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Abstract—We present finite alphabet iterative decoders
(FAIDs) for hard-decision decoding and 2-bit precision soft-
decision decoding of column-weight-four low-density parity-
check (LDPC) codes which are applicable for flash memories,
and discuss their hardware implementations on FPGA. We show
that 3-bit FAIDs provide superior error-rate performance in the
error floor compared to 4-bit and 5-bit offset-min-sum decoders
while providing significant savings in resource usage for the same
achievable throughput. A vertical-layered decoder architecture
is implemented for the decoder comparisons, and the FPGA
synthesis results are provided for a code rate of 0.94 and 1KByte
length quasi-cyclic code.

I. MOTIVATION

As the NAND flash memory industry is rapidly moving
towards the adoption of LDPC codes over the traditional
BCH codes in a bid to increase the endurance of next-
generation solid state drives (SSDs), current LDPC decoders
still face lingering issues when compared to BCH codes. One
of the well-documented problems of LDPC codes is the error
floor problem, which is an abrupt degradation that occurs at
very low error-rates causing the frame error-rate (FER) curve
to flatten out. LDPC codes are prone to high error floors
especially at very high code rates due to the presence of loopy
structures in the graph of the code causing the decoder to fail.
Another issue is the requirement of soft-channel information
by LDPC codes, which requires multiple reads adding to
the read latency. Also, there is need for low-power iterative
decoder solutions especially for applications such as mobile
flash storage.

Recently a new type of finite-precision iterative decoders
called finite alphabet iterative decoders (FAIDs) were pro-
posed [1], [2] for LDPC codes on the Binary Symmetric
Channel (BSC). The messages take values in a finite alphabet,
and the variable node update function is a Boolean function
judiciously designed to improve the error floor performance.
It was shown that on column-weight-three codes, a FAID
was capable of outperforming a floating-point BP decoder in
the error-floor region with a finite alphabet of size 7 (3-bit
precision) while also providing savings in chip area [3].

In this talk, we extend the FAID designs to column-weight-
four codes and also 2-bit precision soft-decision decoding,
which is the case of 3 reads from the flash memory, and
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illustrate similar gains in the error-floor performance compared
to floating-point BP. We will also present the architectures used
to implement FAIDs on FPGA, and provide comparisons with
the 3-bit, 4-bit and 5-bit offset-min-sum decoders. Part of the
material used in this talk was presented in [4].

II. FAIDS:GENERAL FRAMEWORK

An Ns-level FAID operates on the finite message alphabet
M = {−Ls, . . . ,−L2,−L1, 0, L1, L2, . . . , Ls}, where Li ∈
R+ (set of Ns = 2s + 1 increasing positive message levels)
and Y , the set of possible decoder input values also referred
to as channel values. The sign of a message x ∈ M can
be interpreted as an estimate of the bit associated with the
variable node to or from which x is being passed (positive for
zero and negative for one), and the magnitude |x| as a measure
of how reliable this value is. Let yi denote the channel value
corresponding to variable node vi. The check node update
function Φc for FAID is exactly same as that used in min-sum
decoder. Note that for the offset-min-sum decoder, an offset
γ is introduced in Φc that is subtracted from the minimum
magnitude.

The variable node update function Φv for a FAID at a node
with degree dv is a simple (dv − 1)-dimensional map that
satisfies the properties of symmetry and monotonicity [1].

For the case of BSC, Y is defined as Y = {±C}, where
C ∈ R+ and we use the mapping 0 → C and 1 → −C. Due
to the property of symmetry, a FAID is defined by a single
map Φv defined for either yi = +C or yi = −C.

For the case of 2-bit precision soft-decision decoding (which
is the case of 3 reads), Y is defined as Y = {±C1,±C2}. We
assume a BPSK + AWGN model for the flash channel, and
quantize its outputs to maximize the mutual information. Then
the FAID is defined using two maps Φv1 for ±C1, and Φv2 for
±C2. The two maps are chosen to optimize both the waterfall
and error-floor performance.

III. SIMULATION RESULTS

Fig. 1 shows the FER results of various decoders for length
N = 8960 and R = 0.94 column-weight-four for both hard-
decision and 2-bit precision soft-decision decoding. Clearly
3-bit FAID outperforms the offset-min-sum decoders and BP
in the error floor. The 3-bit FAID also outperforms BP on a
N = 9240, R = 0.91 quasi-cyclic column-weight-four code
for 2-bit precision soft-decision as shown in Fig. 2. These



simulations were done in software and the scheduling used
was flooding. Also included is the BCH plot for reference.

Fig. 1. FER comparisons on the R = 0.94,N = 8960 quasi-cyclic code
for hard-decision (1 read) and 2-bit soft-decision decoding (3 reads)

Fig. 2. FER comparison on the R = 0.91,N = 9240 quasi-cyclic code for
2-bit soft-decision decoding (3 reads)

IV. FPGA: LAYERED DECODER ARCHITECTURE

Vertical-layered decoder architectures were implemented in
FPGA for both the FAID and the offset-min-sum decoders
to facilitate a fair comparison on the same platform. The
implementation was done on the N = 8960, R = 0.94,
quasi-cyclic code for the same level of parallelization. This
code uses a circulant size of L = 140, with 4 blocks of rows
and 64 blocks of columns. The results were synthesized using
the Vivado design suite on a Xilinx Virtex-7 XC7VX690T

evaluation board. Table 1 summarizes the results when 1
entire block column is processed per clock cycle, and Table
2 summarizes the results when 2 entire block columns are
processed per clock cycle.

From Table 1, 3-bit FAID (Hard-decision) provides a sav-
ings in LUTs of 27.5% compared to 4-bit offset Min-sum and
53.5% compared to 5-bit offset Min-sum. Power savings are
35.4% and 46.14% respectively. Moreoever, the 3-bit FAID
(Hard-decision) requires only 5% more LUTs than the simple
3-bit offset Min-sum (but will provide substantial improvement
in FER performance). Also note that there is only a 3%
increase in LUTs for FAID from hard-decision to 2-bit soft-
decision even though 2 maps were used for soft-decision.

In Table 2, 3-bit FAID (Hard-decision) provides an LUT
savings of 29.4% and power savings of 34% compared to 4-
bit offset Min-sum. The number of LUTs utilized by 3-bit
FAID for both Hard-decision and soft-decision in Table 2 is
still lesser than the number of LUTs utilized by 4-bit offset-
min-sum in Table 1. So, 3-bit FAIDs can provide double the
throughput of 4-bit offset-min-sum with lesser LUT utilization.

The above results show that FAID can provide substantial
savings in resource usage while still providing an improved
error floor performance. Also the savings in resource usage
can be translated to a substantial increase in throughput.

TABLE I
FPGA RESULTS: PROCESSING 1 COLUMN BLOCK (4 CIRCULANTS) PER

CLOCK CYCLE ON R=0.94, N=8960 CODE

Decoder Power Logic LUTs FFs

3-bit Offset-Min-Sum 1.014 137,117 104,498
4-bit Offset-Min-Sum 1.688 198,686 147,197
5-bit Offset-Min-Sum 1.987 309,795 221,186

3-bit FAID (Hard-decision) 1.09 143,984 104,498
3-bit FAID (Soft-decision) 1.371 148,855 104,497

TABLE II
FPGA RESULTS: PROCESSING 2 COLUMN BLOCKS (8 CIRCULANTS) PER

CLOCK CYCLE ON R=0.94, N=8960 CODE

Decoder Power Logic LUTs FFs

3-bit Offset-Min-Sum 1.826 160,585 109,750
4-bit Offset-Min-Sum 3.445 250,661 154,738

3-bit FAID (Hard-decision) 2.267 176,955 109,749
3-bit FAID (Soft-decision) 2.395 185,442 109,752
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