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Abstract—In this paper, a new scheduling scheme is proposed to
increase the throughput of a low-density parity-check decoder
by maximizing resource utilization. The operations of check
nodes and variable nodes are fully overlapped in the proposed
scheduling to achieve maximized utilization of hardware
resources, which in turn increases the throughput and reduces
the overall decoding latency. Moreover, no restriction is posed
on the formation of the parity check matrix. To verify the
effectiveness of the proposed scheme, a series of simulations is
performed for irregular random LDPC codes with considering
additive white Gaussian noise channel.

I.

INTRODUCTION

Low density parity check (LDPC) codes, characterized by
sparse parity check matrices (PCMs), were introduced by
Gallager [1] in early 1960s and rediscovered by Mackay [2].
Owing to the excellent error correcting capabilities and the
simplicity of iterative decoding, the codes have been adopted
in many advanced communication standards such as IEEE
802.11n, 802.16e [3] and DVB-S2 [4]. The belief propagation
algorithm [1] is commonly used to iteratively decode the
LDPC codes, where two different kinds of messages, checkto-variable (C2V) and variable-to-check (V2C) messages, are
computed and exchanged within a single iteration. The
messages are passed from one type of nodes to the other type
of nodes along the edges of Tanner graph which is a bipartite
graph representing the PCM.
A limiting factor in the performance of an LDPC decoder
stems from the fact that only one type of updates can be
performed at a time in the decoder. The standard schedule,
also known as flooding schedule, consists of two phases of
message updating; all the check nodes (CNs) are updated first
and then all the variable nodes (VNs). Therefore, either CN
processers (CNPs) or VN processers (CNPs) are idle during
the decoding process, resulting in the limited utilization of
hardware resources. A partial solution to this problem is to
overlap the operations of CNs and VNs, as proposed in [5] and
[6]. The fundamental concept of the overlapped processing is
to resolve the dependency between C2V and V2C messages so
that some of the node operations can be performed in a
parallel or overlapped fashion. The overlapped processing

requires a preprocessing on the PCM prior to the actual
decoding, but full hardware utilization is not attainable for
practical PCMs [5].
The turbo decoding [7] and the shuffled decoding [8],
which are the base of the layered decoding [9], were proposed
to achieve faster convergence, better error performance and
less memory requirement than the flooding schedule, yet the
throughput is limited by its multiple sub-iterations. The turbosum-product (TSP) scheme proposed recently in [10] can
partially achieve the virtues of the shuffled decoding with
similar computational complexity compared to the flooding
schedule by reducing the number of sub-iterations. However,
it has basically no overlap in the node operations and cannot
solve the low hardware utilization problem.
In this paper, we present a new scheduling for LDPC
decoding. To maximize hardware utilization, the updates of
CNs and VNs are fully overlapped and proceed parallely in
the proposed scheme, called dual-rail decoding (DRD).
Compared to the flooding schedule, the number of cycles
taken for an iteration is significantly reduced due to the full
overlap of the processing, while the number of iterations is
slightly increased in achieving the same error correcting
performance. As a result, the proposed DRD is effective in
increasing the throughput and shortening the decoding latency.
The performance of the DRD scheduling is evaluated through
a number of simulations carried out for the rate-1/2 irregular
random PCM using the offset min-sum algorithm [11].
II.

PREVIOUS WORKS

In the conventional flooding schedule, all the variable
nodes are updated after all the check node updating is
completed, and vice versa. Let us take the following PCM as
an example.
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Fig. 1(a) shows the dataflow graph of the flooding
scheduled procedure. The square node represents the row
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(a)
Figure 2. Dataflow graphs the DRD scheme. Solid edges depict intra-phase
dataflows, whereas dashed edges represent inter-phase dataflows.

III.

(b)
Figure 1. Dataflow graphs for (a) the flooding schedule and (b) the
overlapped decoding scheme [5]. The square node represents a row operation
performed in a CN and the circular node column operation a VN.

operation of a CN and the circular node represents the column
operation of a VN. A thin vertical line shows a clock cycle
boundary and a bold vertical line marks a phase boundary.
The flooding schedule consists of two separate phases each of
which takes 3 clock cycles. As shown in Fig. 1(a), one of the
two types of nodes is idle in each phase, simply waiting for the
operations of the other type of nodes to be completed.

DUAL-RAIL DECODING

Fig. 2 illustrates the dataflow graph of the proposed
scheduling scheme called dual-rail decoding (DRD). In the
figure, the DRD scheme processes one row and two columns
at a time regardless of the interconnection of the nodes.
Therefore, one iteration is completed in 3 clock cycles and
none of the hardware resources stay idle during the whole
decoding process. The phrase ‘regardless of the
interconnection’ means that each node does not wait for its
neighbors’ messages to be ready for use nor any rescheduling
is done to resolve the data dependencies. Due to the full
overlap, the iteration and the phase boundaries are completely
aligned in Fig. 2.
In the decoding process of the DRD, each node processor
performs partial update of its messages, which is the same as
the shuffled decoding [8]. For example, a CNP computes its
outgoing messages by using some inputs updated in the
current iteration and others updated in the last iteration.
However, unlike the shuffled decoding, the DRD schedules
both the CNs and VNs serially.

In order to clarify how the proposed DRD scheme works,
we define two different kinds of dataflows in Fig. 2. The
dataflow of a message that can be computed and utilized in the
same phase is called intra-phase dataflow, whereas the
dataflow of a message that is generated in the previous phase
and utilized in the current phase is called inter-phase dataflow.
In Fig. 2, intra-phase dataflows are denoted by solid lines, and
1 1 0 0 1 0
(2) inter-phase dataflows are denoted by dashed lines. For
1 1 0 1 .
example, the intra-phase edge between VN 1 and CN 2
1 1
indicates that the message updated by VN 1 is quickly utilized
Due to the triangular region, marked with bold 0’s in the by CN 2 in the same phase. As CN 3 and VN 6 are processed
lower left part, the check node operations and variable node in the same cycle, the message updated by CN 3 cannot be
operations can be partially overlapped. The dataflow graph of utilized by VN 6 immediately, and therefore, an inter-phase
the overlapped decoding is shown in Fig. 1(b). Since the two dataflow is depicted between CN 3 and VN 6.
phases are overlapped, the phase boundaries are not depicted
Every undirected two-way edge in the Tanner graph is
in Fig. 1(b). After CN 2 is updated, VN 1 and VN 4 can be
decomposed
into two directed edges in order to clearly
updated while CN 3 is being updated at the same time, which
means that the phases are overlapped resulting in a shorter represent the dataflow type. Note that, except the edges
iteration compared to the conventional flooding schedule. between the CNs and VNs processed in the same cycle, such
Therefore, 2 clock cycles are overlapped in total, and one as CN 3 and VN 6 in Fig. 1(b), every edge in the Tanner graph
can be decomposed into one inter-phase dataflow and one
iteration is shortened to 4 clock cycles. Although the resource
intra-phase dataflow. It is clear that the intra-phase dataflows
utilization is improved, each type of both nodes has to be idle
shorten the decoding latency, and ensure the quick utilization
for one clock cycle in a single iteration.
of updated messages which in turn increase the rate of
convergence.

In the overlapped decoding [5], row and column
permutations are applied to the given PCM to resolve the data
dependencies so that the node operations can be partially
overlapped. Using the algorithm addressed in [5], the
permuted version of (1) is obtained as below;
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As intra-phase and inter-phase dataflows are conceptual
distinction for analysis, we do not need to take into account
the dataflow type in the hardware implementation. To process
a node, it is sufficient to access the neighbor messages
available at the time. If the message was calculated in the
previous phase, the dataflow is classified as an inter-phase
dataflow. Otherwise, it is classified as an intra-phase dataflow.
For a given M N PCM, the number of the check node
units and the variable node units instantiated in the hardware
is denoted as NC and NV, respectively. As NC rows and NV
columns are processed in parallel in each clock cycle, a single
iteration can be completed in total of max( /
, /
)
clock cycles. Clearly, the hardware utilization can be
maximized when M/NC = N/NV and M%NC = N%NV = 0,
where % is the remainder operator.
Compared to the flooding schedule, the proposed method
takes much less time to process a single iteration, as all the
hardware resources are concurrently utilized without resorting
to the data dependencies between CNs and VNs. Therefore,
the proposed DRD does not necessitate any preprocessing
such as column or row permutation of the given PCM which is
unavoidable in the overlapped scheme [5].
The DRD approach does not provide any reduction in the
number of iterations, due to the partial update of the messages.
The number of iterations may slightly increase and cause the
degradation in error performance under a fixed number of
maximum allowed iterations (MAI). This can be regarded as a
drawback since the shuffled decoding can reduce the number
of iterations compared to the flooding schedule. However, the
term ‘iteration’ in the DRD is different from that of the
shuffled decoding. In the shuffled decoding, each column
operation includes its own phase of VN operations, which
means one iteration actually can be seen as a super-iteration
associated with multiple sub-iterations. Therefore, in an
architecture where a CN takes the input messages in parallel,
due to the more complex operation, the clock cycle must have
longer duration. Otherwise, a CN can take the input serially
which will require much more cycles for an iteration. The
DRD, on the other hand, overlaps one CN phase and one VN
phase without any sub-iteration, resulting in shorter processing
latency and lower computational complexity compared to the
shuffled decoding. As the DRD decoder has shorter latency
than the flooding decoder, we can achieve better performance
by increasing the MAI.
The error correcting performance of the DRD can be
further improved by increasing the intra-phase dataflows,
which can be achieved by permuting the columns of the PCM.
The objective of the column permutation is to reduce the interphase dataflows caused by the CNs and VNs processed at the
same cycle, and thus, the desired PCM should be empty in the
diagonal direction. The column permutation algorithm is
briefly outlined below with assuming NC = 1 and NV = 2, and
it can be easily generalized for arbitrary NC and NV. The rate1/2 PCM defined in IEEE 802.16e [3] is taken for an example
and the proposed column permutation algorithm is applied.
The result of the permutation is shown in Fig. 3, where it is
assumed that one block row and two block columns are
processed at a cycle. In the algorithm, the candidate columns

Figure 3. The rate-1/2 base PCM defined in IEEE 802.16e [3] is column
permuted by the proposed algorithm. The indices above the PCM denote the
original column indices.

of a certain row indicate the columns which are empty in the
corresponding row position, and vice versa.
Step 1) Count the number of candidate columns for each
row and choose the row with least number of
candidates.
Step 2) Count the number of candidate rows for each
candidate column of the chosen row. Select two
columns that have least numbers of candidates
and assign them to the row.
Step 3) If there are remaining rows and columns, go to
Step 1. Otherwise reorder the determined pairs in
proper way so that the reordered PCM will be
empty in the diagonal direction.
IV.

SIMULATION RESULTS

For the rate-1/2 irregular (2000, 1000) PCM constructed
using Neal’s software [12], the performance of the proposed
DRD scheme is evaluated with assuming additive white
Gaussian noise channel. All simulations use the offset minsum algorithm [11].
Fig. 4 compares the performance of the DRD to that of the
flooding schedule under varying SNR and fixed MAI of 15 in
terms of bit error rate (BER) and frame error rate (FER). The
error performance of the DRD with NC of 1 shows negligible
degradation compared to that of the flooding schedule
throughout the entire SNR region. As NC increases, the FER
performance degrades slightly, because the number of interphase dataflows increases according to NC. Though more
iterations are needed to achieve the same level of error
correcting performance, the number of additional iterations is
small. Therefore, the DRD provides a good tradeoff between
the error performance and the number of clock cycles. In
addition, Fig. 4 shows that using the column permuted PCM
can improve the error performance, as discussed in Section III.
Assuming M N PCM, Table I summarizes the hardware
utilization (HU) and cycles per iteration (CPI) of the proposed
DRD and other scheduling schemes. In the CPI equation,
denotes the weight of a row in the PCM and max
denotes the maximum weight among the
’s. For the
simplicity, it is assumed that overlapped scheme reorganizes
the PCM so that each type of nodes stays idle for 25% time of
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Figure 4. Comparison of the BER and FER resulting from the flooding
schedule and the DRD (solid line: BER; dash line: FER). The result of using
the column permuted PCM is included.
TABLE I.

COMPARISON OF HARDWARE UTILIZATION AND CYCLES PER
ITERATION

Scheduling

a

CPIb

HU

Proposed

100%

Flooding

50%

Overlapped [5]

75%

Shuffled [8]

50%

TSP [10]

50%

max

/

,

/
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Figure 5. Comparison of the average clock cycles taken by various decoding
schedules under a fixed SNR of 2.0dB.

CONCLUSION

In this paper, we have proposed a novel scheduling
scheme, named dual-rail decoding, which maximizes the
hardware utilization of the LDPC decoder. The DRD scheme
performs the row and column operations in parallel regardless
of their data dependencies so as to reduce the idle time of the
CNPs and VNPs and increase the throughput of the decoder.
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