit performance as the same as LDPC block codes and turbo codes.

Based on the above discussions, LDPC convolutional codes have the potential to meet
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Figure 1.1: Block diagram of channel coding procedure in the IEEE 802.16m transmit
chain [1].

the high-speed requirements in the next generation communication systems. However,
LDPC convolutional codes rarely appear in system specification for its bottlenecks of the
long decoding latency, high power consumption, and low-to-moderate decoding through-
put. The maximum measured throughput in previous literatures was only 600Mb/s and
difficult to compete with LDPC block codes. Therefore, these issues motivate the ad-
vances of the decoder architecture. Recently, IEEE 802.16m standards are developed in
order to provide higher data rates and lower latency for next generation high-speed mobile
communications. Figure. 1.1 shows the channel coding and modulation procedures in the
IEEE 802.16m transmit chain [1]. Channel-coding modules are indispensable to improve
the performance and reliability.of the overall systems.. In this thesis, we adopted the
specification proposed by Panasonic for the IEEE 802.16m standards [2]. To achieve high
throughput, the parallel architecture for the encoder and-decoder will be addressed. An
improvement on the decoding schedule to reduce the decoding latency as well as hardware
costs will be presented. Finally, we swill propose alow-power decoder implementation with

good error-correcting performance.

1.2 Thesis Organization

This thesis is organized as follows. In Chapter 2, we review the concept of low-density
parity-check block codes and the iterative decoding algorithm. Chapter 3 gives the intro-
duction of low-density parity-check convolutional codes. The code construction methods
and the architectures of encoder and decoder are also provided in the chapter. In Chap-
ter 4, the proposed techniques including algorithm-level, node-level, bit-level optimization
and hybrid partitioned FIFO structure are described in detail. Chapter 5 gives the im-

plementation results and summaries the architecture of the test chip. Comparisons with



the state-of-the-art designs are also provided. Conclusions and future works are given in

Chapter 6.




Chapter 2

Background

In this chapter, we introduce the concept of low-density parity-check codes and Tanner
graph representation. We also present the well-known iterative decoding algorithm and

decoding procedure of low-density parity-check codes.

2.1 Low-Density Parity-Check Block Codes

Low-density parity-check (LDPC) block codées were first introduced by Gallager in
1960s [3]. However, these codes did not receive great interest at that time due to large
computational complexity and”difficulties in-VLSI implementations. Rediscovered by
MacKay and Neal [4], low-density parity-check codes were shown to have near Shannon
limit bit error rate performance. Moreover, the structural regularity of low-density parity-
check codes allows a highly-parallel decoder realization compared to the turbo decoder.
As a consequence, low-density parity-check codes have attracted considerable attentions
recently and have been widely adopted in many practical communication systems.

A binary low-density parity-check code is defined by a sparse parity-check matrix H,
which contains a relatively low number of ones. For a regular (N, J, K') low-density parity-
check block code, the block length is N and its parity-check matrix has exactly J ones in
each column and K ones in each row. The parity-check matrix can be represented by a
Tanner graph, or called a bipartite graph. We give the parity-check matrix of a (6,2, 3)
regular LDPC block code as an example in (2.1). Each row of the matrix corresponds to

a check node in the Tanner graph, and each column is mapped to a variable node. As the



example shown in Figure. 2.1 | the corresponding Tanner graph has 4 check nodes and 6
variable nodes, the number of variable nodes which are connected to the same check node
is referred to the check node degree, and the number of check nodes which are connected
to the same variable node is referred to the variable node degree. The one in the parity-

check matrix is equal to an edge in the Tanner graph.

101010
010101

H= (2.1)
110100
001011

Figure 2.1: The Tanner graph of the parity check matrix given in (2.1).

Since the low-density parity-check codes are linear block codes, the encoding procedure
is just like traditional linear block codes, we can use the generator matrix G' to encode
LDPC codes. Generally, the generator matrix GG could be found by Gaussian elimination
of the parity-check matrix H. For practical encoder realization, systematic encoding is
often used to reduce encoding and decoding complexity. Therefore, the generator matrix
can be simply represented as G = [P|I], where [ is the identity matrix. Since GHT = 0,
the parity-check matrix is H = [I|PT]. For any valid codeword v, vH” should be 0, and

this property can be used for syndrome check in iterative decoding.

2.2 Iterative Decoding Algorithm

With the help of iterative message-passing decoding algorithm, low-density parity-

check codes are capable of achieving near capacity performance. The best known iterative

5



decoding algorithm is belief propagation (BP) or called sum-product decoding algorithm.
Simplified decoding algorithm such as min-sum algorithm and normalized min-sum algo-
rithm reduce the decoder complexity with acceptable performance loss.

In iterative decoding, we are interested in the probability of the received symbol.
These probabilities are usually represented in terms of log likelihood ratios (LLRs). We
assume that the log likelihood ratio of bit n is

The operation of iterative decoding can be described clearly using the Tanner graph.
Figure. 2.2 and Figure. 2.3 show the Tanner graph and the notations we used in the
following description. On the Tanner graph, the check nodes and variable nodes exchange
messages along the edges iteratively. We illustrate the message passing operation of check
node in Figure. 2.2, the outgoing message of the check node is computed from the other
incoming messages. For variable node update shown in Figure. 2.3, the channel values
are also participated in the outgoing message-calculation. Let ) be the message sent
from check node m to variable node-n,-and let 29 denote the message sent from the
variable node n to check nodesm. . The a posterior LLR of bit n is denoted by 2. The
number of iterations is represented by ¢, and we also set the maximum iteration number

as Iprqz- The iterative decoding procedure of LDPC codes is described as follows.

1. Initialization

Set 7 = 1 and maximum number of iterations to ;... For each m,n, set zr(,% =L,

2. Horizontal Step
check node to variable node update, for 1 < m < M and each n € N(m), where
N (m) represents the neighborhood of the m-th check node. For belief propagation
(BP) decoding algorithm, compute
(i-1)

) =2tanh”}( ] tanh(zmT"')) (2.2)
n’€N(m)\n
Otherwise, for min-sum algorithm, compute
(@) (i—1) : (i-1)
€ R sgn(z, ,’))+- min z 2.3
o (T sonCel) - min - (126,.0) (23)



3. Vertical Step
variable node to check node update, for 1 < n < N and each m € M(n), where

M (n) denote the set of neighbors of the n-th variable node, compute

A =Lo+ > e, (2.4)
m/eM (n)\m
4. Decision Step and Stopping Criterion Test
Let z,, be the n-th bit of decoded codeword.

29 =1L, + Z 61(7?/71 (2.5)
)

m/eM(n

) 0, if2)>0
Ty, = _ (2.6)
1, if2) <0
If H- fvz = 0 or the maximum iteration number [,;,, is reached, the decoder stops

the decoding process and outputs the decoded codeword. Otherwise, set ¢+ =7 + 1

and the decoder repeats the decoding steps:

Figure 2.2: Message passing of check node.



Channel value T L,

Figure 2.3: Message passing of variable node.



Chapter 3

Low-Density Parity-Check

Convolutional Codes

Low-density parity-check convolutional codes were first proposed in 1999 [5], which
are convolutional codes defined by sparse parity-check matrices and can be decoded using
the iterative message-passing algorithm.” Due to the properties of convolutional codes,
LDPC convolutional codes can encode and _decode variable length of data frame. It has
been shown that these codes are suitable for certain applications such as streaming video
and packet-switching networks.{6].

In this chapter, the overview of LDPC convolutional codes is given. In the following
sections, firstly, some important paranieters-of LDPC convolutional codes are defined,
and then the methods for code construction in the literature are described. Moreover,
the encoding procedure and encoder architecture are introduced. Finally, the pipeline
decoder architecture and the corresponding Tanner graph of LDPC convolutional codes

are also presented.

3.1 Definition and Code Constructions

A binary LDPC convolutional code is defined by a transposed semi-infinite parity-
check matrix, or referred to the syndrome former H”. For a rate R =b/c (b < ¢) LDPC

convolutional code, the syndrome former can be described by the following form



HI(t—m,) ... HL (¢)

HT = (3.1)
Hy(t) ... HL (t+my)
The sub-matrices H] (t) at time instant ¢ given in (3.2), i = 0,1,...,m,, are size of

¢ X (¢ —b). In particular, the sub-matrix H{ (¢) are chosen to be full rank, this condition

can make encoding easier and allow a register-based encoder implementation.

D@y M)
Hi(t) = : : (32)
Pty Rl

The parameter my is called the syndrome former,memory or the code memory of LDPC
convolutional codes, and v = ¢ - (ms 4 1) is-defined as the constraint length. The number
of ones in each row and each“column-in the syndrome' former determine the variable
node degree J and check node degree K respectively. For a regular (my,J, K) LDPC
convolutional code, there are exactly J ones in each row and K ones in each column in
the syndrome former; otherwise, it is.an irregular-code. If there exists a period T such
that HI (t) = H] (t+T), the code is periodically time-varying. For the period T equals 1,
it is said to be a time-invariant LDPC convolutional code. We give an example of (5,3, 6)
LDPC convolutional code with period T" = 4 in (3.3). It can be seen easily from (3.3)
that the syndrome former has 3 ones in each row and 6 ones in each column.

In addition, here we introduce some major techniques for the construction of LDPC
convolutional codes in the literature. In these years, most LDPC convolutional codes are
derived from the parity-check matrices of LDPC block codes. In [5], the authors firstly
proposed the unwrapping procedure to obtain a time-varying periodical parity-check ma-
trix of an LDPC convolutional code from a randomly constructed LDPC block code.
In [7] and [8], the algebraically structured quasi-cyclic LDPC (QC LDPC) block codes
were also applied to derive both time-invariant and time-varying LDPC convolutional

codes. In addition, a construction method to design LDPC convolutional codes based on

10



protographs are proposed in [9]. The protograph-based LDPC convolutional codes enjoy
several advantages, such as an effective pipeline decoding and thresholds close to capacity.

However, there are few researches on the constructions of low-density parity-check
convolutional codes from the convolutional codes point of view. Until [10], a newly con-
struction method based on the parity check polynomials of the convolutional codes was
proposed. The parity check polynomials of the convolutional codes are generated ran-
domly with predefined constraints. The simulation results in [10] have shown that the
constructed time-varying LDPC convolutional codes with time period of 3 can provide

good BER performances.

110100
100101
11100 0
10010 1
1 00001, .0
10 0.1.0 1
H" = 1100 0 (3.3)
100 1 01
L 101 0.0
10 0. 101
1711000
1 0 0101

3.2 LDPC Convolutional Codes for Mobile WiMAX

In this thesis, we adopt the specification proposed for the IEEE 802.16m standards
by Panasonic [2], a rate compatible (491, 3,6) LDPC convolutional codes with time pe-
riod of 3. IEEE 802.16 defines the air interface for fixed and mobile broadband wireless
access systems. In order to meet the requirements of next generation mobile communi-
cations, IEEE 802.16m is developed to provide higher data rates and lower latency than
802.16e standards. IEEE 802.16m system, also known as Mobile WiMAX Release 2.0,

11



incorporates many innovative communication technologies with significant performance
improvements than order releases [1]. Although LDPC block codes have been adopted
in many communication standards, such as DVB-S2, IEEE 802.3an and IEEE 802.16e,
current 802.16e LDPC block codes does not support IR type HARQ [2]. The proposed
rate-compatible LDPC convolutional code is able to support IR type HARQ for the 16m
FEC. In particular, LDPC convolutional codes are more suitable for parallel implemen-
tation than convolutional turbo codes (CTC). Compared with LDPC block codes, LDPC
convolutional codes enjoys the advantages of encoder complexity as well as decoding la-
tency. Therefore, the proposed LDPC convolutional code has the potential to be one
candidate for next-generation communication systems.

The equations in (3.4), which are constructed based on the parity check polynomials
define the time-varying convolutional encoder, where u(D) and v(D) represent the infor-
mation polynomial and parity polynomial respectively. Due to the time period is only 3,
this property leads to significantly reduced hardware implementation complexity. Besides,
the proposed LDPC convolutional code could support 5 code rates through puncturing.
The puncturing patterns are shown in-Table 3.1; the value 1 indicate that bit will be
transmitted. In the other hand, the value 0 indicates that bit will be discarded every
Lpyne bits. Note that the LLRs of punctured bits are assumed to 0 at the receiver and
the decoding algorithm remains the same. Simulation results in [2] show that the BER
performances are comparable to 16e Turbo decoder under AWGN channel for all code

rates.

(D*™ 4 D% + 1)u(D) + (D' + D> 4 1)u(D) = 0 (3.4a)
(D7 4 DY 1 (D) + (D' + D® + 1)u(D) = 0 (3.4b)
(D' 4+ D™ 4 1)u(D) + (D*% + D' 4 1)u(D) = 0 (3.4c)

12



Table 3.1: Puncturing patterns for (491,3,6) LDPC convolutional code.

Puncture Pattern
Code Rate Puncture Length (Lyunc)
Information Parity
1/2 1 1 1
2/3 110100 111111 6
3/4 010111 111010 6
4/5 1011 0110 4
5/6 1110001110 | 0100110111 10

3.3 Encoding of LDPC Convolutional Codes

The encoding procedure of a rate R = b/c (b < ¢) LDPC convolutional code is

described as follows. Let

u= (ug,uy,...,u_1) (3.5)
be an information sequence, where u; = (ugl), ul@), . ,ugb)). And assume that the coded
sequence after encoding is

Vv = {(Vg, Vi, e, Vit )y (3.6)

where v; = (vi(l), vz-(2), o ,vl-(c)). The coded sequence v satisfies the constraint vHT = 0.
This equation could be further decomposed ‘into equation (3.7) and directly used for
encoding. Once all sub-matrices H (t).have full-tank, the encoder can be realized as a
shift-register based encoder. This property is called the fast encoding property, which

guarantees that the constructed codes can be encoded continuously in real time [11].
VtH(j;(t) + Vt_lHlT(t) + ...+ Vt_mSHZ;LS (t) =0 (37)

Low-density parity-check convolutional codes are commonly expressed in terms of the
polynomial representation. The transposed polynomial parity-check matrix H” (D) of the

convolutional code can be rewritten as
H"(D)=H{ + H' D+ HyD* +...+ H,; D", (3.8)

We give an example of R = 3/8 time-invariant LDPC convolutional code with code
memory m, = 203 [12] in (3.9) to illustrate the encoding process. As long as H! (t) satisfy

the full rank condition, the encoding equations can be easily derived from equation (3.7).
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1+ D194 D158 D166 D144 0 D65 0 0
D97 D49 0 D203 D65 D37 1 0
H(D) = 0 DWW D% pBs pBypBz 0 0 (3.9)
0 0 1 0 0 0 D® 1
0 0 0 0 0 0 1+D™ 1

Let vy = ('Ug ) vt(l), @ vt(?’), vf), ’0155), v§6), vy)) be the coded bits and u; = (u,@, ugl), ugz))

be the information bits. Given that vgl) = ugo), vt(3) = ugl) and vt(4) = u§2). The parity

bits shown in (3.10) can be determined by solving (3.7).

(0) (0) (1) (2) 3) (5)

Uy = Vy_194 D U158 D V166 D V144 D Vi_g5 (3.10a)
o = Ut(§)20 ool (3.10Db)
v = 0D, o6 DO BB Vs B v 5, (3.10c)
71156) = 0150—)97 & Ut(i)49 & Uﬁ)2o3 © Ut(i)65 Dv (5) (3.10d)
0" = o Qpulhs (3.10e)

A systematic encoder can be obtained if we let the bottom (¢ — b) rows of the sub-
matrices H] (t) are identity matrix of size (¢ — b)’X (¢ — b). For this special case, the

encoding equations can be simply summarized ‘as follows.

oD =9 =10, (3.11)
‘ b
o =S oPng Mt +§:§:%ZM”“ Li=b+1,...c (3.12)
k=1 i=1 k=1

The encoding circuitry of an LDPC convolutional code is simple, analogous to the
conventional convolutional code feedback encoder. The encoder can be implemented using
multiplexers, XOR gates and c¢ length (mg + 1) shift-registers. If the constructed code is
time-invariant, the encoder connection is fixed. For the time-varying case which we are
usually interested in, the encoder connections change periodically according to the check
equations. It is worth to note that the encoding complexity of LDPC convolutional code

is independent of the codeword length. Consequently, the encoder of LDPC convolutional
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code enjoys the advantage of simple circuitry comparing to the traditional LDPC block
code encoder. In addition, the ability to support arbitrary length of data frame provides
more flexibility than LDPC block codes in many communication scenarios. The block
diagram of a R = 1/2 systematic encoder for LDPC convolutional code is given in Figure.
3.1. The weight controller configures the encoder connections according to the parity-
check polynomials. For low-cost implementation, the partial-syndrome former realization

can be found in [13].
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Figure 3.1: A rate 1/2 systematic LDPC convolutional code encoder.

3.4 Decoding of LDPC Convolutional Codes

The LDPC convolutional codes employ the same iterative message-passing algorithm
as the decoding of LDPC block codes. Different from the LDPC block codes, the corre-
sponding Tanner graph of an LDPC convolutional cods is infinite. Therefore, a pipeline
decoder architecture is proposed as a finite sliding window to perform variable node and
check node updates on the Tanner graph. Since the distance between two variable nodes
that are connected to the same check node is at least (mgs + 1) time instants apart, the
decoding of two variable nodes can be performed independently. This concept allows
the pipeline decoder to perform simultaneous decoding on different regions of the Tan-
ner graph. The sliding window decoding on the Tanner graph is implemented by using

a serial concatenation of I independent identical processors. The number of identical
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processors corresponds to the number of iterative decoding iterations. Hence, the more
processors are used, the more decoding performance increases. Studies have shown that
LDPC convolutional codes could achieve the same near-Shannon-limit error performance
as LDPC block codes. Recently, a comparison of LDPC block and LDPC convolutional
codes indicates that, for the same decoding performance, the LDPC convolutional codes
require less hardware costs than their corresponding block codes [14]. In addition, a detail
investigation on several implementation issues such as stopping rules, decoding schedules,
and several improvements to pipeline decoder architecture can be found in [15].

We give a R = 1/2 time-invariant (14, 3,6) LDPC convolutional code in (3.13) as an
example to illustrate the operation of the pipeline decoder on the Tanner graph. Figure.
3.2 shows the corresponding trellis diagram and the illustration of pipeline decoding. Since
we add additional stage of register for pipelining, the length of sliding window in Figure.

3.2 is (ms + 2) instead of (m, + 1).
(1+ D° + D'"Mu(D) + (L + D"+ D'*)u(D) =0 (3.13)

For a R =b/c (b < ¢) LDPC convolutional:eode decoder, it consists I identical processors
operating in parallel, and each processor consists (J+ 1) x ¢ X (ms + 1) first-in first-out
(FIFO) shift registers, (¢ — b)_check node units and c variable node units. In particu-
lar; this regular architecture insures low routing complexity comparing to the traditional
LDPC block code. The decoding procedure is deseribed in the following steps. Initially,
all the shift registers in the pipeline decoder ‘are filled with infinite oo because of the
dummy zeros are the initial values in the encoder. As a new channel LLR is received, it is
shifted in all the (J + 1) shift registers. Note that the LLR stored in the first shift register
indicates the intrinsic value in the message-passing decoding. The next step is to operate
the check node computations and then update the corresponding symbols which are con-
nected to the same check node unit. Here we use the decoding algorithms such as belief
propagation (BP) algorithm or normalized min-sum (NMS) algorithm in the bit-error-
rate simulations. For the preceding (I — 1) processors, the variable node operations are
performed just before the LLRs leave the processor. The last processor performs the hard
decision for the information LLRs. Thus, the decoding procedure successively repeats the
shifting step and appropriate node updates. As long as the initial decoding delay has
elapsed, a total of I x (ms + 1) time units, the pipeline decoder outputs a decoded data
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stream continuously.
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Figure 3.2: Trellis diagram and the illustration of pipeline decoding.
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Chapter 4

Proposed Techniques for LDPC

Convolutional Codes

In previous chapter, we have introduced many important properties of LDPC convo-
lutonal codes, including near Shannon limit performance, variable length of data frame,
flexible code-rate through puncturing, simple encoding circuitry, and low routing com-
plexity in the decoder architecture. However, LDPC convolutional codes rarely appear in
system specification due to its.bottlenecks of the long decoding latency, high power con-
sumption, and low-to-moderate-decoding throughput. The maximum measured through-
put in previous literatures was only. 600Mb/s-and difficult to compete with LDPC block
codes [16] [17].

In this thesis, we focus on the following three critical issues to design a high per-
formance LDPC convlutional code decoder. Firstly, more processor numbers can obtain
better decoding performance but extend longer latency with similar throughput. Sec-
ondly, high node-level parallelism can achieve higher throughput but cause larger message
bandwidth and severe memory conflict in memory-based FIFO architecture. Thirdly, a
register-based FIFO architecture can support unlimited bandwidth but yield expensive
power and area costs. To overcome these three issues, this thesis propose a new design
approach which combines algorithm-level, node-level, bit-level optimization, and a hybrid-
partitioned FIFO to achieve over 2Gb/s throughput with competitive power consumption

and chip area.
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4.1 Algorithm-Level Optimization

4.1.1 Flooding Scheduling

The message passing schedule is the order of propagating messages between check
nodes and variable nodes over the Tanner graph. For decoding LDPC codes, the standard
message-passing decoding schedule is the flooding schedule. According to the flooding
schedule, the messages are passed in parallel between nodes. In each iteration, all the check
nodes are updated simultaneously using the variable-to-check messages. Then, followed
by updating all the variable nodes using the check-to-variable messages. Although the
flooding scheduling is suited for parallel implementation, it is inefficient due to its low
decoding convergence speed. Figure. 4.1 shows the conventional decoder architecture of
(14,3,6) LDPC convolutional code given in (3.13). We can see that the variable nodes
are performed until the messages are all transferred into the check-to-variable messages
in the decoder.

We plot the floating point simulation results of (491, 3,6) LDPC convolutional code
with flooding schedule in the following-figures. Figure. 4.2 depicts the BER performance
under different decoding iterations-at R = 1/2.-We also compare the performance using
different decoding algorithms such as log-BP algorithm, min-sum algorithm, and normal-
ized min-sum algorithm. In Figure. 4.3, the dependence of the BER on the number of
processors I at different SNRs using flooding schedule is shown. The results are simulated
using the NMS algorithm with scaling factor 0.75. In Figure. 4.4, we present the BER
performance under different code-rates through puncturing with 50 iterations. Compar-
isons of log-BP algorithm and normalized min-sum algorithm with scaling factor 0.75 are

also given.
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Figure 4.1: Conventional decoder architecture.
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Figure 4.2: Simulation results under different number of iterations.
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Figure 4.4: BER performance under different code-rates with 50 iterations using flooding

schedule.

21



4.1.2 On-Demand Variable Node Activation (OVA) Scheduling

Studies have shown that the message-passing schedule affects the rate of decoding
convergence and computational complexity. If we observe the standard decoding schedule,
namely, the flooding scheduling, the variable node units are activated only once before the
values leave the processor. Most messages are shifting while few messages are updating
in a processor. Thus, this scheduling is inefficient without utilizing the recent updated
information. For increasing the convergence speed, sequential scheduling are introduced
in decoding LDPC block codes. Recently, an on-demand variable node activation schedule
is proposed in [18] to accelerate the decoding convergence speed for LDPC convolutional
code. The main idea is to change the variable node activation location leaving from the
processor to the position right before each check node input. This on-demand variable
node activation scheduling is very similar to the layered decoding in LDPC block codes
[19] [20] that check nodes could access the most recent messages. We use the same example
given in (3.13) to demonstrate the algorithm-level optimization by using the on-demand
variable node activation scheduling technique. Although this example is a time-invariant

code, the on-demand scheduling.can be applied directly to the case of time-varying codes.

==
==
Info

—
LLRs &

3> sub-VNU (SVNU)

Figure 4.5: Processor architecture of on-demand variable node activation scheduling.

It can be seen from Figure. 4.5, a variable node unit (VNU) can be disassembled into
J sub-VNUs (SVNUs) and distributed within a processor. Before each check node unit is
activated, the sub-VNU calculates single variable-to-check message instead of calculating

J variable-to-check messages in parallel. Therefore, the check-to-variable messages could
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be obtained by the partial computation of the variable nodes, and then these updated
messages could be used to compute the remaining variable-to-check messages. The major
difference from the standard decoding schedule is the order of updating procedures, and
it is worth to note that the both computational complexity is the same.

To be more specific, in Figure. 4.6, n; is a variable-to-check message which is obtained
by the summation of the intrinsic channel value u and two check-to-variable messages mo
and mg. Then this recently generated ny is accessed by the check node unit immediately
to compute new check-to-variable message m;. Also, the message m) is available for next
sub-VNU to calculate a new variable-to-check message ny for further check node updating
within the same iteration. It is clear that the frequency of message passing between check
node and variable node is significantly increased. Using this scheduling, the messages can

flow faster through the Tanner graph.

Nn{=u+mo+ mj

Figure 4.6: The illustration of on-demand variable node activation scheduling.

In Figure. 4.7, we show the floating point BER performance comparisons of stan-
dard schedule versus on-demand schedule for a (491,3,6) time-varying LDPC convolu-
tional code. It can be seen that the performance which uses on-demand schedule with
25 iterations is almost identical to the performance that uses standard schedule with 50
iterations. This indicates that the on-demand schedule converges twice faster than the
standard schedule due to making use of the most recent information. In other words,
the on-demand variable node activation scheduling allows the decoder to improve per-
formance and achieve a lower BER for the same number of iterations. Therefore, for

a given BER, once on-demand scheduling is employed, the required processor numbers
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and initial decoding delay are reduced nearly by half comparing to the standard schedul-
ing. Figure. 4.8 shows that on-demand variable node activation schedule has a faster
convergence speed than flooding schedule for all iterations. Figure. 4.9 gives the BER
performance of NMS algorithm with scaling factor 0.75 using on-demand variable node

activation schedule with the rates ranging from 1/2 to 5/6.
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Figure 4.7: BER performance of.on-demand variable node activation scheduling.
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4.1.3 OVA Scheduling with Concealing Channel Values

Since the equations in Figure. 4.6 of these two variable-to-check messages n; and ny
have common terms u, we may calculate ny from n; by deducting ms and adding m|. Each
sub-VNU can be further disassembled into a pre-SVNU and a post-SVNU. The pre-SVNU
performs the subtraction operation, and the post-SVNU performs the addition operation.
Consequently, the channel values are concealed in variable-to-check messages. We named
this newly proposed technique the on-demand variable node activation scheduling with
concealing channel values. Figure. 4.10 illustrates the procedure to conceal the channel

values and the corresponding pipeline decoder architecture is presented in Figure. 4.11.

N2 =Nq-MmMy+ m1'

HE

[-] Pre-SVNU
Post-SVNU

Figure 4.10: The illustration of on=demand variable node activation scheduling with con-

cealing channel values.

Figure 4.11: Processor architecture of on-demand variable node activation scheduling with

concealing channel values.

The original processor architecture requires ¢ x (J + 1) x (ms + 2) shift registers.

With the help of this technique, the number of required shift registers is reduced to
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¢ x J x (ms+ 2). Assume that the quantization of messages is chosen as 6 bits and J
equals 3 in the decoder implementation. The storage requirement of original processor
architecture is

6 bits x 8 rows x (ms + 2) = 48 x (mg + 2) bits.

For example, in Figure. 4.11, the register in red requires 6 bits and the register in blue

requires 8 bits. The storage requirement of our proposed processor architecture is
(6 bits x 4 rows + 8 bits X 2 rows) X (mg + 2) = 40 X (m, + 2) bits.

Thus, the storage space of channel values can be removed from processors to save 17%
memory. Although the channel values are concealed, the decoding results are identical to
the scheduling without concealing channel values. Moreover, with our proposed concealing
channel values technique, the storage requirements of the decoder are further reduced.
Figure. 4.12 shows the fixed point simulation of the (491,3,6) LDPC convolutional
code with 5 iterations using normalized min-sum algorithm with scaling factor 0.75. We
can see that the quantization (6, 2):for the LLRs, namely 4-bit for integer part and 2-bit
for fraction part, has the minimum costs but with acceptable performance loss. Finally,
we implemented 5 processors in our decoder chip. Figure. 4.13 is the BER performance
of the rate-compatible (491, 3,6) time-varying LDPC convolutional code under AWGN
channel. In contrast to log-BP algorithm with 10 processors, the proposed algorithm
with 5 processors can achieve similar or even better performance in all code-rates. There-
fore, only half number of processors are required under the same performance, leading to

half decoding latency reduction as well.

27



10 ¢

BE

— floating point

—o—fixed point (5, 2)
—&—fixed point (5, 3)
—A—fixed point (6, 2)
—o—fixed point (6, 3)
——fixed point (7, 3)

L | ——fixed point (7, 4)

[Zl
[Z]

A\ R
N

A\

izl

A\

iZl

Vi
A
[Z
Vi
[/
VA

%)

&

[/l
[Z]
[/]

@
%,
i

1 15 2

Figure 4.12: Fixed-point simulation results using OVA scheduling with 5 iterations.

2.5
Eb/No(db)

3.5

10°
Log-BP Algorithm
Processor = 5 : Processor = 10
10 '»' | - Rate = 1/2 | --A- Rate = 1/2
{~- Rate = 2/3 | --@-- Rate = 2/3
) {3 Rate = 3/4 | -@- Rate = 3/4
1 "<
° --{’i-- Rate = 4/5 | --ll-- Rate = 4/5
] % | - Rate = 5/6 | --@- Rate = 5/6
v} :
m. 107+ Proposed Algorithm
-
(=] Processor = 5
= —A Rate = 1/2
-4
:'I_J, 107y —- Rate = 2/3
m ~@- Rate = 3/4
1054 : —- Rate = 4/5
-@- Rate = 5/6
10°1 i
.
107 ﬁ i — ﬁ ﬁ T —
0 1 2 3 4 5 6 7 8 9 10
En/No (dB)

Figure 4.13: BER performance of log-BP algorithm (floating-point) and our proposed

scheduling in normalized min-sum algorithm with scaling factor 0.875 (fixed-point (6,2))

under AWGN channel.

28



4.2 Node-Level Optimization

4.2.1 Folding Architecture

In the original pipeline decoder architecture, a number of processors are concatenated
together to decode on different regions over the Tanner graph simultaneously, thus the
decoding is parallel in the iteration dimension. Assume the decoder can operate at f.
MHz clock frequency, since the decoder can only decode one bit in one cycle, the infor-
mation throughput will be limited to only fgx Mb/s. For high-speed applications, the
parallelization for LDPC convolutional code encoder and decoder is desirable. In the
literatures, the concepts of node level parallelization are proposed in [21]. However, their
decoder architecture requires the shuffle networks to overcome the problem of memory
misalignments. Furthermore, the parallelism over a hundred is necessary to achieve the
decoding throughput of 1 Gbps.

In order to provide a solution with lower complexity, we propose the folding technique
for node level parallelization to design high throughput LDPC convolutional code encoder
and decoder. The idea of folding technique is to look-ahead the bits that are going to
participate in the encoding or“decoding operations. For parallel encoder using folding
technique, total p information_bits can be encode at the same time instant, where p is
defined as the folding factor or the parallelization factor. The length of delay lines in the
encoder are folded by a factor of p.. And the XOR gate for encoding operation have to
duplicate to p units. Although the similar parallel encoder architecture has been proposed
in [22], the parallel encoder architecture they proposed requires large multiplexers for
phase selection. For our folding technique, the parallelism is chosen as the multiple of
time period. This allows the original time-varying encoding connections to transfer to
fixed time-invariant connections. Thus, the multiplexers are no longer required in our
encoder architecture, which is the major difference from [22].

Figure. 4.14 shows the parallel decoder architecture using folding technique. It can
be seen that each FIFO delay line in the conventional processor is folded to p FIFO delay
lines. In other words, each FIFO delay line is segmented by p factor to support required
bandwidth. With this modified FIFO structure, sufficient input data could be provided

for operation units. For instance, in Figure. 4.14, given that the folding factor p = 3, each
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shift register of length 16 is replaced by 3 shift registers of length 6. Namely, the decoding
delay is reduced from 16 clock cycles to 6 clock cycles for a unit processor. Also, both
check node units and variable node units are duplicated to p units. Using this approach,
the decoder throughput becomes (p X fax) Mb/s. However, the maximum value of folding
factor is restricted by the code structure. Generally, the larger constraint length LDPC
convolutional codes with careful code constructions would allow higher folding factor. To
be mentioned that folding technique primarily duplicates the combinational logic while
the sequential circuits are only slightly increased. It is evident that the folding technique
not only increases the decoder throughput, but also reduces the decoding delay by a factor

of p at the same time.

Figure 4.14: Folding technique (only information part in shown).

Based on the conventional decoder architecture; Table. 4.1 presents a comparison
of storage requirements and decoding latency for a unit processor with different fold-
ing factors. It can be seen easily that folding technique not only directly duplicates the
throughput, but also significantly reduces the decoding latency. Moreover, this technique
only slightly increases the hardware costs. In particular, the overhead of the duplication
of check node units and variable node units is minor comparing to the overall cost of a
processor. We apply the folding technique to the time-varying (491, 3,6) LDPC convolu-
tional code with period of 3. Since the shortest distance of adjacent check node accessing
positions is 70 — 56 = 14, the maximum folding factor of this code is 12. Therefore, a 12
times decoding throughput increase while the decoding delay is reduced from 493 clock

cycles to 43 clock cycles for single processor.
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Table 4.1: Comparison of hardware cost and decoding latency with different folding factors

based on the conventional decoder architecture.

Folding factor p 1 3 12
Required bits for storage 23664 23904 24768
Number of CNUs 1 3 12
Number of VNUs 1 3 12
Throughput Jeik 3 X feik 12 X fag
Decoding latency for a unit processor (cycles) 493 166 43

In addition, the concepts of parallelization can be described mathematically. Figure.
4.15 shows the parity-check matrix of (14, 3,6) LDPC convolutional code given in (3.13).
Given that folding factor p = 3, every 3 rows in the parity-check matrix can be grouped

to form a rate R = 3/6 LDPC convolutional code with syndrome former memory m, = 5.
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Figure 4.15: Parity-check matrix of (14,3,6) LDPC convolutional code.

From the graph illustration in Figure. 4.15, we can’see that the polynomial parity-check

matrix becomes

1 1 D24+D* D5 0 @ D?
H(D) = 0o D? 1 1 D2+ D' D? (4.1)
D+D* D* 0  D? 1 1

The same result can be derived from the parity check polynomials of the LDPC convo-
lutional code. Using the parity check polynomial representation, the parity-check matrix

can be described as

(D? + D" + D) uo(D) + (D* + D + D*)vo(D) =0 (4.2a)
(D + D° + D*)uy(D) + (D + D® + D¥)vy (D) = 0 (4.2b)
(1+ D® + D"Muy(D) + (14 D" + D*)uy(D) = 0. (4.2¢)
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Let X = D3, we can rewrite these equations as
(D*+ X?- D+ X" D)ug(D) + (D* + X* + X* - D)vy(D) =0 (4.3a)

(D+ X2+ XYuy(D) + (D + X*- D>+ X°)u (D) =0 (4.3b)

(14+X-D?+ X?  DHuy(D) + (1+ X?- D+ X*- D?)uy(D

~—

= 0. (4.3¢)

Given in (4.4), the polynomial parity-check matrix is the same as (4.1) if X is replaced
by D.

1 1 X2+ X* X° 0 X3
H(X) = 0 X2 1 1 X2+xt x° | (4.4)
X+ X3 X4 0 X2 1 1

We apply this procedure on the time-varying (491, 3,6) LDPC convolutional code with
period of 3. Let folding factor p = 3, the corresponding parity-check polynomials are listed
in (4.5).

(D? + D% 4 D3y (D) % (D? 4-D** + D**®)yy(D) = 0 (4.5a)
(D + D'® + D*¥8)ui(D) (P D* 4 D*?)v (D) = 0 (4.5b)
(14 D™ 4 D®¥)uy (D) (14 D' + D*%) 0, (D) = 0 (4.5¢)

With X = D3, we can rewrite the equations as

(D* + XY D 4+ X" o (D) (D* + X2 D + X3 y(D) = 0 (4.62)
(D4 X% + X¥2. D)y (D) + (D + X" - D* + X' (D) =0 (4.6b)
(1+ X% D+ X" D)uy(D) + (1 + XD+ X™. D*)uy(D) = 0. (4.6¢)

Finally, we can obtain a rate R = 3/6 time-invariant (164,3,6) LDPC convolutional
code, whose polynomial parity-check matrix is shown in (4.7). The columns of the parity-
check matrix are rearranged to ensure systematic encoding. If the folding factor is chosen
as a multiple of time period , the folding technique allows the original time-varying code
to transform into a time-invariant code. Thus, the multiplexers for the configuration
of time-varying connection are saved. Moreover, if the time-invariant code has quasi-
cyclic symmetries, the encoder complexity of tail-biting LDPC convolutional codes may
be reduced. We simulate the performance of a family of LDPC convolutional codes derived

from (491,3,6) LDPC convolutional code with folding factors 3, 6, 9 and 12. The BER
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performance of these codes is shown in Figure. 4.16. We can see that these codes perform
very similarly even if the syndrome former memories vary greatly. Also given in (4.8) is

the parity-check matrix of the R = 12/24 (41, 3,6) LDPC convolutional code.

1 D19 D125 1 D73 D136
HD)=| p® 1 ps pi 1 pies (4.7)
D161 D23 1 D78 D60 1

1 0 0 0 D> 0 0 O O O O0D2 1 0 D% 0 O O O O O 0 Do
D¥ 1 0 0 0 0 O ODY 90 0 0O O 1 D D2 0 0O 0O 0O O O 0 O
0 0 1 o0 DS 0o O O O D** 0 o0 o0 D¥®» 1 0 0 0 D2 0 0 0 0 O
0 0D 1 0 O 0 D>0 0 O O O D¥® 0o 1 o0 D% 0 0O O O O O
0 0 0 D*¥1 0 0 O 0O O ODY 90 o0 O 0 1 D*¥D2 0 0 0O 0 O
H({D)=|DP* 0 0 0 0 1 0 D°0 0 0 0O 0O 0O 0 ©0DS5 1 0 0 0 D*¥ 0 0
0 0 0 0 oD 1 0 O O D>0 O O O O DB 0 1 0 D*¥* 0 0 O
0 0D 0o 0o o D¥1 0 0 0O O O O O O O O O 1 D™ D2 0 O
0 0 0D*0 0 0 0O 1 0 DS 0D 0 0 0 O O O0D¥» 1 0 0 O
o bp* o o 0 0O O OD31 0 0 O O O O O O o0 D¥® 0 1 o0 D3
0 0 0 0 oD 0 0 0 D¥1 0 D O O 0O O O O O 0 0 1 D%
0 D> 0o o0 0 o0 D*0p 0 0O O 1 O O O DY 0o 0 0O O 0 0 D51
(4.8)
10" : : : ‘ ‘
—©—m=491,b=1, c¢c=2, time-varying |
—HB—m=164,b=3, c=6, time-invariant|]
—A—m=82, b=6, c=12, time-invariant| |
—#—m=55 b=9, c=18,time-invariant| {
1072 —0— m =41, b=12, c =24, time-invariant
x 107 4
o ]
m
10_4* 7
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Figure 4.16: Performance of the (491,3,6) LDPC convolutional code and the associated

LDPC convolutional codes with different folding factors.

33




4.3 Bit-Level Optimization

4.3.1 Retiming Technique

According to the previous mentioned on-demand variable node activation scheduling
with concealing channel values, the channel values are concealed in the variable-to-check
messages. When the channel values are concealed within the summation values, the bit-
width of each message should be adjusted to avoid truncation error. In the situation of w-
bit channel value, the summation of one channel value and two check-to-variable messages
needs (w + 2)-bit. Since the operations of pre-SVNU and post-SVNU are independent,
they can be re-timed such that the messages between them only need (w + 1)-bit. From
the illustration in Figure. 4.17, we observed that, as long as the computation of sub-VNU
is completed before the check node accesses the messages, the result is identical to the
original operation. In order to achieve a maximum saving in hardware cost, we let the
computation of post-SVNU to perform at the position just before check node accessing

the messages.

CNU

| Bit-width = w Bit-width =w + 1 [ Bit-width =w + 2

Figure 4.17: Retiming of sub-VNUs.

Figure. 4.18 depicts the bit-level optimized processor architecture, the message output
from the check node unit is w-bit. The message between the subtraction and addition
needs (w+ 1)-bit. And the message output from the post-SVNU which concealed channel
values requires (w + 2)-bit. In particular, the critical path of the conventional processor
is dominant by the check node unit due to large sorters are required. Although the on-
demand variable node activation scheduling with concealing channel values can accelerate

the decoding convergence speed, it induces one more adder delay and results to a longer
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critical path. With the retiming technique for sub-VNUs, the critical path from check
node unit to post-SVNU could be diminished by one adder delay. As a consequence,
the retiming of sub-VNUs causes that the critical path of a unit processor remains the
same while reducing memory requirements. This technique is especially useful to large
constraint length LDPC convolutional codes for the long distance between two check node

inputs.

—>
C\r;alnnel Processor #1
alue  _,|
7
7

Processor #2
Processor #i

Processor #1

D

Hard
Decison

Figure 4.18: Processor architecture with retimed sub-VNUs.

In Table. 4.2, we give a comparison of the storage requirements of three techniques
which have been introduced so far. Assume that the quantization of LLRs is 6 bits, the
required numbers of 6-bit, 7-bit and 8-bit registers for the (491, 3,6) LDPC convolutional
code with folding factor p = 12 are compared. When the OVA schedule with concealing
channel values is adopted, the storage requirements is reduced by around 17%. With
retimed sub-VNUs, the required number of 8-bit registers is minimized, a 20% storage

reduction is reached.
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Table 4.2: Comparison of the storage requirements with different techniques.

6-bit reg. | 7-bit reg. | 8-bit reg. | Total required bits
Standard schedule 4128 0 0 24768
OVA scheduling with concealing channel values 2064 0 1032 20640
Retiming the sub-VNUs 2064 960 72 19680

4.4 Hybrid-Partitioned FIFO

There are two kinds of architectures for implementation of the LDPC convolutional
code decoder in the literature, register-based and memory-based architecture. The register-
based architecture enjoys the advantage of bandwidth flexibility, thus higher throughput
can be easily achieved using folding technique. However, the large numbers of required
registers would cause large hardware cost and high power consumption. The first ASIC
realization using register-based decoder architecture is proposed in [23]. Although the
memory-based architecture saves the power consumption and silicon area, the problem of
memory access collisions is serious when high node parallelization is used. In the mean-
time, folding technique could inerease throughput, however it will divide the FIFOs into
more pieces and make it difficult to use memory-based decoder architecture. In [24], the
memory-base decoder architecture are used for FPGA implementations.

For time-varying LDPC convelutional codes with/large folding factor, neither register-
based FIFO nor memory-based FIFO is suitable. Therefore, we present a hybrid-partitioned
FIFO structure to support large bandwidth requirement and also minimize the power con-

sumption.

L0
EI— 2
cC

Figure 4.19: Finding longest continuous sectors in each FIFO.
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Figure 4.20: Processor architecture after merging sectors into memories.

Figure. 4.19 shows the illustration of the hybrid-partitioned FIFO structure. The first
step of this technique is to calculate the length of the longest continuous sectors of every
folded row. We only consider the continuous section of shift registers without messages
accesses. Then the sectors are-to be merged into one memory bank together, where the
depth of the memory bank is the minimum value of the sector lengths. If the original
sector is larger than the memory depth, the excess part is still stored in registers. This
procedure continues to merge sectors until-the memory depth is less than a pre-defined
parameter. As shown in Figure. 4.20, the longest lengths of continuous sectors within
the information part of the processor are 5, 4 and 4. Hence, the depth of the memory is
4 because of the minimum length of these 3 sectors is 4.

Note that this simple example is only for illustration. For the LDPC convolutional
code with larger constraint length, the lengths of continuous sector within a processor
will be longer. Large amounts of data are saved in the memory banks instead of registers,
thus leads to a significant saving in power consumption. Besides, if large folding factor is
employed, the number of continuous sectors in a processor will increase, and the lengths
of continuous sectors will shorten. However, these continuous sectors can still be merged
into several memory banks. This merge operation allows that the segmented and shorten

sectors being integrate to a unified memory bank. The memory bank is implemented as
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a circular buffer whose positions for read and write operations are tracked by address
pointers. We use two-port memories such that read and write operation can perform in
the same clock cycle. When a new message is received, this newest message is written
into a proper position of the circular buffer and then the circular buffer outputs the oldest
message. Therefore, the shifting operations in the FIFOs no longer exist to achieve a
low-power implementation.

In our work of the (491, 3,6) time-varying LDPC convolutional code decoder with
parallelism of 12, about 50% of messages in a unit processor are partitioned into 3 two-
port memories. The sizes of these 3 two-port memories are listed in Table. 4.3 and the

total storage space is
(36 x 144) + (20 x 144) 4 (32 x 76) = 10.5 Kbits.

For chip design, sink is the number of registers which are connected in the end of the clock
tree. The less the sink number is, the less power the chip consumes. In Table. 4.4, we give
the comparisons of clock tree loading using register-based FIFO and hybrid-partitioned
FIFO. It can be seen that, in the situation of similar single processor area, the hybrid-
partitioned FIFO structure can-reduce the numbers of clock buffers and sinks efficiently.
The effects of reducing the number of clock buffers and sinks can greatly minimize the
clock tree loading during the physical design stage. This improvement can be translated
into reduced power consumption. Moreover, the-power reduction of merging the continu-
ous sectors to several memory banks is more than merging sectors to single large memory
bank. Table. 4.4 shows that, compared to register-based FIFO, the hybrid-partitioned

FIFO structure using 3 memory banks achieves a 54% reduction of clock buffers.

Table 4.3: The size of memory banks in each processor.

Memory size

Memory 1 20 words x 144 bits
Memory 2 32 words X 76 bits
Memory 3 36 words x 144 bits
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Table 4.4: Comparison of clock tree loading.

Folding factor (p) 12 12 12
Number of processors 1 1 1
Number of memories 0 1 3

Clock buffer 359 278 194
Sink 17968 13676 9068
Area (um?) 750 x 520 750 x 520 750 x 540
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Chapter 5

Implementation Result

Our proposed rate-compatible time-varying (491, 3, 6) LDPC convolutional code de-
coder chip integrates the fallowing techniques. For algorithm-level optimization, the on-
demand variable node activation scheduling with concealed channel values is presented to
improve decoding performance and reduce storage requirements. For node-level optimiza-
tion, the folding technique significantly increases-the'decoding throughput and reduces the
decoding latency at the same time. For-bit-level optimization, the retiming technique is
applied to SVNU, and this approach can reduce the critical path of a unit processor while
further reducing the memory requirements. Finally, hybrid-partitioned FIFO structure is
employed to save power consumption.

The test chip was implemented in a-UMC . 90nm 1POM CMOS process and measured
using the Agilent 93000 SOC Series provided by CIC. The test chip includes the proposed
encoder, proposed decoder with 5 processors, random number generators, and additive
white Gaussian noise (AWGN) engines. In section 5.1, we show the architecture of the
test chip that enables high-speed on-chip testing. Chip measurement results of power
consumption and operating frequency are given in section 5.2. And then the key features
of test chip are summarized in section 5.3. We compare our design in this section with

the state-of-the-art decoder implementations.
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5.1 Testing Consideration

The block diagram of proposed test chip is shown in Figure. 5.1. This test chip
comprises the random number generators, the encoder with folding factor of 3, the de-
coder with folding factor of 12, additive white Gaussian noise (AWGN) channel module,
puncture and de-puncture modules, SRAM for data buffering, and control module for per-
forming a number of testing operations. For chip measurement consideration, the random
number generators and AWGN engines are embedded in the test chip for built-in-self-test
(BIST). Consequently, the random number generator can provide sufficient test patterns
on-chip for real-time decoding. The output signals can be used to verify the functionality
of the test chip. Here we use two identical random number generators to avoid using large
FIFO for data buffering. Besides, the puncture and de-puncture block allows the LDPC
convolutional code to support 5 different code-rates. In order to handle chip failures when
unexpected errors occurred in any module, we designed several testing modes to identify
the error location. Once the error location is identified, the control circuit will bypass the

error module during chip measurement.

22 Input Pins 23 Output Pins
) T 1 |
< Input Channel >
Controller Output Selector
< Control Signals >
< Output Channel >
A h
Information_Bits Encoder_Output AWGN_Output FIFO_Input Decoder_Input Decoded_Codeword Error_Count
Information | | q Puncture/ || >
Source LDPC-CC De-Puncture L SRAM L LDbPC-CC
Encoder Channel [ 216 x 144 Decoder
Information
Source
\_ Test Chip )

Figure 5.1: Block diagram of test chip.

Our test chip contains the following testing modes.

e Normal function operation

In this mode, we can simulate the error correcting performance and measure the
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power consumption of proposed LDPC convolutional codec using 5 processors under
different signal-to-noise ratios. In addition, the error correcting performance with

different code-rates can be also obtained.

e Normal function without noise
This operation bypasses the AWGN engine for functionality debugging. The en-
coded data will be transmitted directly to the decoder, if there is no failure in any

one of encoder and decoder, the encoded data will be correctly decoded.

e Uncoded
In this mode, the encoder and decoder are bypassed. We can simulate the uncoded
BER performance and measure the power consumption when LDPC convolutional

codec is disable.

e Normal function but bypass FIFO
Since the decoder is composed by a.number of concatenated processors, a failure
occurs in any one of them would cause a complete failure of the decoder. To solve
this problem, Figure. 5.2 shows our proposed test circuits for the decoder. If
a processor failure occurs, the BYPASS signals will control the configuration of
processors, and FINAL signals will determine the location of the last processor to
perform hard decision operation. Thus; the measurements can still work successfully

when malfunction happened in the processor.

e Testing mode
The test patterns are generated on-chip by random number generator. In addition,
we designed a testing mode to feed test patterns from the input pins of the test chip

to de-puncture module for decoding.

e External control
Since the control module plays an important role in improving design testability,
any defect occurs in the controller will lead to a catastrophic error. With this testing
mode, the control signals of the system operations can be configured from the input

pins of the test chip.
e Repeat mode
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For accurate power measurements, the decoder is required to run long periods of
time to obtain average power dissipation. This mode allows the decoder to run and
repeat the decoding procedure. Hence, the operation time of decoding is extended,

a accurate power measurement can be achieved.

4 I
FINAL [0] FINAL [1] FINAL [2] FINAL [3] FINAL [4]
BYPASS [5] BYPASS [0] BYPASS [1] BYPASS [2] BYPASS [3] BYPASS [4]

LDPC-CC Decoder

Figure 5.2: Testing circuits of proposed decoder.

5.2 Chip Measurement Results

The measurement result of the decoder operating at-.an SNR of 2.5 dB under different
supply voltages is shown Figure: 5.3. It is clear that the information throughput increases
as the supply voltage increases. The result'shows that the decoder draws 284 mW under
1.2V supply voltage while running at 198 MHz. Since the folding factor equals 12, the
information throughput of proposed‘decoder-achieves 0.198 x 12 = 2.37 Gb/s. When
supply voltage is scaled down to 0.8V, the power is reduced to 90.2 mW with an energy
efficiency of 0.0114 nJ/bit/proc. Besides, the Shmoo plot is shown in Figure. 5.4. We
choose the SNR. of 2.5 dB which can achieve a BER of 107° to simulate the valid range of
operating frequency and supply voltage. The simulated frequencies range from 120 MHz
to 220 MHz with a step of 2 MHz. And the supply voltages range from 0.8V to 1.2V with
a step of 0.01V. The green blocks in the Shmoo plot indicate that the decoder is capable
of decoding the encoded patterns correctly. As shown in Figure. 5.4, the measured max-

imum operating frequency of the decoder is 198 MHz, hence the information throughput

can reach 2.37 Gb/s.

43



CodeRate=1/2 @ SNR = 2.5dB

Y
N 2.5 5534 4 250
Q 37
N i E
B j ~—
8 15 1% 17> Ae3a 150 %
=) | 3
8 1.0 |- g 1214 100 &
= 90.2
0.5 -@- Max throughput — 50
-4 Decoder Power
‘ ‘ * a

\ \ \
0.8 09 10 11 1.2
Supply Voltage (V)

Figure 5.3: Measurement results under different supply voltages.
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Figure 5.4: Shmoo plot of test chip.

5.3 Summary and Comparison

Table. 5.1 presents a brief summary of the proposed (491, 3,6) time-varying LDPC
convolutional code test chip. Implemented in UMC 90nm process, the chip area including
testing circuits is 2.37 x 1.14 = 2.7mm?. With an 87.8% chip utilization, the decoder

chip only occupies 2.24 mm? area. In addition, the proposed decoder can support 5 code-
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rates from 1/2 to 5/6 through puncturing technique. The messages for iterative decoding
are quantized to 6 bits. We implemented 5 processors in the decoder, and each processor
contains 3 two-port memories. Therefore, the test chip totally contains 15 memory banks,
and the size of these memories is 52.5 Kb. The chip micrograph is shown in Fig. 5.5.
Figure. 5.6 lists the gate-count profile of the test chip. Test chip totally contains 867K
gate counts, and each processor contains 145K gate counts. The AWGN modules and
decoder are 8% and 84% of the total gate counts respectively. A comparison of post-
layout results and measurement results of the proposed decoder chip is given in Table.

5.2, and the corresponding illustration is shown in Figure. 5.7.

Table 5.1: Chip summary.

Process UMC 90nm 1P9M
Code (491, 3,6) LDPC-CC with T=3
Code Rate 1/2,2/3,3/4,4/5,5/6
Constraint Length 934
Input Quantization 6 bits
Chip Utilization 87.8%
Parallelization Factor 12
Gate Count 867 K
Processor Number 5 1
Memory 52.5 Kb 10.5 Kb
Decoder Area 2.24 mm? 0.448 mm?
Max. Clock Frequency 0 198 MHz 207 MHz
Max. Data Rate (V) 2.37 Gb/s 2.48 Gb/s
Decoder Power (1) 284 mW -
Energy Efficiency () 0.024 nJ/bit/proc.

(1) measured at BER=10"° without early-termination at 1.2V supply for R = 1 /2

A comparison with state-of-the-art designs is given in Table. 5.3. We compare the
throughput of our decoder with other LDPC convolutional code decoders. In [16], the

measured operating frequency is 600 Mb/s. Since the parallelism of this implementation
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Figure 5.6: Gate-count profile.

is 1, the maximum throughput is 0.6 Gb/s. In [17], the parallelism is 8. Synthesis results
show that the decoder achieves 2.0 Gb/s throughput at 250 MHz clock frequency. For our
design, the measured maximum operating frequency is 198 MHz. With a parallelism of 12,
the maximum throughput reaches 2.37 Gb/s. To compare the area of a unit processor with
other designs, the silicon area occupied by 3 processors in [16] is 1.507 mm?2. Thus, the
area of a unit processor is 0.502 mm?. In [17], the area of a unit processor is 0.924 mm?.
Although the constraint length of our implemented code is larger than other designs,
each processor only takes 0.448 mm?. Therefore, this work provides higher throughput,
less area, and better energy efficiency when compared with previously reported LDPC

convolutional code decoders.
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Compared with the LDPC block code decoder in [25], this work has similar energy
efficiency. For a fair comparison, the LDPC block code decoder area is normalized to
2.68 mm? due to different CMOS technologies are used. Our decoder has a 17% less
normalized area with higher chip utilization. Compared with the Turbo decoder in [26],

this work achieves much higher throughput with lower power and less die area.

Table 5.2: Comparison of post-layout results and measurement results.

Post-Layout Measurement
Max. Clock Frequency (MHz) 284 198 132
Max. Data Rate (Gb/s) 3.40 2.37 1.58
Decoder Power (mW) 371 284 90.2
Energy Efficiency (nJ/bit/proc.) 0.021 0.024 0.011
Supply (V) 0.9 1.2 0.8

10° +
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o 02048
S 1004 o 0e LI TCAS-1 2010 (Synthesis)
2 70 . This' Work (Measured at 1.2V)
— 0.024 s .
J 9 SRR 5 021A This Work

-2 0\ AT ) Post-L
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& 1004 g . 5 § §
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Figure 5.7: Comparison of throughput and energy efficiency with other LDPC convolu-

tional code decoders.
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Table 5.3: Comparison with state-of-the-art.

This work [16] [17] [25] [26]
FEC Type LDPC-CC LDPC-CC LDPC-CC LDPC-BC Turbo Code
Constraint Length / Block Size 984 258 960 672 3200
1/2, 2/3, 1/2,5/8,
Code-Rate 1/2 1/2 1/3
3/4,4/5,5/6 3/4,7/8
CMOS Technology (nm) 90 90 90 65 130
Input Quantization (bit) 6 3 6 6 -
Processor / Iteration 5 3 1 5 5.5
Memory (kb) 52.5 - 23.04 0 129
Chip Utilization (%) 87.8 - - 73.3 -
Decoder Area (mm?) 2.24 1.5 0:924 1.4 3.57
Max. Frequency (MHz) 198 (?) 600 250 197 © 302
Max. Data Rate (Gb/s) 2.37 (® 0.6 2.0 3.57 © 0.39
Power (mW) 284 () 368.7 - 469.7 () 788.9
Energy Efficiency (nJ/bit/proc) 0.024 ® 0.2048 0.064 0.0263 () 0.37 @
Measurement | Measurement | Synthesis | Measurement | Measurement

) this unit is nJ/bit/iter in LDPC-BC and Turbo code

(®) measured at BER=10"° without early-termination under 1.2V supply voltage for code-rate 1/2

(©) measured at BER=10"° without early-termination for code-rate 1 /2
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

In this thesis, we proposed a rate-compatible (491, 3,6) time-varying LDPC convolu-
tional code chip design. With algorithm optimized, the on-demand variable node activa-
tion scheduling with concealing channel values is used to achieve twice faster decoding
convergence speed than the standard decoding schedule. Moreover, this technique also
saves 17% message storage requirements. For the nmode level optimization, the folding
technique is employed to reach-a 12 times throughput inerease while reducing the decod-
ing latency by approximately 12-times at the same time: Also, the bit level optimization
is utilized to retime the variable nedes in-order to achieve higher clock frequency and
less chip area. In particular, a hybrid-partitioned FIFO is introduced into the decoder
implementation to avoid memory access collisions and lower power consumption.

Integrated with these schemes, the test chip of the proposed (491,3,6) LDPC con-
volutional code decoder is implemented in a UMC 90nm CMOS process. The decoder
part occupies 2.24 mm? within the core area of total 2.37 x 1.14 mm?. Measurement
results show that the decoder can provide a maximum throughput of 2.37 Gb/s under
1.2V supply voltage with a 0.024 nJ/bit/proc energy efficiency. It consumes 284mW of
power for a 1.2V supply while running at 198 MHz. The power can be scaled down to
90.2mW at 0.8V supply with 1.58 Gb/s information throughput. Compared with previ-
ous LDPC convolutional code decoders, this work outperforms state-of-the-art designs in

both throughput and energy efficiency. In conclusion, our proposed LDPC convolutional
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code decoder has the potential to be one candidate for next-generation communication

systems.

6.2 Future Work

In this implementation, the maximum folding factor of the (491, 3,6) LDPC convo-
lutional code is only 12. Because the maximum folding factor is limited by the code
structure, developing a new code construction algorithm for LDPC convolutional code is
necessary. According to the simulations, the (491,3,6) LDPC convolutional code can-
not be terminated. Although tail-biting can be applied to this specification, it cannot
be applied to the corresponding LDPC convolutional codes derived from the (491, 3,6)
LDPC convolutional code using multiple of period as folding factors. Therefore, a con-
struction algorithm that jointly considers the node parallelization, decoding performance,
termination and tail-biting problem can be investigated. In particular, how to construct
a code which is capable of exploiting high node parallelization while maintaining good
error-correcting performance is arproblem for future studies. A efficient high-speed im-
plementation of the tail-biting LIDPC convelutional code encoder and decoder which can
handle data frames of variable length is also a research topic.

In addition, it is known that-many factors affect the performance of the LDPC codes,
such as the cycle in the Tanner graph;.girth, trapping sets and minimum or free distance.
Therefore, further research includes the study of the relationship between these factors

and the performance of LDPC convolutional codes.
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Appendix A

Termination of LDPC Convolutional

Codes

In many communication systems and standards, the data bits are transmitted as pack-
ets with finite frame lengths. In order to ensure good error correcting performance near
the end of the data frame, termination-of LDPC convolutional code encoder is required
to provide equal protection for each transmitted data bit. Termination is achieved by
appending termination sequence, this sequence allows the encoder to return to the ini-
tial state, usually the all-zero-state. 'For conventional feedforward convolutional code
encoder, the encoder can be driven to all-zero state through all-zero sequence. Finding
termination sequence of LDPC convolutional-ecode is more complex than traditional con-
volutional codes due to its feedback encoder architecture. The method for termination of
LDPC convolutional codes is proposed in [27]. However, the implementation in [27] can
only terminate the encoder from a specific phase. Padding is required when the encoder
stops at a different phase. All-phase termination for LDPC convolutional code is proposed
in [28]. This new approach could terminate the encoder from all possible states of any
phase. Termination will induce code rate loss, in particular, this problem will be serious
for short data frame length. Furthermore, the encoder complexity is also increased.

The procedure of finding termination sequence is described as follows. For more detail
description, please refer to [28]. Consider a R = 1/2 systematic LDPC convolutional code.
Let v be the encoded frame and x be the encoded termination sequence. Assume that

the length of data frame is n and the termination length is L. The following equation
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must be satisfied.

[Vix2n, X1x2L, lezms]H[on,n+L+ms,1] = 01x(n+Ltms) (A.1)

Then the syndrome former HT can be partitioned into several sub-matrices.

T T
A2n><n B2n><(L+mS)
T _
[Vixon, X1x2L, 01x2m,] 057%n D2L><(L+ms) = 01 (ntL+ms) (A.2)
T
OQmSX” F2m5><(L+ms)
From above equation, we can obtain vixs,AL =0, and
T _ T
X1x20 Do (L4my) = VixenBanx (n4m.)- (A.3)

Since only the last 2m, bits of v are participated in the computation, we can let vBT =
sPT. where s represents the ending state vector of the encoder and PT comprises the
last m, row of BT. The sub-matrices DT and PT relate to the starting phase ¢ of the
termination sequence and the termination length /.. After taking the tranpose, the above

equation can be rewritten as

D¢7LXT = P¢7LST. (A4)

Therefore, the termination sequence can be derived by solving the linear equations. As
long as Dy, is full rank, this‘equation will -have one or more solutions. The matrix

Fy. = D(;}LPQ 1 is defined as the termination matrix.
x! = D;}LP@LST =F4s" (A.5)
We summarize the procedure of generating termination connections of the encoder [28].
1. Determine the Termination Length

(a) Initialize L: L = m.

(b) Obtain Dy, Dy, ... ,Dr,_1r from HT. Check the rank of these matrices.
If all of them have rank L + my (full rank), stop the search and choose the

current value of L. Otherwise, go to (c).

(¢) Increase L by 1. Then, go to (b).
2. Find Termination Matrices for All the Phases
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(a) Find the inverse of Dy using Gaussian-Jordan elimination.
(b) Obtain Py, for all phases from H”.

(¢) Get the termination matrix by multiplication. Fy j = D;}LP% L
3. Generate the Termination Connections

(a) The first row of each termination matrix is taken and combined to form the

all-phase termination matrix F.

Once the all-phase termination matrix F is determined, it needs to be stored and used in
the implementation. The matrix F determines the connections of the termination circuit.
Using this approach, the termination bits can be generated on demand with termination
circuit embedded in the encoder. When all the termination bits have been sent to the
encoder, the encoder will reach a partial-zero state. Then b - mg zeros are needed to flush
the encoder to the all-zero state.

We simulated the time-varying (491;3,6) LDPC convolutional code with termination
length from 491 to 2608. The results in Table. A.1 show that the termination sequence
cannot be found because the matrices Dy 1 -are not full rank for all phases. For the cases
we simulated, we observed that the difference between the rank of matrix Dy ; and the
full rank condition (L + my) is always 33. Therefore, we conclude that the (491, 3,6)

LDPC convolutional code cannot beterminated.

Table A.1: Simulation results of the (491,3,6) LDPC convolutional code using all-phase

termination.
Termination Length (L) | Rank of Dy, | Full rank condition (L + m;)
491 949 982
492 950 983
493 951 984
2606 3064 3097
2607 3065 3098
2608 3066 3099
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Appendix B

Tail-Biting LDPC Convolutional
Codes

Tail-biting could convert a convolutional code into a block code. Using tail-biting,
the starting state of the encoder is forced to be the same state as its ending state. The
beginning state of the encoder does.not need to start in the all-zero state, it is determined
from the information sequence. Compared to the encoder termination, tail-biting avoids
code-rate loss due to tail bits are not needed. The tail-biting version of the LDPC con-
volutional code is proposed in-{29], which is obtained by wrapping the last (¢ — b) - mg
columns of the syndrome former after ¢ = N-time instant. The wrapped syndrome for-
mer ﬁ[ﬁ N1 1s shown in (B.1). This operation results in a circular Tanner graph. The
encoding of tail-biting LDPC convolutional code can be achieved using a matrix multi-
plication circuitry, which is similar to the encoding of the LDPC block codes. However,

the complexity of this encoder implementation is dependent of N2,

HT(0) HT(1) ..  HEL (ms) 0 0
0 Hi (1) .. HE _(ms) HEL (ms+1)0 0
HT (N) 0 0 HI' (N—ms) HIL _(N-1)

Hﬁ;vN*l] -

mg

H}r"brl(N) HL (N+1) 0

: 0 HT(N-2) HT(N-1)
HT(N) HI(N+1) .. HL (N4+m.—1) 0 0 HI(N-1)
(B.1)

Another implementation for encoding the tail-biting LDPC convolutional code is proposed

in [30]. The state-space variables are used to calculate the initial state of the encoder.
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This technique originally comes from [31], which presented the encoding of tail-biting
codes with feedback encoder. Let S; denote the state vector at time instant ¢. Let ug
be the information sequence and vy be the code bits. To simplify the situation, here we
consider the case of systematic encoding, where the submatrices Ho(t) = (Ho(t), Io_p))-

The correct initial state can be calculated from the following relationship

St+1 = A(t) : St + B(t) . utT (BQ&)
vi =C(t)-S; +D(t) - u/ (B.2b)

where A(t) is the state matrix with size of (m; + b) x (ms + b), B(t) denotes the input
matrix with size of (msc+0b) x b, C(t)is the output matrix with size of ¢ x (mgc+0b), and
D(t) denotes the feedforward matrix with size of ¢ x b. Note that the variables in the
above equations are functions of time due to time-varying are considered. These matrices
A(t), B(t), C(t) and D(t) can be determined from the state transitions of the syndrome

former encoder.

H,(t) Ha(t) Hy(t)oorr Hy () Hp ()  Ho()  Oes
Obxe  Obxe  Obxe /= Obxe Obsce Obse Obb
I. Ocxe Ocxe e Ocxe Oexe Ocxe O(C—b)Xb
A(t) = Ocxe Ic Ocxel | - -6 Ocxe Ocxee Ocxe O(cfb)xb
Ocxe Ocxe Ocxce - -~ Ocxe I. Ocxe O(C—b)Xb
Opxe  Opxe  Opxe - -- Opxe Opxe (In, Opxcie—t))  Obxs
(B.3)
Hy(t)
B(t) = I (B.4)

O((ms—1)c+b)xb

0 (& O & O c 0 c 0
C(t) _ bx bx bx bx bxb (B5)
Hy(t) Hy(t) ... Hp_1(t) Hp(t) Opepyxo
I,
D)= . (B.6)
Ho(t)
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The complete solution of (B.2) is given by the superposition of the zero-input solution

SE and the zero-state solution SE*.

Sy = S 4+ sl (B.7)

We can derive the zero-input solution and the zero-state solution by applying (B.2) re-
]

cursively. The zero-input solution ng,i is the state achieved after ¢ time instants if the

encoding started in an arbitrary state Sy and all input bits are zero.

sk = (JﬁlA(N—i)> - So (B.8)

The zero-state solution SE@S] denotes the state achieved after ¢ time instants if the encoding

started in the all-zero state Sy = 0 and input is the information sequence u.

sl = Z_ [( f[_ A(N—z’)) B(j +1) -uJT] (B.9)

§=0 i=0

Then we let the state at time ¢t =N is'equal to the initial state Sy, we can obtain

(I + 1:[ A(N — i)) Sg= sk, (B.10)

where I denotes the (msc + b) X (msc+b) identity matrix. Therefore, the initial state of

the encoder is
N1 -1
S = <I + [TAW - @)) sk (B.11)
i=0

Given the matrix in (B.11) is invertible, the encoding procedure for tail-biting LDPC

convolutional code can be summarized as the following steps [30].

1. Determine the Zero-State Response
Determine the zero-state solution ng,s] by encoding the information sequence u with
the encoder starting from the zero-state Sqg = 0. At this step, the sequence obtained

at the output of the encoder is ignored.

2. Calculate the Initial State

Calculate Sy using (B.11) and initialize the encoder accordingly.
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3. Perform the Actual Encoding
With Sy correctly set, perform the actual encoding for u. In this case, the sequence

obtained at the output of the encoder is the valid code sequence v.

Using this technique, the inverse matrices need to be stored for different block lengths.
Moreover, the same encoder can be used to encode the tail-biting codes with different
block lengths. In [29] and [30], a circular pipeline decoder architecture for the decoding
of the tail-biting LDPC convolutional code is proposed. For more detail description,
please refer to [29] and [30]. Then we applied this technique to the (491,3,6) LDPC
convolutional code. The simulated block lengths range from N = 491 to N = 6401.
There are 1454 samples satisfy the tail-biting constraint, namely, the matrix in (B.11) is
invertible. However, when we applied this technique to the R = 3/6 (164, 3,6), R = 6/12
(82,3,6), R =9/18 (55,3,6), and R = 12/24 (41,3,6) LDPC convolutional code shown
in Figure. 4.16. Unfortunately, the tail-biting constraint cannot be satisfied for all the

block lengths we simulated.
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