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Abstract Many recent reconfigurable/multi-mode quasi-
cyclic low density parity check (QC-LDPC) decoder
designs have shown appealing implementation results
in the literature. However, most of them are based
on datapath multiplexing techniques with ad hoc ma-
trix arrangement. There is still room for further inter-
connection reduction, throughput enhancement, and a
more sophisticated early termination scheme. In this
paper, we will focus on these issues and present a two-
level design approach, which optimizes the design at
(1) matrix merging level, and (2) module design level.
First, direct multiplexing datapaths between multiple
modes leads to great overhead on wiring complexity.
In order to mitigate this problem, we merge multiple
parity check matrices by proposing an efficient algo-
rithm at matrix merging level, which helps to min-
imize multiplexer and wiring overhead. Second, for
efficient decoding issues, we propose two design tech-
niques at module design level. One is data wrapping
scheme. It enhances the decoding throughput by using
the data-wrapped memory with the proposed recon-
figurable data-switching circuits (R-DSC) to conquer
the data alignment problem and achieve multi-mode
reconfigurability. The other is the adaptive early ter-
mination (AET) scheme. It can save the unnecessary
decoding procedures under both high-SNR and low-
SNR regions. Finally, to verify our design approach, we
implement a triple-mode LDPC decoder chip which is
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compatible to IEEE 802.11n standard by using UMC
90 nm CMOS technology. This chip only occupies
3.32 mm2 and features high core utilization up to 70%
with low power dissipation of 135.3 mW. The proto-
typing chip not only validates the proposed approach,
but also outperforms the state-of-the-art QC-LDPC
decoders for IEEE 802.11n systems.
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1 Introduction

Low density parity check (LDPC) codes [1–3] are
verified to have superior error-correcting capabilities,
and have been widely adopted in modern commu-
nication systems as the key forward error correcting
(FEC) module. Since the first LDPC decoder chip was
proposed in [4], many researchers have been working
on numerous design techniques to simplify the LDPC
decoder architecture and to increase decoder through-
put based on a specific parity check matrix [5–10].
These works can be classified as single-mode LDPC
decoders, and can only be applied in limited appli-
cation scenarios. Recently, many researchers work on
reconf igurable or multi-mode LDPC decoder designs
for multi-standard communication systems [11–15]. In
those works, multiplexing the datapaths among multi-
ple supported quasi-cyclic (QC) parity check matrices is
implemented directly by using additional multiplexers.
Thus, possible reduction on multi-matrix interconnec-
tions has not yet been emphasized. However, without
doing any pre-processing nor refinements on the vari-
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ous supported QC-based parity check matrices at the
algorithmic level, it may involve great efforts to design
a reconfigurable LDPC decoder with area efficiency.

In this paper, we propose a systematic design ap-
proach, as shown in Fig. 1, to design area-efficient
reconfigurable QC-LDPC decoders. This design ap-
proach includes two levels: the matrix merging level and
the module design level.

1. At matrix merging level, we propose the matrix
merging scheme to combine multiple parity check
matrices systematically, so that the multiplexer and
wiring overhead is minimized. We first show how
the matrix re-permutation [16, 17] can be adapted
to reduce the architectural differences among mul-
tiple matrices. Then, we propose a searching algo-
rithm to minimize such differences from inefficient
exhaustive searching to one with polynomial com-
putational time (i.e., from O(n!) to O(n3)). The
final merged matrices can lessen the wiring issues in
LDPC decoder implementations. Hence, the result-
ing reconfigurable LDPC decoders can be imple-
mented with small area overhead and still achieve
high core utilization with respect to each single-
mode decoder.

Figure 1 Proposed systematic design approach and design flow
chart for reconfigurable QC-LDPC decoders.

2. At module design level, we present two efficient
decoding techniques for the reconfigurable LDPC
decoder designs:

– Data wrapping scheme to enhance the decoding
throughput of the communication system: It is
applied with the data-wrapped memory and the
proposed reconf igurable data switching circuits
(R-DSC) as the message passing interfaces.
The data-wrapped memory banks enable the
parallel processing of multiple data in each
bank concurrently. Also, the R-DSCs solve the
data alignment problem and multi-matrix re-
configurability in an area-efficient way.

– Adaptive early termination (AET) scheme to
reduce unnecessary decoding procedures: It is
used for dynamic online adjustment of decod-
ing iteration number by inspecting the sta-
tus of soft log-likelihood ratio (LLR) val-
ues. Many early termination schemes [14] only
work for scenarios with high signal noise ratio
(SNR). The proposed AET scheme can reduce
unnecessary decoding procedures under both
high-SNR and low-SNR channel environments.
It can save unnecessary iterations when the
received codewords are not decodable.

In order to demonstrate the proposed systematic
approach and verify its design advantages, we apply the
aforementioned schemes on a triple-mode QC-LDPC
decoder design for IEEE 802.11n system [18], which
features high-throughput wireless data transmission
over multiple-input multiple-output (MIMO) channels.
From this design example, we can show that:

– By applying the matrix merging scheme, we can
reduce 34.38% multi-mode multiplexer and wiring
overhead, and make over 81% memory banks share
the same datapaths among 3 modes.

– We can achieve 3 times throughput enhancement
by the data wrapping scheme. Moreover, the area-
efficient R-DSCs can be directly reused among 3
modes.

– By employing the AET scheme, we can omit up
to 61.8% and 32.5% decoding procedures under
environments of lower and higher SNR, respec-
tively, with negligible bit error rate (BER) degra-
dation. Furthermore, the circuitry for AET scheme
is rather simple and compact.

In addition, we validate the benefits of proposed
schemes in a chip implementation by using UMC 90 nm
CMOS technology. It can be shown that this chip out-
performs the state-of-the-art QC-LDPC decoders for
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IEEE 802.11n systems. Note that the proposed two-
level design approach can be regarded as add-on tech-
niques for existing decoding algorithms and architec-
tures, and can be extended to other modern LDPC
specifications.

The rest of this paper is organized as follows.
Section 2 gives the background on quasi-cyclic (QC)
LDPC codes along with decoding procedures and ar-
chitectures. Section 3 illustrates the proposed matrix
merging scheme and demonstrates the algorithm with
our design example. For efficient decoding issues such
as throughput enhancement and early termination,
two design techniques are presented in Section 4.
Section 5 summarizes the VLSI implementation results
of the triple-mode decoder as a solid verification of our
proposed approach. Finally, Section 6 concludes this
paper.

2 Background on QC-LDPC Decoders

In this section, we begin with the formal definition
of LDPC codes with the quasi-cyclic (QC) code con-
struction method which is widely applied in modern
communication standards. Then we introduce the iter-
ative decoding algorithm and the architecture of QC-
LDPC decoders as the prerequisites for the following
sections.

2.1 LDPC Codes and QC Code Construction

LDPC codes belong to one kind of linear block codes.
A K-bit message can be encoded to be an N-bit code-
word by the (N, K) LDPC codes. The (N, K) LDPC
codes can be defined by a very sparse parity check
matrix H, of which few elements are ones and others
are zeros, as shown in Fig. 2a. Such parity check matrix
H consists of (N − K) rows and N columns, and the
code rate R is defined as K/N.

From the aspect of code construction, among var-
ious ways to construct the parity check matrix H,
QC-LDPC codes [19] provide decent error-correcting
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Figure 3 a Base matrix, b QC sub-matrix representation with 1
on the lines and 0 otherwise, and c full-expanded QC parity check
matrix.

performance [20], yet can be encoded and decoded
with much less complexity. Thus, the QC-LDPC codes
are used in many modern communication standards,
including the IEEE 802.11n standard [18]. QC-LDPC
codes are defined by very sparse base matrices. Each
element in the base matrix should be −1, 0, or a positive
integer, and can be expanded to a sub-matrix with an
expanding factor p. As shown in Fig. 3, there are three
types of sub-matrices. An elements with −1 and with
0 are expanded to be a zero matrix and an identity
matrix, respectively. An element with a positive integer
(shifted value, s) is expanded to be an identity matrix
right-shifted by s.

2.2 Decoding Procedure

In order to demonstrate the decoding procedure, a
parity check matrix H is often illustrated by a bipartite
graph [21], containing two sets of nodes: check nodes,
{cni}, and bit nodes, {bn j}, as shown in Fig. 2b. There
is an edge between cni and bn j only if there is 1 at
(i, j) of H (denote hi, j = 1). The soft log-likelihood
ratio (LLR) values of a received codeword are initially
stored in memory, and then decoded between the con-
nected check nodes and bit nodes iteratively. Among
various decoding algorithms for LDPC codes, sum-
product algorithm (SPA) [2] achieves the best error-
correcting performance by processing the soft LLR
values precisely. Nevertheless, it is not suitable for
VLSI implementation due to complicated mathemati-
cal operations. Min-sum algorithm (MSA) [22], which
simplifies SPA significantly with only small decoding
performance degradation, is so far the best candidate
for practical LDPC decoder designs.

Suppose the wireless communication channel is the
additive white Gaussian noise (AWGN) channel with
noise variance σ 2, the transmitted and the received
codewords are {u1, u2, . . ., uN} and {v1, v2, . . ., vN}, re-
spectively. The decoding algorithm, MSA, is composed
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Figure 4 Decoding flowchart
of the min-sum algorithm
(MSA).
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of the following operations with the decoding flowchart
illustrated in Fig. 4.

– Step 1: Initialization at iteration k = 0 Each bit
node, bn j, is initialized with the channel LLR value
defined in Eq. 1.

L
(
u j

) = log

(
Pr
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u j = 0|v j

)

Pr
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u j = 1|v j

)

)

= 2v j

σ 2 . (1)

For every (i, j) in H such that hi, j = 1, the mutual
information of bit nodes and of check nodes is
initialized as Eqs. 2 and 3, respectively.
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– Step 2: Row-wise check-node (CN) updating at
iteration k We denote B[i] \ j as the set of bit nodes
connected to cni, excluding the j-th bit node. The
CN updating phase updates the mutual information
of check nodes from the connected bit nodes, as
shown in Eq. 4,
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where sign(·) returns the sign bit of variables and
xor{·} denotes the exclusive-or operator.

– Step 3: Column-wise bit-node (BN) updating at
iteration k We denote C[ j] \ i as the set of check
nodes connected to bn j, excluding the i-th check
node. The BN updating phase updates the mutual
information of bit nodes from the connected check
nodes, as shown in Eq. 5,
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– Step 4: Hard decision of decoded codewords Dur-
ing the last BN updating, the hard decision of

decoded codeword, {v′
1, v′

2, ..., v′
N}, can be also cal-

culated by

λ j
(
u j

) = L
(
u j

) +
∑

i∈C[ j]
�i→ j

(
u j

)
, (6)

v′
j =

{
1, if λ j

(
u j

) ≥ 0 for j = 1, 2, ..., N,
0, otherwise,

(7)

where this operation is quite similar to the BN
updating.

As used in most decoder designs, the terminating con-
dition of the iterative decoding is to check if Hv′T = 0,
or whether the preset maximum iteration number kmax

is reached. The latter one is much more commonly used
due to its simplicity for VLSI hardware implementa-
tion. However, rather than applying either of these two
termination strategies, we propose an adaptive early
termination scheme in this work and would focus on it
in Section 4.2.

2.3 Partially Parallel Architectures for QC-LDPC
Decoders

Since the QC parity check matrix is constructed based
on the sub-matrices as building blocks, it is very in-
tuitive to map each sub-matrix to a memory element,
where the corresponding CN/BN can be processed in
the partially parallel fashion. Rows of the base ma-
trices are equipped with check-node units (CNU) for
CN updating. Similarly, columns of the base matrices
are also equipped with bit-node units (BNU) for BN
updating. Compared with the fully parallel [23] and
the sequential decoder architectures [24], partially par-
allel architectures offer a balance point of the trade-
off between the decoding latency and the area over-
head of parallelization. There are two major types of
partially parallel architectures for LDPC decoding: (1)
block-serial architecture [5, 6, 13, 15], and (2) direct-
mapping architecture [14, 25–27]. The former processes
all elements in one block concurrently, whereas the
latter processes one element of all blocks concurrently.
The major benefit of the direct-mapping is that no
switching network is needed due to structural mapping
between base matrix and decoding architecture. Hence,
the decoder chip would have less wiring complexity
and higher core utilization, which are crucial concerns
for practical chip implementations. However, the major
drawback of direct-mapping is unsufficient throughput
rate. Therefore, we present a throughput enhancement
technique called data wrapping scheme along with im-
plementation examples shown in Section 4.1.
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3 Matrix Merging Scheme for Wiring Complexity
Reduction of Reconfigurable QC-LDPC Decoders

The most well-known characteristic of the LDPC de-
coders is the high wiring complexity [10, 14, 15]. This
design issue becomes even more crucial in the re-
configurable LDPC decoder designs, where many non-
negative elements may be at very different positions
among multiple parity check matrices. This section il-
lustrates our proposed matrix merging scheme which
efficiently reduces wiring complexity overhead of the
multi-mode reconfigurability. The following subsec-
tions would first introduce the concept of merging mul-
tiple base matrices, then give the problem formulation
for wiring complexity reduction, and finally focus on
the proposed difference minimization algorithm with its
benefits.

3.1 Concept of Matrix Merging

It is known that for the reconfigurable LDPC de-
coders accommodating modern communication stan-
dards, hardware reusing is the most common way to
achieve the area efficiency. However, since the inter-
connections between the memory banks and compu-
tation units vary considerably among different base
matrices, numerous multiplexers must be added be-
tween memory banks and computation units for on-line
reconfigurability. This overhead can be very significant
if the supported base matrices differ greatly. In this
way, the additional multiplexers not only increase the
total chip area of the decoder, but also make wire con-
nections much more complicated, which further deteri-
orate routing congestion and lower the core utilization
in the back-end stage. In order to mitigate this prob-
lem, we adapt the base matrix re-permutation concept,
originally proposed in [16, 17], to merge multiple base
matrices, which enables the reduction of additional
multiplexers.

According to [16, 17], the mathematical relationship
between the parity check matrix and the codeword re-
mains unchanged after the matrix re-permutation. Con-
sequently, the matrix re-permutation makes no penalty
on the error-correcting performance, excess hardware
cost, and decoding time. In order to illustrate the key
idea of the matrix merging scheme, we take two base
matrices, HA and HB, along with their architectures in
Fig. 5 for example. After re-permutation, the ratio of
memory banks in common positions arises from 43.75%
to 87.5%. Obviously, H

′
B shares more memory banks

in common positions (marked as white) with HA, and
thus merely 2 memory banks (marked as dark) are
necessary to be multiplexed, while most circuitry can

be directly reused among multiple modes without mul-
tiplexing. Therefore, if we can find optimal permuta-
tions of multiple base matrices, the additional hardware
overhead can be reduced significantly in reconfigurable
LDPC decoder designs. Besides, the re-permutation
mentioned above is applied among multiple matrices,
so the proposed matrix merging scheme can be applied
to not only direct-mapping architecture but also to
other decoding architectures.

3.2 Problem Formulation for Merging Multiple Base
Matrices

The key problem of the proposed matrix merging
scheme lies in how to find the new row-wise (or column-
wise) permutations such that the re-permuted base ma-
trices have most non-negative elements located in com-
mon positions. In order to formulate the problem more
precisely, the term dif ference is redefined here to show
how many non-negative elements locate in different en-
tries between two matrices, and a set of binary variables
(i.e., 0 or 1) is used to denote the matching relationship
between them. The specific definitions with respect to
the rows of the two different base matrices (HA and
HB, both m-by-n) are described as follows.

– Row difference (Drow
i, j ): The number of total non-

negative elements in ai minus the number of non-
negative elements in common positions of ai and b j,
where ai is the i-th row of matrix HA and b j is the
j-th row of matrix HB.

– Row matching (xrow
i, j ): A binary variable indicating

whether the new order of b j is i. In other words,
xrow

i, j is 1 if the i-th row of the re-permuted matrix
H

′
B comes from the j-th row of the original ma-

trix HB.

Column difference (Dcol
i, j ) and column matching (xcol

i, j )
are defined similarly with respect to the columns of
two different HA and HB. Then the goal of the matrix
merging scheme can be regarded as to find a set of xrow

i, j

and xcol
i, j which minimizes the total difference between

two matrices. The total difference after re-permutation
is expressed in Eq. 8, which is exactly equal to the
summation of row (or column) difference after row-
wise (or column-wise) re-permutation.

Dtotal =
m∑

j=1

m∑

i=1

xrow
i, j Drow

i, j =
n∑

j=1

n∑

i=1

xcol
i, j Dcol

i, j (8)

Directly finding the optimal set of xrow
i, j and xcol

i, j involves
exhaustive enumeration with the computational com-
plexity of O((n!)2), where n is proportional to base ma-
trix size. It is extremely inefficient since the LDPC base
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matrices are usually large. Thus, our greedy approach
is to find the suboptimal set of xrow

i, j and xcol
i, j iteratively.

The row-wise and column-wise re-permutation is then
performed with the following definitions.

– Difference-Minimized Row Re-permutation
(DMRR): An operation to find a new row order
of one base matrix, i.e., the set of xrow

i, j , so that the
total row difference of two matrices is minimized.
The mathematical formulation of DMRR is to
minimize

z =
m∑

j=1

m∑

i=1

xrow
i, j Drow

i, j , (9)

subject to

xrow
i, j =

⎧
⎨

⎩

1, if the new order of row b j

is i, the same as row ai,
0, otherwise,

(10)

m∑

i=1

xrow
i, j = 1, for j = 1, ..., m, (11)

m∑

j=1

xrow
i, j = 1, for i = 1, ..., m. (12)

– Difference-Minimized Column Re-permutation
(DMCR): Similar to DMRR, an operation to find
a set of xcol

i, j such that the total column difference
(
∑n

j=1
∑n

i=1 xcol
i, j Dcol

i, j ) of two matrices is minimized.

It is noted that performing DMRR does not alter the
column-wise CNU connections. On the other hand,
performing DMCR does not alter the row-wise BNU
connections, either. As shown in Eq. 8, performing
DMRR and DMCR iteratively decreases the total

difference, and it is sure to converge toward a minimum
value. By inspecting most commonly used parity check
matrices defined by many standards, such as IEEE
802.11n, we can see that base matrices among multiple
modes usually share the same dual-diagonal submatri-
ces in every row. This property makes the row order
remain unchanged after DMRR in most cases. Accord-
ingly, our greedy approach not only converges within
one iteration of DMRR (or DMCR) when applied to
many standards, but also gives an optimal set of xrow

i, j

and xcol
i, j provided that only one DMCR is performed

before convergence. In Fig. 5, the re-permuted H
′
B is

derived from HB with 1 DMRR and then 1 DMCR by
taking HA as the unchanged matrix.

3.3 Difference Minimization Algorithm

Followed by the matrix merging scheme for difference
minimization described in Eqs. 9–12, the kernel of
the problem now lies in how to perform DMRR
(or DMCR) efficiently. Unfortunately, for m-by-n
base matrices, there are m! and n! possible row-wise
and column-wise matchings, respectively. So it takes
O(n!) computational complexity to perform DMRR
(or DMCR) by exhaustive searching. In order to im-
prove the computational efficiency, we can map this
difference minimization problem to the job assignment
problem, which has been discussed thoroughly in the
field of operations research and can be solved in poly-
nomial time by using Hungarian algorithm [28–30].

The job assignment problem is to find an optimal
matching between jobs and workers based on the work-
ing costs for each worker’s specialty. The problem map-
ping can be demonstrated by taking DMRR on HA

Figure 5 Hardware
architectures of LDPC
decoders with base
matrices a HA, b HB, and
c the re-permuted H

′
B,

respectively. Two-mode
decoders using d directly
multiplexing HA and HB,
and e the proposed matrix
merging scheme using HA

and H
′
B. The same letters

shown in (b) and (c) indicate
the same memory banks
during the re-permutation
process. The memory banks
which need to be multiplexed
are marked as dark.

(a) (b) (c)

(d) (e)
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Figure 6 Row difference table of HA and HB.

and HB, shown in Fig. 5, as an example. We consider
each row in HA as a job and each row in HB as a
worker. The dif ference defined above can be regarded
as the working cost. For example, if Drow

i, j = 3, it can be
interpreted as that the working cost for worker i to do
job j is 3. Then we can see that the difference minimiza-
tion problem looks similar to the job assignment prob-
lem. Based on the Kőnig-Egerváry theorem elaborated
in [28] and the algorithm specified in [29], we present

an efficient algorithm for the difference minimization
problem. For formulating the proposed algorithm in
details, a difference table of DMRR is introduced here,
as shown in Fig. 6. The (i, j)-th element in this table
denotes the row difference, Drow

i, j . Before the DMRR,
the original row matching is

xrow
i, j =

{
1, if i = j,
0, otherwise,

(13)

and the original total difference is

m∑

j=1

m∑

i=1

xrow
i, j Drow

i, j =
m∑

i=1

Drow
i,i . (14)

The algorithm, which begins with the original m-
by-m difference table T0, is illustrated by Fig. 7 and
the following steps. Note that m ∝ n with respect to
the code rate, so O(m) = O(n). Thus, we use O(n) for
denoting the computational complexity.

Figure 7 a–f shows a
step-by-step demonstration of
the proposed difference
minimization algorithm by
using a difference table to
perform DMRR on two base
matrices with 4 rows. Each
dashed circle indicates a
marked line during Step 2.
Each dark entry (i, j)
indicates xrow

i, j = 1.

Total difference: 9

Total difference: 5
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– Step 1: Preliminaries Subtract each row of the table
with its smallest element, and then do the same
thing for each column. A reduced table T1 should
be obtained with non-negative elements and at
least one zero. Obviously, this step takes O(n2)

computation time.
– Step 2: Zero marking Mark out the zeros with a

minimal set of lines. This step takes O(n2) compu-
tation time.1 If the number of lines in the minimal
set, m1, equals to m, there should be a set of m in-
dependent zeros. Choose xrow

i, j = 1 if (i, j) contains
an independent zero, then a minimum z turns out
and the algorithm terminates.

– Step 3: Subtraction If m1 < m, let c1 denote the
smallest unmarked element. Subtract c1 from all
unmarked elements, and add c1 to the elements
which are marked by two lines. And we obtain a
new reduced table T2. Obviously, this step takes
O(n2) computation time.

– Step 4: Recursion Replace T1 with T2 and repeat
Step 2 and Step 3 iteratively.

In order to find an upper bound of the recursion times,
we consider the following property. After Step 3 of
the t-th recursion, an unmarked element is at least
decreased by

∑t
τ=1 cτ . Since cτ ≥ 1 for τ = 1 to t, we

have
∑t

τ=1 cτ ≥ t. By the definition of dif ference, all
elements should be smaller than m, so sumt

τ=1cτ < m
and t must be not larger than m. Hence, this property
ensures the algorithm to terminate within m recursions.
That is, the computation complexity of this algorithm
is only O(n3), which is markedly smaller than O(n!) by
the straightforward exhaustive searching.

Though the matrix merging scheme introduced
above only takes two-matrix cases for example, the
proposed scheme can be easily extended to cases with
multiple matrices. One arbitrary base matrix can be
chosen as an unchanged one during the re-permutation
procedure, and then other matrices are re-permuted
by DMRR and DMCR individually with respect to
the unchanged base matrix. Consequently, for a set of
arbitrary LDPC base matrices, a set of re-permuted
base matrices can be obtained with the minimized total
difference.2 In summary, the entire flow chart of the
matrix merging scheme is shown in Fig. 8. In the sense
of hardware architecture, the amount of additional mul-

1This proof is similar to the one presented in [30].
2It can be shown that if an alternative base matrix is chosen as
the unchanged one, the total differences are still minimized while
the resulting permutation of matrices may vary.
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Figure 8 Flowchart of the proposed matrix merging scheme.

tiplexers and the wiring overhead can be reduced by the
proposed scheme to support multiple base matrices.

3.4 Design Example of Proposed Matrix Merging
Scheme

Take the three base matrices with code rate 1/2 defined
in IEEE 802.11n standard for examples, where an arbi-
trary one of them is chosen as the unchanged matrix.
The experiment is performed on an Intel Pentium 4
2.4GHz machine with 1GB RAM. The benefits of ma-
trix merging scheme can be shown in two aspects.

1. In the computation view of the matrix merging
procedures, by using the proposed matrix merg-
ing scheme, the optimal solution converges within
only 1 iteration of DMRR and DMCR. Also, the
computation time is only 0.07 seconds, which is
10−4 times compared to the exhaustive searching,
726.5 seconds. However, the next-generation com-
munication standards usually define much larger m
and n (e.g., m = 180 in DVB-S2). In these cases,
the proposed algorithm would be rather appealing,
since exhaustive searching seems impractical.

2. In the architectural view of this triple-mode design
example, the additional multiplexers applied for
memory reusing can be reduced from original 32 to
21, with the reduction ratio of 34.38%. As a result,
over 81% memory banks share the same datapath
to CNUs/BNUs among 3 different modes.
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4 Efficient Decoding Techniques for Reconfigurable
LDPC Decoders

In this section, we propose two efficient decoding tech-
niques for a reconfigurable LDPC decoder design: (1)
the data wrapping scheme for decoding throughput
enhancement, and (2) the adaptive early termination
(AET) scheme for reducing unnecessary decoding pro-
cedures under varying communication environments.

4.1 Data Wrapping Scheme

The decoding throughput of the LDPC decoder is cal-
culated as

throughput

= (frequency) · (codeword length) · (code rate)

(# of iterations) · (# of cycles per iteration)
.

(15)

The straightforward implementation of direct-mapping
architecture (see Figs. 9a and 10a) may not reach
the throughput requirements of some standards. For
example, the throughput of the IEEE 802.11n code-
rate-1/2 LDPC decoder design with the traditional
direct-mapping architecture are estimated to be 75
Mbps under clock frequency of 100 MHz. 3 It by far fails
to meet the throughput requirement of IEEE 802.11n
standard, 165 Mbps. However, some terms in Eq. 15
cannot be improved due to the following three reasons:

1. The clock frequency is bounded by the gate delay
of CNUs and BNUs, and it may take great efforts
to make improvement in the comparator trees with
7–8 inputs in CNUs and the adder trees with up to
12 inputs in BNUs.

2. The codeword length and the code rate are speci-
fied by the communication standards.

3. Reduction on the number of iterations would lead
to decoding performance degradation.

Thus, the most possible way to enhance the decoding
throughput is to reduce the number of cycles per it-
eration. In the traditional memory scheme shown in
Fig. 9a, the total CN/BN processing time per iteration
is bounded by p times data accessing from memory.
(p is the expanding factor.) Therefore, we wrap d con-
secutive w-bit data into a single dw-bit entry to break
this limit and enhance the throughput by d times. For
the throughput requirement of IEEE 802.11n standard,

3Other parameters of this estimation are: 8 iterations, code
rate = 1/2, codeword length = 24p, and 2p cycles per iteration.
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Figure 9 Memory schemes: a traditional direct-mapping scheme
and b data wrapping scheme with d = 3.

d is chosen as 3 in our design example, making the
requirement just met. The corresponding memory map-
ping and timing diagram are shown in Figs. 9b and 10b,
respectively.

However, direct implementation of the data wrap-
ping scheme in the reconfigurable LDPC decoder in-
volves two design issues, (1) the data alignment prob-
lem, and (2) the multi-matrix reconfigurability. The
following two paragraphs elaborate on how to conquer
the data alignment problem through the data switching
circuit (DSC), and propose the reconfigurable DSC (R-
DSC) architecture to achieve reconfigurability among
multiple matrices in an area-efficient fashion.

4.1.1 Data Alignment Problem and Data Switching
Circuitry

In each check-node (CN) and bit-node (BN) updating
cycle, d consecutive data are processed simultaneously
by d CNUs and BNUs, respectively. Followed by the
scheduling of direct-mapping architectures, the BN up-
dating always starts with the first memory entry, so all
data are aligned well in BN updating states. However,
in CN updating cycles, these d consecutive data would
not be in the same memory entry if the shifted value s
(also known as starting address of CN updating) is not
a multiple of d, i.e., s �= 0 (mod d). In our design ex-
ample with d = 3, assume that the corresponding sub-
matrix of one memory bank has shifted value of 10. As
shown in Fig. 11, the data set {D10, D11, D12} should
be processed concurrently in the first clock cycle, but
{D10, D11} and {D12} are stored in different memory
entries.

In order to align these d consecutive data from
different memory entries in the data wrapping scheme,
the data switching circuit (DSC) is introduced to work
as the two interfaces (see Interface I and Interface II



192 J Sign Process Syst (2012) 68:183–202

Figure 10 Timing diagram of
the LDPC decoders:
a without data wrapping and
b with data wrapping.
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in Fig. 11) between the memory banks and the CNUs
according to the remainder r, where r = s − d�s/d	. In
the Interface I, the DSC buffers the {D10, D11} to align
them with {D12} for CN updating. In the Interface II,
it buffers updated {D12} to wait for {D13, D14} from
CNUs to make them written into the same memory
entry concurrently. Since (d, w) is set to be (3, 5) in our
design example, there are supposed to be three types of
DSC modules, as shown in Fig. 12. These multiplexers
are controlled by bypass_at_f irst (or bypass_at_last),
which indicates if the data loaded from memory is not
for CN updating and should be stored back to memory
at the first (or last) cycle of CN updating. Let us recall
the example of d = 3, s = 10. The first fetched data
set is {D9, D10, D11}, where {D9} should bypass the
CNU with bypass_at_f irst switched on, and {D10, D11}
is buffered for alignment with {D12}. The last fetched
data set is still {D9, D10, D11}, but this time {D9}
is regarded as the last data for CN updating, where
{D10, D11} is already updated and should bypass the

CNUs with bypass_at_last on. Each memory bank is
then equipped with one of the three DSC modules with
respect to its s and r, so that the data alignment problem
can be easily solved by these DSCs.

4.1.2 Area-Ef f icient Reconf igurable Data Switching
Circuit (R-DSC)

For a reconfigurable design, most of the memory banks
are reused among different modes, and the reused
memory banks may have the different remainders, r,
with respect to different base matrices. In this way,
almost all memory banks should be equipped mul-
tiple different DSCs and one d-to-1 multiplexer to
switch among them. Since the main components of
the data switching circuitry, i.e. the buffers, are iden-
tical among different types of DSCs, we would better
reuse these buffers and integrate the data switching
network into a reconfigurable module to improve the

Figure 11 Data alignment
problem of the data wrapping
scheme. Data-path of the
LDPC decoder a without data
wrapping and b with data
wrapping. Detailed timing
diagram of c the Reg_I (data
read from memory), d data
processed by CNUs, and
e the Reg_II (data written to
memory). Note that the italic
data in (c)–(e) should bypass
the CN updating.

(d)

(b)(a)

(c) (e)
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Figure 12 Circuit diagrams of DSC modules with d = 3: (a) DSC0 for r = 0, (b) DSC1 for r = 1, and (c) DSC2 for r = 2.

area efficiency. Thus, our approach is to merge the mul-
tiplexers of different modes as the two interfaces of the
reconfigurable DSC (R-DSC). In order to demonstrate
the area efficiency of the R-DSC, we take our triple-
mode design as an example. The triple-mode R-DSC
for this example is illustrated in Fig. 13 with the control
signal values specified in Table 1. The design approach
of R-DSC includes three parts:

– Part 1: Merge the Interface I Multiplexers with
sel_1 and sel_2 integrate the bypass_at_f irst signal
among three modes.

– Part 2: Add mode-switching multiplexers in Inter-
face I Multiplexers with sel_3, sel_4, and sel_5 are
simply controlled by checking the currently running
mode.

– Part 3: Merge the Interface II And multiplex-
ers with sel_6, sel_7, and sel_8 work as the by-
pass_at_last signal with respect to three different
modes.

The synthesis results of the DSCs and R-DSC in our
design example can be shown in Table 2. The total
area of three DSC modules is 1224 μm2, while the
R-DSC only occupies 810 μm2, saving 33.8% of area

compared with the former. For a target throughput re-
quirement Ttarget, d can be chosen based on the baseline
throughput Tbaseline with d = 
Ttarget/Tbaseline�. Further
synthesis results with different d are shown in Fig. 14.
When the data wrapping scheme is applied for designs
with higher d (i.e., d-times throughput enhancement),
the R-DSC provides even better area-saving ratio.

In brief, the proposed R-DSC solves the data align-
ment problem and achieves the multi-matrix reconfig-
urability in an area-efficient way. These results imply
that the proposed data wrapping scheme with system-
atic R-DSC design can be applied to an LDPC decoder
design to enhance the throughput by d times. 4

4.2 Adaptive Early Termination (AET) Scheme

Among previous literatures on early termination (ET)
scheme, the hard-decision-aided (HDA) criterion [14],
which is inspired by the ET scheme applied to turbo
decoding [31], is the simplest one for VLSI implemen-
tation by checking if the two successive hard decisions

4The d is bounded by d ≤ p, where d = p implies a fully-parallel
design.
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Figure 13 Circuit diagram of
R-DSC module with d = 3.
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are identical. However, this ET strategy only shows
its merit when the SNR is relative high, because the
termination condition would never be reached if the
received codewords are damaged heavily. In this paper,
we propose the adaptive ET (AET) scheme, which
further extends the ET scheme to the low SNR cases.
The key idea is that, heavily corrupted codewords un-
der relatively low SNR are less likely to be decoded
successfully, and thus can be stopped at an early stage
according to the decoding status [32]. The following
three paragraphs illustrate the proposed AET scheme,
the simulation results with performance analysis, and
the hardware implementation details of the ET unit.

4.2.1 Termination Criteria

By inspecting the soft LLR values during the decoding
procedures, the sign-changing rate (SCR) of the soft
LLR values usually implies the probability of success-
fully decoding. If the SCR is still high after some iter-

Table 1 Setting of R-DSC control signals specified in Fig. 13.

r = 0 r = 1 r = 2

sel_1 0 1, 0a 2, 0a

sel_2 0 0 2, 0a

sel_3 0 1 2
sel_4 0 1 2
sel_5 0 1 2
sel_6 1, 0b 0 0
sel_7 1, 0b 2, 0b 0
sel_8 1, 0b 2, 0b 3, 0b

a Switch to 0 to bypass CNU only in the first CN updating cycle.
It is the same as to enable bypass_at_f irst illustrated in Fig. 12.
bSwitch to 0 to bypass CNU only in the last CN updating cycle. It
is the same as to enable bypass_at_last illustrated in Fig. 12.

ations, the codewords may not probably be recovered
correctly. In order to give more details about this SCR-
aided criteria, two parameters are introduced as follows.

– Iteration threshold (kthr) If the current decoding
iteration k is less than kthr, it is suggested to switch
off the ET scheme due to relative high risk of
performance degradation.

– SCR threshold (SCRthr) If the SCR exceeds the
SCRthr, it means that the received codeword are
not likely to be recovered perfectly and the results
tend to diverge.

By combining the HDA and proposed SCR-aided cri-
teria, the adaptive ET (AET) scheme is illustrated in
following steps. It can be applied to save redundant
decoding iterations in both high SNR and low SNR
regions by using only hard decision information.

– Step 1: Preliminaries Preset the kthr and
SCRthr. For more details about how to find
a reasonable set of kthr and SCRthr with
least performance degradation, please see our
previous publication [32]. In our triple-mode

Table 2 Synthesis results of DCSs and R-DSC for proposed data
wrapping scheme with d = 3.

Circuits MUX areaa Flip-flop areaa Total areaa

DSC0 118 μm2 270 μm2 388 μm2

DSC1 138 μm2 270 μm2 408 μm2

DSC2 158 μm2 270 μm2 428 μm2

3 DSCs 414 μm2 810 μm2 1,224 μm2

R-DSC 540 μm2 270 μm2 810 μm2

(33.82% saved)

aSynthesized at 167 MHz by using UMC 90nm CMOS
technology.
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IEEE 802.11n decoder design, these two para-
meters are set as kthr = 3 and

SCRthr =
⎧
⎨

⎩

13%, for (1944,972) mode,
15%, for (1296,648) mode,
20%, for (648,324) mode.

(16)

– Step 2: Hard decision after each iteration The
hard decision bits, {vk

1, vk
2, ..., vk

N}, can be ob-
tained from the BNUs after each iteration k.

– Step 3: Computation of sign-changing bits The
total number of sign-changing bits (NSCB) are
calculated as the amount of bits satisfying
vk−1

j �= vk
j for j = 1, 2, ..., N at iteration k.

– Step 4: Checking the termination conditions If
one of the following conditions is true, the de-
coding procedure should be early terminated.

1. Convergence at early stage: NSCB = 0.
2. Divergence-prone codeword: NSCB ≥ N ·

SCRthr and k ≥ kthr.

Otherwise, the decoding procedure continues
till k reaches the preset kmax (kmax = 8 in our
design).

4.2.2 Simulation Results and Performance Analysis

In order to demonstrate the proposed AET scheme, we
take the three IEEE 802.11n LDPC codes with code
rate 1/2 for examples. Fig. 15a presents the average
terminating iterations and Fig. 15b–d shows the distrib-
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Figure 16 Decoding
performance of AET scheme
under different SNR
conditions.
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utions of terminating iterations under the AET scheme
at different SNR environments. The corresponding
BER performance can be shown in Fig. 16, which in-
dicates that the proposed AET scheme provides nearly
zero performance degradation.

The bell-shaped curves of average terminating itera-
tions shown in Fig. 15a characterize the benefits of the
AET scheme: The decoding procedures can be early
terminated not only in higher SNR regions (right part)
with early converged hard decisions, but also in lower
SNR regions (left part) with heavily corrupted code-
words. On the other hand, the traditional ET schemes
can only cope with early converged cases in higher SNR
regions. We can refer to Fig. 15b–d for more details.
When the SNR is below 1.5 dB (lower SNR part), over
half of the decoding procedures terminate at 3rd and
4th iterations. On the other hand, when the SNR is
higher than 3 dB (higher SNR part), over half of the
decoding procedures terminate at 5th to 7th iterations.
Compared with the traditional ET schemes which only
focus on the high SNR regions, the simulation results
suggest great reduction of decoding procedures in the
low SNR regions with the proposed AET scheme.5

Most important of all, according to Fig. 16, the loss
in BER performance of the AET scheme is negligible.

5To our best knowledge, there are not yet other AET schemes
published. The comparison here only focuses on the traditional
ET and the proposed AET scheme.

The reason is that, convergence check in Step 4 does
not affect the BER at all, and divergence-prone check
in Step 4 leads to very little BER performance loss by
choosing a proper set of (kthr, SCRthr) [32]. Besides
LDPC codes defined in the IEEE 802.11n standard, the
similar phenomenon occurs when the AET scheme is
applied to other QC-LDPC codes.

4.2.3 Hardware Architecture

The AET scheme can be achieved by implementing
an early termination unit (ETU), as shown in Fig. 17,
which outputs a flag indicating whether the decoder
should terminate earlier given the successive hard de-
cision bits. The inputs of the ETU include the hard
decision (HD) bits in the current iteration and HD bits
in the last iteration buffered in the flip-flops. By taking
these hard decisions, the XOR gates check whether
these bits are sign-changing bits. The adder tree and the
following accumulator calculate the total sign-changing
bits (NSCB) cycle by cycle. Finally, a simple circuit
checks the two termination conditions shown in Step 4.
The synthesized area of the ETU is only 5,978 μm2

by using the UMC 90nm CMOS technology under 167
MHz, which is less than 0.5% core area of the entire
LDPC decoder. This result verifies the simplicity and
compactness of the ETU architecture.

To conclude this section, the proposed AET scheme
can be applied to reduce up to 61.8% decoding
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Figure 17 Circuit diagram of
the early termination unit
(ETU) for the proposed AET
scheme.
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iterations under low SNR environments (1–1.5 dB) and
32.5% iterations under high SNR environments (3.5–
4 dB) with negligible BER performance degradation
and rather small area overhead.

5 Proposed Decoder Design and Implementation
Results

5.1 QC-LDPC Decoder Architecture with Proposed
Techniques

Figure 18 shows the architecture of the reconfigurable
LDPC decoder based on the proposed matrix merging
scheme, data wrapping scheme, and the AET scheme.
It is supposed that the largest base matrix size is m-by-
n and the d data are stored in one entry of the data-
wrapped memory banks. There would be md CNUs
and nd BNUs. The min-sum algorithm [22] is used as
decoding procedures. The CNU is implemented with
the group comparison method [26] for critical path
shortening, and the BNU consists of adder trees to
perform the summation step. The details of the CNU
and BNU module designs are demonstrated in our
previous works [14, 26], and thus omitted here.

By applying the proposed matrix merging scheme,
most memory banks are reused among all supported
modes, except that a few mutual information mem-

ory banks are multiplexed to connect with different
BNUs/CNUs subject to the corresponding running
mode. The proposed R-DSCs wrap all the mutual in-
formation memory banks to overcome the data align-
ment problem for the data wrapping scheme. The ETU
is added for checking termination conditions of the
AET scheme. In our design example, (m, n, d) is set
as (12, 24, 3), so there are 72 BNUs, 36 CNUs, 24
single-port register files (as the channel information
memory (CIM) banks), 88 two-port register files (as
the mutual information memory (MIM) banks), and 88
corresponding R-DSCs.

5.2 Implementation Results

In order to validate the area efficiency provided by
the proposed matrix merging scheme, we have im-
plemented 3 single-mode code-rate-1/2 IEEE 802.11n
LDPC decoders, including (1944,972), (1296, 648),
and (648, 324) LDPC codes by using UMC 90nm
CMOS technology. The synthesis results are shown
in Table 3. The area overhead of the triple-mode
decoder compared with single-mode ones reflects the
efficiency of multi-mode integration. However, parity
check matrices with smaller expanding factors would
have smaller counters for addressing the memories, so
partial overhead when compared with mode (1296,648)
and (648,324) is due to the difference in expanding
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Figure 18 Circuit diagram of
the proposed reconfigurable
QC-LDPC decoder. The
datapaths between mutual
information memory (MIM)
banks and CNUs/BNUs
follow the proposed matrix
merged scheme. (See Fig. 5e.)
The dark blocks are the
proposed R-DSCs and the
ETU for data wrapping
scheme and AET scheme,
respectively. For details about
CNUs and BNUs, please see
our previous works [14, 26].
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factor, not the multi-mode multiplexer overhead. The
area overhead of the triple-mode decoder is only
4.86% compared to the largest single-mode (1944,972)
decoder. By applying the proposed matrix merging
scheme, we can easily integrate multiple single-mode

designs into one multi-mode decoder with small area
overhead.

For further corroborating the wiring complexity of
the proposed matrix merging scheme, the chip layout
of the triple-mode LDPC decoder along with the chip

Table 3 Synthesis results of LDPC decoders for IEEE 802.11n system.

Mode, (N, K) # of memory banks Bits per Memory Total Triple-mode to
Single-port Two-port memory bank areaa (mm2) areaa (mm2) single-mode overheadb

(1944,972) 24 86 27 × 15 1.099 1.605 4.86%
(1296,648) 24 85 18 × 15 1.026 1.503 11.98%
(648,324) 24 88 9 × 15 0.992 1.453 15.83%

Triple-mode 24 88 27 × 15 1.120 1.683

aSynthesized at 167 MHz by using UMC 90 nm CMOS technology.
bCalculated by (Triple-mode area − Single-mode area)/(Single-mode area).
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Figure 19 Chip layout and
summary of the proposed
triple-mode LDPC decoder
for IEEE 802.11n standard.
The hard macros are memory
banks. The larger ones
indicate two-port mutual
information memory banks,
and the smaller ones indicate
single-port channel
information memory banks.

summary is shown in Fig. 19. By using the UMC 90nm
cell library, the back-end implementation adopts the
checkerboard scheme [14] for placement of the 112
memory banks. Though no literature has ever discussed
about the core utilization during the back-end design,
the high wiring complexity of LDPC decoders makes
it very difficult to place and route at utilization higher
than about 50%. However, with the proposed matrix
merging scheme, the triple-mode reconfigurable de-
coder can be placed and routed with the core utilization
up to 70%, which is rather high for a multi-mode LDPC
decoder. With the proposed adaptive early termination
scheme, the unnecessary decoding procedures can be
reduced in extremely high and low SNR environments,
so the decoding throughput ranges from 281.25 Mbps

(at 8 iterations) to 1025 Mbps (at 2 iterations) under
operating frequency of 125 MHz.

5.3 Comparisons

The comparisons between the proposed design and
other state-of-the-art LDPC decoders compatible for
IEEE 802.11n system are shown in Table 4. Com-
pared with the fabricated single-mode IEEE 802.11n
LDPC decoder chip [26], the proposed design provides
triple-mode reconfigurability and adaptive early termi-
nation features with similar gate counts, throughput,
and power dissipation.

Table 4 Comparison among state-of-the-art QC-LDPC decoder designs for IEEE 802.11n system.

Proposed design Shih et al. [26] Rovini et al. [12] Karkooti et al. [11]

# of QC base matrices 3 1 4 12 (all supported)
Block size 648, 1296, 1944 1944 648 648, 1296,1944
Code rate 1/2 1/2 1/2–5/6 1/2–5/6
CMOS technology 90 nm 0.13 μm 65 nm 0.13 μm

Core area (mm2) 1.89 3.88 0.74a 3.69a

Chip area (mm2) 3.32 7.39 – –
Matrix merging Yes – No No

# of iterations 2–8 8 11–13 2–15
Early termination Adaptive No No Only HDA

Frequency (MHz) 125 111.1 240b 412b

Throughput (Mbps) 281 250 175–410b 61.3–736b

Power (mW) 135.3c 76 234.6c 502c

aThese area data are from synthesis results. Effects due to core utilization and routing congestion are not considered.
bThese timing data are from synthesis results. Zero wire load delay and ideal clock network is assumed.
cThese data are estimated by Synopsys PrimeTime/PrimePower, not from measurements.
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Beyond the chip proposed in [26], there are not yet
fabricated chips supporting multi-mode reconfigurabil-
ity for IEEE 802.11n standard shown in recent litera-
tures. Thus, the following comparisons focus on recent
outstanding reconfigurable QC-LDPC decoder designs
proposed in [11, 12] based on the synthesis results.

– The smaller area of the 4-mode IEEE 802.11n
LDPC decoder design [12] is mainly due to the
short codeword (i.e., 648) and advanced CMOS
technology. Set aside this short-codeword design,
the proposed design takes the smallest area among
these arts.

– Though the 12-mode LDPC decoder design [11]
fully supports all modes defined in IEEE 802.11n
standard, the area overhead seems relatively high
with respect to the proposed design.

Furthermore, these are synthesis data and cannot fore-
see the routing complexity of hardware overhead due
to the complex interconnections, while the proposed
design can be easily placed and routed at higher core
utilization with reduced multi-mode interconnections.
Besides, the proposed AET scheme significantly reduce
the unnecessary decoding procedures with negligible
BER degradation, which is not shown in other arts.

To summarize the comparisons, the benefits of the
proposed systematic design approach can be verified
with chip implementation, which includes the relatively
smaller chip area, target throughput enhancement, and
adaptive early termination under varying communica-
tion environments.

6 Conclusions

To design reconfigurable QC-LDPC decoders support-
ing multiple parity check matrices, this paper presents a
two-level design approach, including: (1) matrix merg-
ing level, and (2) module design level. At matrix
merging level, we propose the systematic algorithm to
merge multiple parity check matrices for multiplexer
and wiring overhead reduction. At module design level,
we focus on techniques for throughput enhancement
and adaptive early termination scheme. These tech-
niques can not only be applied to reconfigurable LDPC
decoder designs, but also be compact and easy to im-
plement. In summary, we verify our proposed schemes
with a triple-mode LDPC decoder chip compatible for
IEEE 802.11n standard. Compared with other state-of-
the-art designs, this chip features small chip size, high
core utilization, high decoding efficiency, and small
power consumption.
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