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Abstract—Parallel decoding is required for low density parity
check (LDPC) codes to achieve high decoding throughput, but it
suffers from a large set of registers and complex interconnections
due to randomly located 1’s in the sparse parity check matrix.
This paper proposes a new LDPC decoding architecture to reduce
registers and alleviate complex interconnections. To reduce the
number of messages to be exchanged among processing units
(PUs), two data flows that can be loosely coupled are developed
by allowing duplicated operations. In addition, intermediate
values are grouped and stored into local storages each of which
is accessed by only one PU. In order to save area, local storages
are implemented using memories instead of registers. A partially
parallel architecture is proposed to promote the memory usage
and an efficient algorithm that schedules the processing order
of the partially parallel architecture is also proposed to reduce
the overall processing time by overlapping operations. To verify
the proposed architecture, a 1024 bit rate-1/2 LDPC decoder is
implemented using a 0.18- m CMOS process. The decoder runs
correctly at the frequency of 200 MHz, which enables almost 1
Gbps decoding throughput. Since the proposed decoder occupies
an area of 10.08 mm2 , it is less than one fifth of area compared to
the previous architecture.
Index Terms—Channel coding, decoder, factor graph, low density parity check (LDPC) code, matrix permutation, scheduling.

I. INTRODUCTION

L

OW density parity check (LDPC) codes are originally devised to exploit low decoding complexity by constructing
sparse parity check matrices. Though the LDPC code does not
have a maximized minimum distance due to the randomly generated sparse parity check matrix, the typical minimum distance increases linearly as the block length increases. Moreover,
the error probability decreases exponentially as signal-to-noise
ratio (SNR) increases when the code length is sufficiently long,
whereas the decoding complexity is linearly proportional to the
code length. Exploiting this benefit, the LDPC code is applied
to several applications such as data storages, digital subscriber
lines [6], DVB-S2 [7], and CDMA [8], especially to space-time
coded OFDM systems due to its scalability [9]. Since it is not
difficult to design competitive LDPC codes that deal with any
block-length and any code rate, the LDPC codes can be easily
combined with space time coded systems that scale the number
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of antennas or information rate according to the environment
change. Recent simulation results show that the LDPC code can
achieve a performance that is within 0.04 dB of Shannon limit
[2] and the performance of the LDPC code is close to that of the
turbo code if the block length is larger than 1000 bits [3].
Despite these advantages, when the LDPC code was first introduced, it made little impact on the information theory community because enormous storage is required in encoding and
the large computational complexity in decoding. Whereas the
iterative decoding can be explained in several different points
of view, the main point to understand the complexity of the decoding algorithm is that check equations and received bits affect
each other iteratively. The check equations indicate probable
error positions. According to the results of the check equations,
the received bits are modified and then fed again into the check
equations. This process is repeated until all the check equations
are satisfied or the predefined maximum number of iterations is
reached. In the message passing algorithm, which this decoding
process is generally expressed by, the check equations and received bits are mapped into check nodes and variable nodes, respectively, and the error probabilities are calculated and sent as
messages along the edges connecting two nodes. Though there
are a few edges for each variable node, the number of edges usually exceeds several thousands to get a reasonable coding gain.
Since the graph is irregular, how to make interconnections for
the large number of edges is a main problem to be solved in
hardware implementation.
Modern VLSI technology is so advanced that it enables parallel architectures exploiting the benefit of inherently parallel
LDPC decoding algorithms. Blanksby et al. implemented an
1-Gb/s fully parallel decoder in which the message passing algorithm is directly mapped [4]. This architecture, however, requires a large number of complex routings between concurrent
processing units (PUs) each of which corresponds to a node of
the Tanner graph of the code, leading to the average net length
of 3 mm and the total die size of 52.5 mm . On the other side,
Yeo et al. proposed an area-efficient architecture that serializes
the computations by sharing PUs [5]. Consequently, one iteration takes about ten-thousand cycles to decode a codeword
and wide-input multiplexers are required to select one out of
several thousand intermediate values to be fed into the shared
PUs. These two counter examples show that high-throughput
LDPC decoding architectures should exploit the benefit of parallel decoding algorithms while reducing the interconnection
complexity.
This paper proposes a new architecture to reduce registers and
alleviate complex interconnections. The proposed architecture
consists of two data flows to minimize the number of messages
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to be exchanged, leading to an area-efficient decoder. Instead
of sending all the messages, only the minimal information is
exchanged between the two data flows. Then, each data flow reconstructs the original messages using the minimal information.
Furthermore, the intermediate values are stored into local memories each of which is accessed by only one PU.
Since the parity check matrix does not have any property
except the row and column regularity constraints, several
LDPC codes can be constructed by pseudorandom permutations of sub-matrices. Motivated by this fact, there were some
research efforts on architecture-aware LDPC code construction [14], [15]. These approaches put some constraints on the
pseudorandom permutation to enhance the regularity of the
parity check matrix while maintaining the code performance.
This regularity helps alleviate the interconnection complexity
because large-sized multiplexers and de-multiplexers, which
are needed to read and write the messages due to randomly
generated 1’s, can be reduced into small-sized multiplexers.
In this paper, however, we focus on reducing the interconnection complexity for a given LDPC code rather than the code
construction.
The rest of this paper is organized as follows. Section II
briefly introduces the LDPC code and the decoding algorithm.
Section III proposes a new LDPC decoding architecture based
on loosely coupled two data flows. Section IV extends the
proposed architecture to the partially parallel architecture
and proposes an efficient scheduling algorithm. A prototype
LDPC decoder is presented in Section V and its performance is
summarized in Section VI. Finally, Section VII addresses some
concluding remarks.
II. LOW DENSITY PARITY CHECK CODES
The LDPC code, which was first introduced by Gallager in
1962 [1], is a kind of binary linear block codes. A
LDPC code means that its block length is and the column and
row weight of its parity check matrix are and , which represent the number of 1’s in a column and a row, respectively. The
column and row weights are much smaller than to achieve
LDPC code, the number of
a sparse matrix . For a
parity check equations is as many as the number of rows of the
parity check bits are atparity check matrix: i.e.,
tached to the message. Since the total number of 1’s in the parity
check matrix is the same whether it is counted in the column di,
rection or in the row direction, the equation,
holds for the code parameters and the code rate can be calcu. Fig. 1 shows an example matrix
of
lated as
a (12, 3, 6) LDPC code. An LDPC code associated with fixed
row and column weights is called a regular LDPC code, and an
irregular LDPC code allows some variations in row and column
weights.
A. Factor Graph
The LDPC code is often represented by a factor graph to make
it easy to understand the message passing decoding algorithm,
which is a bipartite graph that expresses how a global function
of many variables is factored into a product of local functions
[11]–[13].

Fig. 1. Example matrix

H of a (12, 3, 6) LDPC code.

Fig. 2 shows the factor graph of the (12, 3, 6) LDPC code,
which consists of two sets of nodes: i.e., variable nodes,
,
. A column of the parity check matrix corand check nodes,
responds to a variable node represented as a circle in the left side
of the factor graph and a row corresponds to a check node represented as a square. The edge between a variable node and
in the parity
a check node is constructed if there is 1 at
check matrix. Therefore, each check node represents a check
equation used in generating parity check bits and each variable
node represents one bit in the codeword. The variable nodes that
are connected to a check node are called the neighbor variable
nodes of the check node. For a variable node, the neighbor check
nodes can be defined similarly.
The message passing algorithm can be expressed easily based
on the factor graph. For all the bits in a received vector, a posteriori probabilities are calculated in the variable nodes and delivered to the neighbor check nodes through the edges. Parity
check operations are executed with these probabilities in all the
check nodes and the results are passed again to the neighbor
variable nodes. Therefore, a fully parallel decoding architecture
can be directly derived from the factor graph by implementing
each node as a PU.
B. Message Passing Algorithm
General parity check codes whose minimum distance is
can be optimally decoded if there are
or fewer
errors, whereas the LDPC codes cannot be optimally decoded.
Therefore, the message passing algorithm to be described below
is widely used instead, although it is optimal only when there
is no cycle in the factor graph. In the following equations, an
antipodal bit-to-symbol mapping is assumed; i.e., 0 and 1 are
and 1, respectively.
mapped to
1) Initialize each variable node to the probability ratio of
the corresponding received bit

(1)
2) Variable-to-check (VTC) step: Each check node comby using the following
putes the likelihood ratios
equation and sends it to variable node

(2)
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Fig. 2. Factor graph for a (12, 3, 6) LDPC code.

3) Check-to-variable (CTV) step: Each variable node
computes probability ratios, denoted by
, by using the
following equation and sends it to check node
(3)
4) For each variable node, calculate a tentative bit-by-bit deusing the pseudo-posteriori probability
coding

Therefore, (2) and (3) are transformed into the following (7)
and represents log probability
and (8). In these equations,
and
. For the sake of clear
ratio; i.e.,
representation, we redefine and use and as log probability
ratios hereafter. The a posteriori probability expressed in log
domain is robust and can be represented with a small number
of bits while maintaining coding gain, leading to an area-efficient implementation. Detailed explanation about the a posteriori log-likelihood ratio can be found in [20]
(7)

(4)
when
when

(5)
(8)

5) Check if
is satisfied. If it is satisfied or the
maximum number of iterations is reached, the decoding
algorithm finishes. Otherwise, the algorithm repeats from
step 2).
The symbols and correspond to the outgoing messages of
and
the variable and check nodes, respectively, and
represent the set of neighbor nodes of check node and variable
node , respectively. The not-notation (’) marked as superscript
means that the product is calculated over the indexes excluding
its own index, and it is referred to as “self-exclusive” in this
paper. A detailed explanation of the algorithm can be found in
[10].
To reduce the hardware cost, two transformations are usually
employed in practical implementations. First, the product operations are transformed into summations by using log-likelihood
ratio, and the probability ratio is expressed in terms of tanh and
functions by applying

Second, a close look at the iterative decoding algorithm tells
that the VTC (CTV) operation can be broken to a summation of
all the elements in the same row (column) and a subtraction of its
own value from the summation as expressed below. Therefore,
(7) is divided into the row summation in (9) and the subtraction
in (10). Similarly, (8) is divided into (11) and (12)
(9)
(10)

(11)
(12)
III. PROPOSED LDPC DECODING ARCHITECTURE

(6)

Since the functions of variable nodes and check nodes are
not complex compared to other elaborate codes such as turbo
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Fig. 4. PUs. (a) Variable PU. (b) Check PU.

Fig. 3. Fully parallel LDPC decoding architecture.

codes, the main issue in implementation is how to exchange the
large number of messages with other nodes. As opposed to the
previous implementations that solve the problem by providing
complex wire interconnections, this paper proposes a new architecture based on loosely coupled data flows to reduce the interconnection complexity.
A. Previous Architectures
Fig. 3 shows a fully parallel LDPC decoding architecture for
the (12, 3, 6) LDPC code. The fully parallel architecture is inherited from the message passing algorithm and all the operations
required in each node are implemented as a PU. The number of
PUs is as many as the number of the variable and check nodes.
For the sake of clarity, only two variable PUs and two check PUs
are depicted in Fig. 3, where a check PU at the right-hand side
denotes a check node that computes 6
messages using 6
messages transferred from variable nodes, and a variable PU at
the left-hand side corresponds to a variable node computing three
messages in a similar way. Computed messages are stored
into flip-flops located under the PUs for the next computation.
The PUs calculate (9) and (10), or (11) and (12) using look-up
tables and self-exclusive adder trees as depicted in Fig. 4, where
the functions of LT and AE are
and
(exp
), respectively.
Although the fully parallel implementation of the message
passing algorithm is straightforward and results in a high
throughput decoder, it faces with complex interconnections
caused by a quite large number of irregular edges. Complex
interconnections are required to sum up the
and
messages that are calculated in the PUs spread over the chip area.
The complexity of the interconnection can be easily inferred
from the number of edges in Fig. 3 by expanding the factor
graph for more than one thousand nodes. Consequently the
global interconnections, denoted by a white box in the middle
of Fig. 3, become complex and long.
The interconnection complexity can be reduced by employing the serial architecture in which a shared PU computes
all the rows or columns one after another as shown in Fig. 5.

Whereas the fully parallel architecture computes all the messages simultaneously, the serial architecture computes messages
row-by-row or column-by-column because there is only one
PU for each step. Therefore, variable messages calculated by
a variable PU is stored into a memory and accessed later by
or
a check PU, and vice versa. In this architecture, the
messages are stored in a memory, but aligned in different
ways. The read operation is relatively simple because a PU can
read a corresponding row or column through multiplexers. The
write operation, however, is not so simple because computed
messages are written to the other memory aligned in a different
manner. Many multiplexers are required for the write access,
which are as many as the number of messages computed at
a time. Thus, the complex interconnection problem is transformed to how to read and write the messages aligned in
different ways, requiring complex index generation to access
the storage elements.
B. Proposed Loosely Coupled Processing
To resolve the complex interconnection problem, the proposed architecture does not exchange the variable and check
messages,
and
, between check and variable nodes. Instead, it delivers only the row and column summation values,
and
defined in (9) and (11), to the neighbor nodes as shown
in Fig. 6.
To derive the individual messages from the summation value,
a PU has to include additional operations computed in the
neighbor PUs in the previous architecture. Equations (9) to (12)
are restructured to reflect the additional operations. Given the
, a check PU recovers individual
column summation values,
to
messages and generates the next row summation value
be delivered to the variable PUs. And then it computes the
, to be used to recover the individual
intermediate values,
messages from the next column summation values and stores
them into the local flip-flops. The following equations stand for
the detailed operation of the check PU
(13)
(14)
(15)
(16)

KANG AND PARK: LOOSELY COUPLED MEMORY-BASED DECODING ARCHITECTURE FOR LDPC CODES

1049

Fig. 5. Serial LDPC decoding architecture.

delivered to other type of PUs, the number of interconnections
is reduced significantly.
In the proposed architecture, (13) to (16) consist of a data flow
of the check node and (17) to (20) consist of another data flow of
the variable node. The two data flows are symmetrical and each
has whole processing operations except the row or column sumand
mation. As only the row and column summation values,
, are exchanged, the dependence between the two data flows
become loose at the cost of duplicated operations. This loosely
coupled architecture alleviates the interconnections required for
and
messages aligned in different manners.
exchanging
The duplicated operations increase the hardware complexity of
PUs. This overhead is inevitable to reduce the interconnection
complexity that is more serious than the logic complexity in
today’s deep submicron technology. To reduce the overhead, a
partially parallel architecture is presented in the next section.
Fig. 6. Proposed architecture based on loosely coupled data flows.

Similarly, the variable PU recovers individual messages and
to be delivered to the
generates column summation value
check PUs. In this case,
is the intermediate value
(17)

(18)
(19)
(20)
Note that the intermediate values are not
and
, but
and
defined in (16) and (20). Detailed block diagrams of the
variable PU and check PU are depicted in Fig. 7. Compared to
the previous architecture, the PUs in the proposed architecture
have both LT and AE look-up tables and additional subtractions
for the added (13), (16), (17) and (20). For the (12, 3, 6) LDPC
code, a variable PU reads 3 ’s from the local storage and gets
the corresponding row summation values to compute a column
to be delivered to the check nodes, and
summation value
’s for the next iteration. The check
then it computes 3 new
are not
PU does the similar processing for 6 ’s. As , and

IV. AREA-EFFICIENT PARTIALLY PARALLEL
DECODING ARCHITECTURE
and
, are stored in the local
As the intermediate values,
storage, the proposed architecture can exploit the partially parallel architecture in which each PU takes in charge of several
number of rows or columns. As a PU is shared for a number
of rows or columns, the number of PUs becomes much smaller
than that of the fully parallel architecture, as shown in Fig. 8.
In addition, since a PU processes a row or column at a time,
and
, processed by a PU can be
the intermediate values,
grouped and stored into a local memory instead of flip-flops to
save area. This architecture can reduce the number of interconnections further by sharing the multiplexers required to access
the row and column summation values.
Though the partially parallel architecture looks similar to the
previous serial architecture, its write interface is much simpler
than that of the serial architecture. Since the intermediate values
and
stored in a local memory are accessed by only a
PU, they can be calculated regardless of their alignment in the
local memory. Moreover the resulting intermediate values are
written back to the positions they are read from. Thus, the index
generation required for writing the results to the other memory
in the serial architecture is no longer necessary in the partially
parallel architecture.
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PUs for the proposed LDPC decoder. (a) Variable PU. (b) Check PU.

Fig. 9. Example of overlapped processing.

Fig. 8.

Partially parallel LDPC decoding architecture.

A. Overlapped Processing
As described in Section II, the VTC and CTV operations are
parallel in nature and thus a PU can process any rows or columns
regardless of their order in matrix . Since a PU takes in charge
of several rows or columns in the partially parallel architecture,
we have to determine which rows or columns are processed in
the PU. In the grouping, the dependencies between rows and
columns should be considered to minimize overall cycles by
overlapping the VTC and CTV operations. For example, the
CTV operation for in the (12, 3, 6) LDPC code requires the
VTC operations for
and to be completed beforehand.
In addition, it is important to determine the processing order of
rows or columns for a PU, because the dependence of the
and
can hinder the overlapped processing.
Traditionally, the CTV operations start only after the entire
VTC step finishes completely, and vice versa. A well-scheduled
sequence of the message calculations can reduce the latency,
because the CTV step can start in the course of the VTC step if
the corresponding row summation values are available, and vice
versa. The overlapped processing of the VTC and CTV steps
results in a reduced number of cycles.
Fig. 9 shows an example scheduling for the (12, 3, 6) LDPC
code, assuming that the numbers of check PUs and variable PUs
are two and three, respectively. Each arrow denotes a clock cycle
and the numbers above an arrow indicate the row or column indexes processed at that cycle. If the VTC and CTV steps are

performed according to the increasing order of indexes without
scheduling, no overlapped processing is possible. Though two
CTV operations for variable nodes of index 2 and 7 can start at
the last cycle of the VTC step, CTV step does not start until three
CTV operations are enabled for easy control design. If the VTC
operations are scheduled as shown in Fig. 10(b), three CTV operations for variable nodes of index 2, 6 and 9 can start processing at the last cycle of the VTC step. Furthermore, the CTV
operations can be scheduled to enable the VTC operations of the
next iteration to start earlier. In this example, the scheduling of
the VTC and CTV operations saves two cycles.
The scheduling process can be viewed as the row and column
permutation of the parity check matrix . Fig. 10(a) is the original parity check matrix whose size is
. In this case, the
size of is 6 12 and we assume 2 check PUs and 3 variable
PUs. If there are check PUs, rows at the top of the matrix
are processed in the first cycle, the next rows in the second
cycle, and so on. Therefore, the VTC step takes
cymeans the smallest integer that is greater than or
cles where
cycles if there
equal to . Similarly, the CTV step takes
are variable PUs. The permutation changes the sequence of
the VTC and CTV operations to enlarge the empty slots at the
lower left and upper right corners as shaded in Fig. 10(b).
The empty slots in a column mean that the processing of the
column can start as long as the rows above the empty slots are
processed beforehand. If there are empty slots in a column, the
cycles earlier, and if the first
column processing can start
columns have more than empty slots, all the variable PUs
can start their processing one cycle earlier. The simultaneous
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Definition II: Columns to be completed (CTC) of an unse1’s are
lected row means the number of columns whose
located in the selected rows. This means that all the 1’s in those
columns are covered if the row is selected.
If all the 1’s in a column are included in the already scheduled
rows, it can be thought that all the VTC operations which have
dependencies with the column are completed. In Fig. 10(b), if
we assume that the first, third and second rows are already selected, the CTC of the fifth row is two since all the 1’s in the
6th and ninth columns are included in the scheduled rows by
appending the fifth row to the set of scheduled rows.
The proposed scheduling algorithm is as follows.

Fig. 10. Scheduling by the permutation of matrix H. (a) Matrix H. (b)
Permuted matrix.

early starting is possible if the
slots that are at the lower
left part surrounded by thick lines are all empty, and it is required
to achieve an easy control design. For example, as three columns
have empty slots larger than two in Fig. 10(b), they can start
after two cycles of the VTC step. Similarly, the empty slots in a
row mean that the processing of the row can start as long as the
columns at the left-hand side of the empty slots are processed
beforehand, leading to two rows that can start after three cycles
of the CTV step.
In fact, the earliest cycle found by the permutation is not the
real starting time of the CTV (VTC) step. For the sake of easy
control design, we assume that the CTV (VTC) step performs
continuously without skipping cycles once it starts. If there is a
cycle in which any column (row) cannot be processed during the
CTV (VTC) step, the former operations are delayed to achieve
continuous CTV (VTC) operations.
B. Scheduling Algorithm
It takes a considerable amount of time to find an optimum
schedule that minimizes the overall cycles because of the large
number of rows and columns. There has been a heuristic scheduling algorithm proposed for quasi-cyclic LDPC codes [19], but
it cannot be applied to general LDPC codes. We describe in this
section a new scheduling algorithm developed for the partially
parallel LDPC decoding architecture. The proposed algorithm is
based on the concept of the matrix permutation. The algorithm
makes the row sequence and column sequence that can result in
empty spaces in the lower left and upper right corners of the permuted matrix when the matrix is rearranged according to the
sequences. The row sequence is made by selecting rows one by
one in the proposed algorithm. Before describing the proposed
algorithm, there are two terms to be defined first.
Definition I: Common columns (CC) of an unselected row
means the number of 1’s that are common with the selected
rows.
If we assume that the first and third rows in the parity check
matrix for the (12, 3, 6) LDPC codes are selected, the CC of the
fifth row is four, because the row has four 1’s common with the
selected rows, the second, eighth, ninth, and eleventh columns.

Step 1) Row sequence null, column sequence null.
Step 2) Order row indexes randomly and pick the first one.
Then go to Step 4.
Step 3) Count CC and CTC for unselected rows. Then pick
a row that has the maximal CTC. If there are more
than two rows associated with the maximal CTC,
select the one that has the largest CC.
Step 4) Append columns which have 1 at the just selected
row but not selected yet to the column sequence.
Step 5) If there are columns that are newly completed by
selecting the rows, move them right after the already completed columns. Uncompleted columns
are shifted right by the number of the newly completed columns.
Step 6) If there are unselected rows go to step 3. Otherwise
go to Step 7.
Step 7) If there are check PUs, assign the first rows at
the top of the permuted matrix to the first cycle of
the VTC step, the next rows to the second cycle,
and so on. Similarly, for variable PUs, assign
columns from the left of the permuted matrix to
each cycle of the CTV step.
Step 8) Calculate the start point of the CTV and VTC operations for easy control design.
The random ordering of row indexes in Step 2 is to explore
more search space by starting from a different row and giving
priority to a different row when there are many rows that have
the same CTC and CC. Steps 3 to 5 are the main loop of matrix permutation and Steps 7 to 8 assign rows and columns to
PUs considering easy control design. In the algorithm, rows are
selected to make the upper right part of the permuted matrix as
empty as possible and completed columns are moved to the left
in order to make enlarged empty space in the lower left part. An
example of the algorithm is illustrated in Fig. 11. By applying
the proposed scheduling algorithm to various LDPC codes, we
can save the number of processing cycles per iteration as sumstands for an immarized in Table I, where parallelism
plementation associated with check PUs and variable PUs.
In Table I, there are three types of LDPC codes. One is from
Mackay’s Encyclopedia of Sparse Graph Codes [16]. They are
regular LDPC codes constructed systematically for the binary
symmetric channel [18]. Another is constructed using Neal’s
software [17]. Basically, it tries to locate 1’s randomly on the
parity check matrix, maintaining the number of checks per row
approximately uniform. Resulted LDPC codes are irregular. The
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Fig. 11. Illustrative example of the proposed scheduling. (a) Select r . (b) Append r . (c) Append r . (d) Move c . (e) Append r . (f) Move c
r . (h) Move c ; c ; c
. (i) Append r .

other is also a kind of randomly constructed LDPC codes. The
parity check matrix is extended by appending a column whose
1’s locations are randomly generated under the constraints of the
given row and column weights and no 4-cycle. For three types of
LDPC codes, we generate several codes by varying code length,
column and row weights and code rate.
For these codes, the proposed scheduling algorithm reduces
the number of cycles per iteration by 36.7% on the average. The
third and forth columns represent the number of cycles per iteration obtained without and with overlapped processing. The
fifth and sixth columns indicate the number of reduced cycles
resulted from the proposed algorithm and its percentage to the
cycles without scheduling. The proposed algorithm works well
for all the three types of LDPC codes and the percentage of
the saved cycles is almost uniform if the code length and row
and column weight are given regardless of their construction
methods. Table II shows the maximum number of saved cycles
that is achieved by 100000 random schedulings which can be
used as a performance reference of the proposed scheduling algorithm.
V. PROTOTYPE IMPLEMENTATION
There are two things to be considered in implementing an
LDPC decoder based on the proposed architecture. First, we
have to determine the number of check and variable PUs. The
number of PUs to be employed in implementation should be
determined by exploration, because the number of overlapped
cycles and the hardware complexity are not linearly proportional

;c

. (g) Append

to the number of PUs as shown in Table I. Therefore, a tradeoff
between the area and the processing time has to be investigated
for a number of parallelisms.
Fig. 12 shows experimental results for a (1024, 3, 6) LDPC
code. The first bar in the graph represents the total gate count
including both the PUs and the and memories implemented
with dual port SRAMs. The second bar represents the total
processing cycles considering the dependence between the row
and column summation values. The solid line represents the
throughput per gate, which is a measure of the tradeoff between
throughput and hardware cost.
The results show that more parallelism delivers higher
throughput because the second bar becomes shorter as the
parallelism increases. The fully parallel architecture ensures
the highest throughput if the area is not restricted. In the dual
port SRAM used in this experiment, there is a restriction that
the minimum number of words is 32. This constraint prevents
higher parallelism because the number of nodes computed by a
PU decreases as the number of PUs increases. In other words,
the height of SRAM becomes shorter. Due to the minimum
number of memory words of the SRAM and the peripheral
circuit overhead such as address decoders and sense amplifiers,
the gate count increases exponentially for more than parallelism
(16, 32). Since on-chip memory is fast enough to be accessed
twice during one cycle, two local memories can be merged into
a large-sized local memory being accessed by two PUs. With
this technique, more parallelism can be exploited. For more
than parallelism (32, 64), however, some part of the SRAM
starts to be vacant due to the minimum height. Consequently,
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TABLE I
CYCLES SAVED BY SCHEDULING PER ITERATION

TABLE II
NUMBER OF CYCLES SAVED BY RANDOM SCHEDULING

Fig. 12.

excessive parallelism does not provide the optimal design in
terms of area.
The second thing to be considered is how to implement
look-up tables. Since for a PU the number of look-up tables required is two times as many as the row or column
weight, it is important to make the table efficient in the
sense of area. As mentioned in Section III, the table func-

Hardware cost versus processing cycles.

tions are
and
(exp
.
is greater than 0 and
The two functions are identical if
can be implemented with memories or simple combinatorial
logics because the log-domain probability needs an arithmetic
precision of just 3–5 bits for good coding performance. As
(exp
) is positive
, the signed magnifor a positive input and
tude representation is more efficient than the 2’s complement
representation. On the other hand, as the 2’s complement representation is efficient for the self-exclusive adder trees and the
subtraction required for calculating the individual messages,
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Fig. 13. Detailed PUs of the proposed LDPC decoder. (a) Variable PU. (b) Check PU.
TABLE III
TYPES OF LOOK-UP TABLES

we have to convert the signed magnitude representation to
the 2’s complement representation. To minimize the area and
delay, these conversion logics can be merged with the function
while maintaining the look-up table for the positive input.
Therefore, four different types of look-up tables are implemented to take into account the operations performed before
and after the function and the sign bits are processed separately, as described in Fig. 13. The functions and input/output
representations of look-up tables are summarized in Table III.
In the check PU, LUT1 gets an n-bit 2’s complement
-bit output that is the magniinput and generates an
tude of the n -bit signed magnitude representation, because
is always positive and the sign that
is separately processed is combined before accessing LUT2
. LUT2 gets an n-bit
whose function is
signed magnitude input and generates an n-bit 2’s complement
output whose value is negated for the subtraction located before
stored in the
LUT1. The adder in Fig. 13(b) is to subtract
local memory from the column summation values. Thus, LUT2
convert the output in advance considering its sign bit. The negation is to enhance the processing speed, as addition is usually
faster than subtraction. The input and output representation of
LUT3 and LUT4 are determined similarly.
VI. EXPERIMENTAL RESULTS
We designed a (1024, 3, 6) LDPC decoder based on the proposed partially parallel architecture. As plotted in Fig. 14, the
overall architecture is divided into two parts according to and
memory. The intermediate values calculated in a PU are stored
in the corresponding local memory, while row and column sum-

mation values are stored in two one-dimensional arrays of D
flip-flops for instant and simultaneous access. To feed the summation values to other type of PUs, multiplexers are used. Since
and
are stored in the local memory in a scheduled sequence, PUs can read and write the intermediate values to calculate the summation by simply incrementing the address of the
local memory. Each column summation value is bit-by-bit decoded according to its sign bit to determine the final output.
For parallelism (16, 32) and (32, 64), we designed two (1024,
3, 6) LDPC decoders using a 0.18- m 4-Metal CMOS process.
The performances of the decoders are summarized in Table IV.
The first decoder corresponding to parallelism (16, 32) has a
synthesized area of 6.29 mm and is simulated correctly at the
frequency of 200 MHz, resulting in more than 500 Mbps decoding throughput. The second decoder corresponding to parallelism (32, 64) occupies an area of 10.08 mm and provides
almost 1 Gbps decoding throughput at the same frequency. The
performance of the second decoder is comparable to the fully
parallel architecture proposed by Blanksby et al., but the proposed decoders achieve significant area reduction. Fig. 15 shows
the die photo of the second decoder whose parallelism is (32,
64). Although the iteration number in Blanksby’s implementation is fixed to 64 due to the scan-chain like I/O mechanism,
there is no restriction in the proposed architecture. We chose
eight iterations to provide sufficient bit-error rate (BER) performance.
VII. CONCLUSION
This paper has presented a new LDPC decoding architecture
proposed to relax the interconnection complexity and reduce
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Fig. 14.
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Block diagram of the proposed LDPC decoder.
TABLE IV
COMPARISION OF LDPC DECODERS

memory instead of registers, since other PUs do not access them.
The memory-based architecture is area-efficient in the sense that
the memory takes much less area compared to the register if both
have the same size. We have extended the proposed architecture
for the partially parallel architecture in order to further reduce
area by increasing memory usage, and have proposed an efficient algorithm that schedules the processing order of the partially parallel architecture to reduce the overall processing time
by overlapping CTV and VTC steps. It saves the number of cycles per iteration by 36.7% on the average and is applicable to
both regular and irregular LDPC codes.
To verify the proposed architecture, a (1024, 3, 6) LDPC
decoder is implemented using a 0.18- m CMOS process. The
decoder occupies an area of 10.08 mm and runs correctly
at the frequency of 200 MHz, resulting in almost 1 Gbps
decoding throughput. Compared to the previous architecture,
the proposed decoder occupies almost one fifth of area. Since
the proposed architecture is highly regular, it is easy to scale up
and down the parallelism according to the system specification.
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