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Multiple-Vote Symbol-Flipping Decoder for
Non-Binary LDPC Codes
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Abstract—A multiple-vote symbol-flipping (MV-SF) decoding
algorithm for non-binary LDPC codes is proposed in this paper.
Our algorithm improves the generalized bit-flipping algorithm
(GBFDA) by taking into account the multiplicity of the candidates
at the check-node output, in order to perform a more accurate
symbol-flipping decision at the variable node update. The MV-SF
algorithm greatly improves the frame error rate performance of
GBFDA and approaches the performance of the best state-of-
the-art decoders (EMS and Min-max) with lower complexity.
For a (N = 837,K = 723) non-binary LDPC code over GF(32),
the decoder derived from the proposed algorithm can reach a
throughput higher than 500 Mbps and a coding gain of 0.44dB
compared to the most efficient GBFDA architecture with only
twice silicon area. Our architecture has 27% efficiency gain
compared to the best Min-max architecture found in literature,
with a performance loss of just 0.21dB at FER 10−4.

I. INTRODUCTION

THe design of high-throughput decoders for non-binary
low-density parity-check (NB-LDPC) codes in GF(q),

with moderate silicon area, is still a challenging problem,
which requires both low complexity algorithms and efficient
architectures. Algorithms derived from the q-ary sum-product
(QSPA) [1], [2], [3], [4] such as extended min-sum (EMS)
[5] and min-max (Min-Max) [7] involve high complexity in
their check node units (CNU), that implement the parity-check
node update equations. In particular, the CNU of the different
versions of EMS or Min-Max requires many comparisons,
which reduce the maximum achievable throughput, due to
a large inherent latency. This high latency is a bottleneck,
specially for the decoding of high rate NB-LDPC codes
(R>0.8), where the parity-check node degree dc takes large
values. Techniques like forward-backward implementation of
the CNU [8], [10] or the bubble check algorithm [9] can
reduce the latency to a minimum of dc clock cycles, with
enough hardware parallelism, but this is still not sufficient to
reach very high throughput. As a result, the architectures based
on EMS or Min-Max algorithms [13], [14], [15] can achieve
coding gains close to QSPA, but at the cost of low decoding
throughput.

F. Garcı́a and J. Valls are with Instituto de Telecomunicaciones y Apli-
caciones Multimedia, at Universitat Politècnica de València, 46730 Gan-
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Aside from the EMS or Min-Max like algorithms, other
solutions have been proposed in the literature, with the ob-
jective of greatly reducing the decoding complexity at the
cost of larger performance loss compared to QSPA. The
architectures that can achieve high throughput, and at the same
time use a small chip area, just compute a very small set of
parity check equations during the parity-check node update.
This approach has been followed for majority-logic decodable
(MD) algorithm [11] and generalized bit flipping-decoding
algorithm (GBFDA) [12]. These simple algorithms, and the
associated architectures [21], [17], [18] suffer from a non-
negligible performance loss compared to the QSPA, between
0.7 dB to several dBs depending on the algorithm and the
LDPC code. This performance loss is due to the lack of soft-
information used in the CNUs of GBFDA and MD, and cannot
be recovered with a larger number of decoding iterations [18].
In addition, GBFDA and MD tend to be more efficient for
codes with medium variable node degrees (dv ≥ 3 in the case
of GBFDA), and do not perform well for ultra-sparse dv = 2
NB-LDPC codes, which have been identified as an important
class of non-binary codes [6].

In order to achieve both a high throughput and a coding
gain as close as possible to QSPA, we present and study
in this paper a decoding algorithm, that takes advantage of
the low complexity of GBFDA operations and introduces soft
information in the CNU, as it is done in EMS and Min-Max,
to improve the coding gain. The core idea of the GBFDA CNU
is to compute the syndrome using the hard decisions on the
symbols, obtained from the most reliable Galois field values,
and declare a vote for the hard decision symbols which satisfy
the parity-check. The vote is then propagated to the symbol
nodes and accumulated along the decoding iterations in a
memory. Contrary to GBFDA, we propose to not only consider
the most reliable symbols in the syndrome computations,
but also to take the second most reliable symbols (in each
incoming message) into account. By doing so, an extended
information set is available for the parity-check node update
and this allows to introduce the concept of weak and strong
votes, performed by the CNU, and propagated to the symbol
node memory. With this feature, each variable node can receive
two kinds of votes, whose amplitude can be tuned to the
reliability of the syndrome that produces the vote. A first
version of this decoder has been introduced in [23], and
premilinary results have shown the great potential in using
multiple votes to improve the decoding performance. For this
reason, we have called our algorithm multiple-vote symbol-
flipping decoder (MV-SF).
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At the MV-SF CNU, we call test vector a set of symbols
taken from the most reliable and the second most reliable
symbols of each incoming message. Our approach introduces
some extra soft-information and enlarges the list of considered
test vectors, therefore, improving the decoding performance.
Meanwhile, the complexity of the CNU for each extra test
vector is the same as GBFDA, which gives our algorithm the
nice feature of controlling the performance/complexity trade-
off: the more test vectors are considered, the better the perfor-
mance is, and the less test vectors are considered, the better
the throughput is. As an example, a decoder with four times
more test vectors than the GBFDA, on a (N = 837,K = 723)
NB-LDPC code over GF(32), shows a coding gain of 0.44dB
compared with GBFDA and has just a performance loss
of 0.21dB compared to Min-Max. Moreover, the associated
architecture can reach a throughput similar to the GBFDA
[18] with an increase of area less than two times, not four
times as expected from a direct architecture mapping.

The rest of the paper is organized as follows. Section II
takes as starting point ES-GBFDA from [18] to present the
main principles of MV-SF. Section III discusses the MV-SF’s
parameter optimization and compares its FER performance to
other existing solutions. Section IV describes the architecture
for MV-SF and Section V summarizes the area resources and
the timing issues of the proposed algorithm and compares the
results with other decoder architectures. Finally, conclusions
are detailed in Section VI.

II. MULTIPLE-VOTE SYMBOL FLIPPING DECODING
ALGORITHM (MV-SF)

This section has four subsections: the first one introduces
some notations related to NB-LDPC codes and decoders, the
second one describes the ES-GBFDA and the last subsections
introduce the proposed MV-SF algorithm.

A. NB-LDPC notations

Let us define a (N,K) NB-LDPC code over GF (q) (q =
2p) with code length N and information length K. Its parity
check matrix HM,N has N columns and M rows. The non-
zero coefficients of HM,N are hm,n, where m is the row
index and n the column index. The check node degree is
denoted as dc and the variable node degree as dv . N (m)
defines the set of variable nodes connected to the m-th
check node, and M(n) the set of check nodes connected
to the n-th variable node. After transmission over a noisy
AWGN channel, the received symbol sequence is defined
as Y = (y0, y1, ..., yN−1). Considering the transmission of
the codeword symbol cn, the log-likelihood ratio (LLR) is
computed as Ln[x] = log [P (cn = 0 | yn)/P (cn = x | yn)],
for each x ∈ GF (q). The LLR vector of the n-th symbol
is Ln = (Ln[0], Ln[1], ..., Ln[q − 1]). The hard-decision based
on the most reliable element in Ln is called zn ∈ GF (q).

B. Enhanced Serial GBFDA (ES-GBFDA)

ES-GBFDA from [18] is described in Algorithm 1. Two
main steps can be distinguished in the iterative process: the

check node unit (CNU), steps A2 and A3; and the variable
node unit (VNU), steps A1, A4 and A5. During the initial-
ization, Wn

(0) equals to the channel LLRs, Ln, and Wmn
(0)

is an all-zero matrix. After initialization, at the j-th iteration,
step A1 sorts the extrinsic information to find the symbols
Q

(j)
n with the maximum reliability (GFmax), which will be

taken as the new hard decision. The extrinsic information is
calculated as Wn

(j−1) −Wmn
(j−1). Wn

(j−1) is the vector
where all the votes are accumulated and the Wmn

(j−1) is the
intrinsic information from check node m. Step A2 computes
the syndrome s, required in step A3 to calculate R(j)

n , which
is the symbol to be voted. In step A4, Wmn

(j) counts the
votes on R

(j)
n where v is the amplitude of the vote. In step

A5, Wn
(j) accumulates the initial LLRs plus the votes of all

the check nodes connected to the variable node n. The votes
modify the values of Wn

(j−1) and Wmn
(j−1), changing the

result of the sorting process in A1 and, hence, flipping symbols
in Q(j)

n . Step A6 performs the tentative decoding by finding the
symbols associated to the maximum values of Wn

(j) and step
A7 implements the stopping criterion based on the information
of all the syndromes.

Algorithm 1. Serial Enhanced-GBFDA
Initialization: Wn

(0) = Ln, Wmn
(0) = 0

For j = 1 to Itmax

For m = 1 to M

A1 : Q(j)
n = GFmax(Wn

(j−1) −Wmn
(j−1))

A2 : s =
∑

n∈N(m) hm,nQ
(j)
n

A3 : R(j)
n = h−1

mns−Q
(j)
n

A4 : Wmn
(j)(R

(j)
n ) = Wmn

(j−1)(R
(j)
n ) + v

A5 : Wn
(j)(R

(j)
n ) = Wn

(j−1)(R
(j)
n ) + v

end For m
A6 : c̃(j)n = GFmax(Wn

(j))

A7 : if (c̃(j)n ×HT = 0) SKIP
end For j
Output= c̃

(j)
n

C. Multiple-Vote Symbol Flipping Decoding Algorithm (MV-
SF)

In this subsection, we present our new algorithm that
generalizes the ideas of the ES-GBFDA, by increasing the
list of candidates computed by each check node and hence,
increasing as well the number of votes propagated to the
variable node. We discuss below only the steps involved at
the j-th decoding iteration.

Let Q(j)
n be the hard decisions obtained from the most

reliable symbols, and Q
′(j)
n the hard decisions of the second

most reliable symbols within the input messages of a check
node m. The symbols Q(j)

n (respectively Q
′(j)
n ) are associated

with reliabilities ∆W
(j)
n (respectively ∆W

′(j)
n ).

We define test vector for a check node m as the combination
of dc symbols with the restriction that at least one, and at most
η of these dc symbols cannot be based on the most reliable
information. In order to reduce the number of test vector
candidates we only consider combinations between Q

(j)
n and

Q
′(j)
n . To build the list of test vectors of a check node m, first

the difference between the reliability of ∆W
(j)
n and ∆W

′(j)
n

is computed and sorted in ascendant order for n ∈ N (m) .
The first elements of the sorted differences are the symbols
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in which the reliability of Q
′(j)
n is closer to the reliability

of Q(j)
n . To keep the number of test vectors low, we only

replace Q(j)
n by Q

′(j)
n in at most η locations were the difference

between ∆W
(j)
n and ∆W

′(j)
n is smaller (first η elements of the

sorted list). The parameter η tunes the performance/complexity
trade-off of the algorithm since it is directly related with the
number of test vectors to be processed by each check node. η
is selected as η << dc to keep complexity low. The set with
the η locations is denoted N ′.

Let us define Γ
(j)
i as the i-th test vector of a list of 2η − 1

possible test vectors of a check node m, different from the
one based only on Q(j)

n symbols. Each Γ
(j)
i is built replacing

Q
(j)
n with Q

′(j)
n in one or several of the η locations in N ′.

In equation (1) the definition of the test vector Γ
(j)
i is indi-

cated, where N ′t is the t-th element in the set N ′, it is the bit
t of the binary representation of i and it is the complementary
value. ⊗ and ⊕ are the AND and OR operations respectively.

Γ
(j)
i ∈ {Q

(j)
n , Q

′(j)
N ′

t
⊗ it ⊕Q(j)

N ′
t
⊗ it},

n ∈ N (m) \ N ′, t = 0 to η − 1 (1)

In the same way, we can define the reliability of each Γ
(j)
i ,

ω
(j)
i , by means of equation (2).

ω
(j)
i =

∑
n∈N (m)\N ′

∆W (j)
n +

∑
t=0:η−1

∆W
′(j)
N ′

t
× it + ∆W

(j)
N ′

t
× it (2)

In order to understand better the principle of this first
step of the MV-SF algorithm, we give below an example
that illustrates the process of building the test vectors and
computing its reliabilities for a check node with dc = 6 and
η = 3.

Example 1 Consider a code with dc = 6 and a decoder
with η = 3. Assume that the higher reliability values are:
∆W

(j)
n0 = 17, ∆W

(j)
n1 = 15, ∆W

(j)
n2 = 32, ∆W

(j)
n3 = 25,

∆W
(j)
n4 = 11, ∆W

(j)
n5 = 16. The reliabilities for the second

best decision are: ∆W
′(j)
n0 = 8, ∆W

′(j)
n1 = 12, ∆W

′(j)
n2 =

9, ∆W
′(j)
n3 = 15, ∆W

′(j)
n4 = 6, ∆W

′(j)
n5 = 12. Computing

the differences we obtain: ∆W
(j)
n0 −∆W

′(j)
n0 = 9, ∆W

(j)
n1 −

∆W
′(j)
n1 = 3, ∆W

(j)
n2 −∆W

′(j)
n2 = 23, ∆W

(j)
n3 −∆W

′(j)
n3 = 10,

∆W
(j)
n4 −∆W

′(j)
n4 = 5, ∆W

(j)
n5 −∆W

′(j)
n5 = 4. With η = 3, the

set N ′ contains three indices with difference ∆W
(j)
n −∆W

′(j)
n

less than η: N ′ ∈ {n1, n4, n5}. Applying (1) we can build
the 2η − 1 = 7 test vectors. As an example we include the
computation of 4 out of 2η − 1 test vectors:

- Γ
(j)
1 ∈ {Qn0, Q′n1⊗0⊕Qn1⊗1 = Qn1, Qn2, Qn3, Q

′
n4⊗

0⊕Qn4 ⊗ 1 = Qn4, Q
′
n5 ⊗ 1⊕Qn5 ⊗ 0 = Q′n5}

- Γ
(j)
2 ∈ {Qn0, Q′n1⊗0⊕Qn1⊗1 = Qn1, Qn2, Qn3, Q

′
n4⊗

1⊕Qn4 ⊗ 0 = Q′n4, Q
′
n5 ⊗ 0⊕Qn5 ⊗ 1 = Qn5}

- Γ
(j)
3 ∈ {Qn0, Q′n1⊗0⊕Qn1⊗1 = Qn1, Qn2, Qn3, Q

′
n4⊗

1⊕Qn4 ⊗ 0 = Q′n4, Q
′
n5 ⊗ 1⊕Qn5 ⊗ 0 = Q′n5}

- Γ
(j)
7 ∈ {Qn0, Q′n1⊗1⊕Qn1⊗0 = Q′n1, Qn2, Qn3, Q

′
n4⊗

1⊕Qn4 ⊗ 0 = Q′n4, Q
′
n5 ⊗ 1⊕Qn5 ⊗ 0 = Q′n5}

For calculating the reliabilities of each test vector we com-
pute first the common symbols in (2):

∑
n∈N (m)\N ′ ∆W

(j)
n =

∆W
(j)
n0 + ∆W

(j)
n2 + ∆W

(j)
n3 = 17 + 32 + 25 = 74. Then we

apply (2) for each of the 2η − 1 = 7 test vectors. Following
the example we just show 4 out of 2η − 1 reliability values:

- ω
(j)
1 = 74 + ∆W

′(j)
n1 × 0 + ∆W

(j)
n1 × 1 + ∆W

′(j)
n4 × 0 +

∆W
(j)
n4 ×1+∆W

′(j)
n5 ×1+∆W

(j)
n5 ×0 = 74+15+11+

12 = 112
- ω

(j)
2 = 74 + ∆W

′(j)
n1 × 0 + ∆W

(j)
n1 × 1 + ∆W

′(j)
n4 × 1 +

∆W
(j)
n4 ×0+∆W

′(j)
n5 ×0+∆W

(j)
n5 ×1 = 74+15+6+16 =

111
- ω

(j)
3 = 74 + ∆W

′(j)
n1 × 0 + ∆W

(j)
n1 × 1 + ∆W

′(j)
n4 × 1 +

∆W
(j)
n4 ×0+∆W

′(j)
n5 ×1+∆W

(j)
n5 ×0 = 74+15+6+12 =

107
- ω

(j)
7 = 74 + ∆W

′(j)
n1 × 1 + ∆W

(j)
n1 × 0 + ∆W

′(j)
n4 × 1 +

∆W
(j)
n4 ×0+∆W

′(j)
n5 ×1+∆W

(j)
n5 ×2 = 74+12+6+12 =

104

After having computed the set of test vectors Γ
(j)
i , the

MV-SF algorithm performs the votes at the variable node
update. The different test vectors are associated to different
voting amplitudes, as they are computed using information
with different levels of reliability. We denote by F(ω

(j)
i ) the

function which indicates the amplitudes of the votes depending
on (2). If ω(j)

a < ω
(j)
b , the amplitude of the votes for the

symbols in the test vector Γ
(j)
a will be smaller than the

votes for the symbols in the test vector Γ
(j)
b . In other words,

F(ω
(j)
a ) < F(ω

(j)
b ).

Each check node will send 2η votes to each one of the
connected variable nodes. This voting information includes the
candidate, which is a symbol in GF(q), and the amplitude of
the vote. The candidates are selected to accomplish the parity
check equation according to the symbols involved in the test
vector. It is possible that more than one test vector vote for the
same candidate, which allows, for example, that several votes
processed with less reliable information force the selection
of this candidate instead of the one computed with the most
reliable information. For this reason, it is important to design
carefully F depending on the code. If the difference between
amplitudes is too short, the less reliable test vector will have
similar probability to flip symbols to the most reliable one
as their vote amplitudes will be too strong, causing random
votes; and, on the other hand, if the difference is too large
the decisions made by the less reliable test vectors will be
ignored as their votes are too weak compared to the most
reliable ones, obtaining a performance similar to the case in
which test vectors are not processed.

As it can be easily deduced, the MV-SF complexity is linear
in the number of test vectors, and increases exponentially
with η. In order to reach the maximum possible decoding
throughput, one has then to reduce the number of considered
test vectors. Selecting a small value of η would end up with
less diversity in the soft-information used. In order to reduce
the complexity without reducing the used soft-information
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we propose here to take another path, by keeping a large
enough value for η but selecting just L, with L < 2η , most
reliable test vectors (Γ(j)

i with the largest values of ω(j)
i ). Let

us explain our strategy with the follow-up example:

Example 2 Consider the same case as in Example 1, but
applying a decoder with η = 2. In this case, the minimum
differences ∆W

(j)
n −∆W

′(j)
n are ∆W

(j)
n1 −∆W

′(j)
n1 = 3 and

∆W
(j)
n4 −∆W

′(j)
n4 = 5, hence N ′ ∈ {n1, n5}. If we compute

(1) and (2) to obtain the 2η − 1 = 3 test vectors, we will get
Γ
(j)
1 (ω(j)

1 = 112), Γ
(j)
2 (ω(j)

2 = 113) and Γ
(j)
3 (ω(j)

3 = 109).
It can be seen that as η is reduced, some test vectors with
bigger reliability such as Γ

(j)
2 from Example 1 (ω(j)

2 = 111)
are not considered. So the solution to reduce the value of
η in order to speed up the decoding would result in a non-
negligible performance loss. On the other hand, keeping η = 3
and selecting, for example, only L = 3 most reliable test
vectors, will help to propagate more accurate information to
the voting process.

D. Low complexity MV-SF

One particular case of MV-SF is when each check node is
composed of L = η test vectors. Each test vector has dc − 1

Q
(j)
n symbols, and one Q

′(j)
n symbol. The position of the Q

′(j)
n

symbol in the test vector i, Γ
(j)
i , is given by N ′i (3).

Γ
(j)
i ∈ {Q

(j)
n , Q

′(j)
N ′

i
}, n ∈ N (m) \ N ′i (3)

The reliability equation for the test vector Γ
(j)
i is:

ω
(j)
i =

∑
n∈N (m)\N ′

i

∆W (j)
n + ∆W

′(j)
N ′

i
(4)

It can be deduced from (4) that changing Q(j)
n by Q

′(j)
n in

N ′i does not introduce a strong variation in the total reliability
of the check node, ω(j)

i . The only element that changes in
the sum is ∆W

′(j)
N ′

i
, which is selected because the difference

∆W
(j)
N ′

i
−∆W

′(j)
N ′

i
is one of the η smallest (so both Q(j)

N ′
i

and

Q
′(j)
N ′

i
have similar reliability in the selected location N ′i ).

In other words, as Γ
(j)
i has a high reliability, similar

to Q
(j)
n , processing its candidates increases the amount of

useful soft-information in the decoder and hence improves the
performance. Example 3 shows how this particular case works.

Example 3 Continuing with the same notations as in Ex-
ample 1, with a decoder with L = η = 3, we apply
equation (3) to compute the L = 3 test vectors, knowing that
N ′ ∈ {n1, n4, n5}:

- Γ
(j)
1 ∈ {Q

(j)
n0 , Q

′(j)
n1 , Q

(j)
n2 , Q

(j)
n3 , Q

(j)
n4 , Q

(j)
n5 }

- Γ
(j)
2 ∈ {Q

(j)
n0 , Q

(j)
n1 , Q

(j)
n2 , Q

(j)
n3 , Q

′(j)
n4 , Q

(j)
n5 }

- Γ
(j)
3 ∈ {Q

(j)
n0 , Q

(j)
n1 , Q

(j)
n2 , Q

(j)
n3 , Q

(j)
n4 , Q

′(j)
n5 }

With equation (4) we obtain the associated reliabilities of
each test vector:

- ω
(j)
1 =

∑
n∈N (m)\n1 ∆W

(j)
n + ∆W

′(j)
n1 = 113

- ω
(j)
2 =

∑
n∈N (m)\n4 ∆W

(j)
n + ∆W

′(j)
n4 = 111

- ω
(j)
3 =

∑
n∈N (m)\n5 ∆W

(j)
n + ∆W

′(j)
n5 = 112

which have a reliability value close to the one based on the
most reliable symbols

∑
n∈N (m) ∆W

(j)
n = 116.

To keep the complexity low and avoid computing and
storing (4) for each test vector, function F(ω

(j)
i ) has to be

very simple. In this paper we present a strategy where only
two amplitudes for the votes are considered: v0 for the symbol
candidates derived from the most reliable test vector, and v1
for the other test vectors, with v0 > v1. However, this latter
condition for the amplitudes v0 and v1 is necessary but not
sufficient to obtain the best efficiency and performance. As
it was mentioned in subsection II-C, the distance between
the amplitudes is, with η, the most important parameter to
be optimized. If v0 and v1 are too close, the amplitudes of
the votes will be mixed easily and the flipping of the symbols
will be done almost without any criterion, as candidates with
very different reliability values will have almost the same vote
amplitude. If the difference between v0 and v1 is too large,
the votes of the less reliable test vectors will be not taken into
account and the effect will be similar as not having an extended
list of candidates. On the other hand, the values v0 and v1 also
have to be scaled according to the channel information. Unlike
other algorithm as EMS or Min-max were all the information
is strongly related with the incoming LLRs, algorithms based
on voting process mix two different domains, the one with
channel information and the one based on votes. It is easy to
deduce that some kind of normalization is required for vote
amplitudes or for channel information in order to combine
them properly. Hence, we need to optimize the amplitudes of
the votes v0 and v1, and also their combination with the LLR
information, through the function F .

In Algorithm 2, we present the particular case of MV-SF
for L = η, with CNU and VNU equations inspired by ES-
GBFDA. Steps A1.1 and A1.2 search the extrinsic information
of the most reliable symbols ∆W

(j)
n (max0) and the second

most reliable ones ∆W
′(j)
n (max1), and their associated hard

decision symbols, Q(j)
n and Q

′(j)
n . Step A1.3 sorts ∆W

(j)
n −

∆W
′(j)
n in increasing order, where n ∈ N (m). Hence, the

first values after the sorting are the ones with least difference
between the reliabilities of Q(j)

n and Q
′(j)
n symbols. Finally,

step A1.3 stores the sorted n indices in N .
Steps A2.1, A3.1, A4.1 and A5.1 from Algorithm 2 are the

same as A2, A3, A4 and A5 in Algorithm 1. These steps are
performed based on the most reliable symbols. Steps A2.2,
A3.2, A4.2 and A5.2 are performed with the L test vectors
from the considered set of Q(j)

n and Q
′(j)
n symbols. Step A2.2

performs the syndrome computation for the L test vectors (s′i),
formed by one symbol Q

′(j)
N ′

i
and dc − 1 symbols Q(j)

n . Step

A3.2 calculates the candidates of the voting process, R
′(j)
n−i,

according to each one of the L test vectors. Steps A4.2 and
A5.2 are similar to A4 and A5 in Algorithm 1, the main
difference is that in the first one the voted candidates are
R

′(j)
n−i instead of R(j)

n . Note that there are two amplitudes for
the votes, v0 and v1. As it has been explained earlier in this
section, the constraint v0 > v1 must be fulfilled, because R(j)

n

is computed with Q
(j)
n symbols, so it is more reliable than
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R
′(j)
n−i, which is computed with both Q(j)

n and Q
′(j)
n symbols.

Algorithm 2. Multiple-Vote Symbol Flipping Decoding Algorithm
Initialization: Wn

(0) = Ln, Wmn
(0) = 0,

L =size of the expanded list
For j = 1 to Itmax

For m = 1 to M

A1.1 : ∆W
(j)
n = max0(Wn

(j−1) −Wmn
(j−1))

Q
(j)
n = GFmax0(Wn

(j−1) −Wmn
(j−1))

A1.2 : ∆W
′(j)
n = max1(Wn

(j−1) −Wmn
(j−1))

Q
′(j)
n = GFmax1(Wn

(j−1) −Wmn
(j−1))

A1.3 : N ′ = IndexSortAscendant(∆W
(j)
n −∆W

′(j)
n ), n ∈ N(m)

A2.1 : s =
∑

n∈N(m) hm,nQ
(j)
n

A2.2 : For i = 1 to L

s′i = s− hm,N ′
i
Q

(j)
n + hm,N ′

i
Q

′(j)
N ′

i

end For i
A3.1 : R(j)

n = h−1
mns−Q

(j)
n

A3.2 : For i = 1 to L

R
′(j)
n−i = h−1

mns
′
i −Q

(j)
n , n ∈ N(m) \ N ′i

R
′(j)
n−i = h−1

mns
′
i −Q

′(j)
n , n = N ′i

end For i
A4.1 : Wmn

(j)(R
(j)
n ) = Wmn

(j−1)(R
(j)
n ) + v0

A4.2 : For i = 1 to L

Wmn
(j)(R

′(j)
n−i) = Wmn

(j−1)(R
′(j)
n−i) + v1

end For i
A5.1 : Wn

(j)(R
(j)
n ) = Wn

(j−1)(R
(j)
n ) + v0

A5.2 : For i = 1 to L

Wn
(j)(R

′(j)
n−i) = Wn

(j−1)(R
′(j)
n−i) + v1

end For i
end For m
A6 : c̃(j)n = GFmax(Wn

(j))

A7 : if (c̃(j)n ×HT = 0) SKIP
end For j
Output= c̃

(j)
n

III. PARAMETERS FOR LOW COMPLEXITY MV-SF AND
FER PERFORMANCE COMPARISONS

The MV-SF’s parameters L, v0 and v1 should be chosen
carefully in order to achieve the highest performance possible
with the lowest complexity.

Algorithm 2 shows that CNU equations have to be computed
L times (steps A2.2 and A3.2), while in ES-GBFDA the
CNU equations are computed only once. Also, L times more
candidates are used in the VNU (steps A4.2 and A5.2), so a
rough approximation of the MV-SF’s complexity is (L + 1)
times the complexity of ES-GBFDA.

This has an impact on the hardware architecture implemen-
tation, which multiplies (L+ 1) times the area or the latency,
if a direct mapping architecture is proposed. However, with
an efficient architecture this growth in area and latency can be
considerably reduced as we will show in the following sections
dedicated to the hardware architecture. Even with an efficient
implementation, the objective is to keep L as low as possi-
ble to reduce complexity, but while keeping good decoding
performance. The optimization of L is done by simulation,
changing the values of L and comparing performance, but
before adjusting L, v0 and v1 need to be optimized.

As we have explained before, adjusting correctly v0 and
v1 is important for two reasons: i) the amplitudes of the
votes will be combined with the LLRs from the channel and
ii) the difference of amplitudes will determine the difference

of importance that we assign in the voting process for the
different test vectors. From the hardware point of view, we
will restrict the possible values of v0 and v1 which can be
quantized with only a few precision bits. In Fig. 1, we perform
simulations of the MV-SF algorithm, for different values of
the voting amplitudes. A (N = 1536,K = 1344) NB-
LDPC code over a Galois field GF(32), with dc = 32 and
dv = 4 is used, over a BPSK modulated AWGN channel.
The principle of the optimization is to fix L and look for the
best pair (v0, v1) which optimizes the FER performance. Fig.
1 confirms the importance of making a correct selection of
the amplitude values for v0 and v1. There is almost 0.2dB of
coding gain between the worst voting amplitudes (v0 = 1 and
v1 = 0.75) and the optimized voting amplitudes (v0 = 0.75
and v1 = 0.25). Note also that the MV-SF algorithm with
optimized voting amplitudes shows a coding gain of 0.38dB
compared to the ES-GBFDA, for this code.

Fig. 2 shows the effect of L on the performance, once the
amplitudes v0 and v1 are optimized, for a (N = 837,K =
723) quasi-cyclic NB-LDPC code over GF(32), with dc =
26 and dv = 4. As expected, the MV-SF algorithm shows a
performance improvement with the increase of L. However,
for L > 4 the difference of coding gain (between L = 4
and L = 6) is negligible and does not justify the increase of
complexity. On the other hand, between L = 2 and L = 4
there is a difference of 0.1dB, which cannot be obviated, so
L = 4 appears for this code as a good trade-off between
performance and complexity.

4.4 4.6 4.8 5 5.2 5.4 5.6 5.8
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Fig. 1. FER performance of ES-GBFDA and MV-SF for a (1536,1344)
NB-LDPC code over GF(32) with a BPSK modulation in an AWGN channel.

In addition, Fig. 2 also compares the FER performance of
the algorithms Min-Max, ES-GBFDA and MV-SF for the same
code. ES-GBFDA with 10 iterations has a performance loss
of 0.65dB with respect to the Min-Max with 15 iterations.
MV-SF, with the optimum parameters, has a coding gain of
0.44dB compared to ES-GBFDA and a performance loss of
0.21dB compared to Min-max.

IV. PARTIAL PARALLEL ARCHITECTURE

In this section we detail an architecture for low complexity
MV-SF. Fig.3 includes the diagram of the complete architec-
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Fig. 2. FER performance of Min-Max algorithm, ES-GBFDA and MV-SF
for a (837,723) NB-LDPC code over GF(32) with a BPSK modulation in an
AWGN channel.

ture. Three main parts can be distinguished: i) VNU units,
ii) CNU units and iii) the sorter unit. The proposed decoder
has dc VNU units. Each VNU unit computes Qn and Q′n
symbols, which are the input for CNU units, by using Rn
and R′n−i incoming symbols (with i from 0 to L − 1). In
addition, VNU units calculate ∆Wn and ∆W ′n and perform
the subtraction (∆Wn − ∆W ′n), which is used as input of
the sorter unit. So, VNU units implement steps A1.1, A1.2,
A4.1, A4.2, A5.1 and A5.2 from Algorithm 2. The sorter unit
receives dc ∆Wn−∆W ′n values and looks for the L smallest
values (remember that the elements which are added to the
enlarged list are the ones with the smaller difference between
the reliabilities of Qn and Q′n). The sorter outputs are the
indexes of the L elements with the smallest ∆Wn − ∆W ′n
values within the dc inputs. This part of the architecture
implements step A1.3 and due to its complexity and relative
novelty it is explained at the end of the section, separately
from the rest. Finally, two different kinds of CNU units are
found: the ones that compute only Qn symbols (CNU unit
HD) and the ones that compute test vectors with both Qn and
Q′n symbols (CNU unit test vector (TV)). The decoder has
just one CNU unit HD and and L CNU units TV. Hardware
resources for computing hm,n coefficients are shared between
both HD and TV units. CNU unit HD implements steps A2.1
and A3.1 steps, while the L CNU units TV implement steps
A2.2 and A.3 from Algorithm 2. Next we describe each unit.

A. CNU units

CNU units are shown in Fig.4. All the arithmetic resources
included in these units are defined over GF(q).

Fig.4a includes the CNU unit HD, which is the same as
the one applied in [18] for the ES-GBFDA architecture. The
coefHmn and coefH−1mn blocks generate in each clock cycle
the coefficients hmn and h′mn required by steps A2.1, A2.2,
A3.1 and A3.2. These blocks are implemented by two ROMs
and one counter, which are not included in the figure for
simplicity. The hmn coefficients are multiplied by the Qn
inputs. The outputs of the multipliers are added using a tree
architecture, generating the hard decision syndrome s (step
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Fig. 3. Complete partial parallel architecture for MV-SF.

A2.1). The syndrome s is multiplied by h−1mn coefficients and
the result is added to Qn symbols to compute Rn as indicates
step A3.1.

Fig.4b represents the CNU unit for a test vector i. This block
performs the same arithmetic operations as the one in Fig.4a,
the main difference is that not all the symbol inputs are the
most reliable ones (Qn). To know in which of the dc possible
locations Qn has to be changed by Q′n, a comparison with the
incoming n′(i) index from the sorter unit must be done. The
comparison is done by means of an XOR gate. If the index
of a location is equal to n′(i), the output of the XOR gate is
zero and Q′n input is selected with the multiplexor; in other
case, Qn is selected. Note that L CNU units as the one in
Fig.4b are necessary to implement steps A2.2 and A3.2 (to
compute s′i and R′n−i). Moreover, it is important to remark
that the hardware resources for the generation of hmn and
h−1mn coefficients are shared between all the CNU units. In
other words, just dc coefHmn blocks and dc coefH−1mn blocks
are needed in the whole decoder, and their outputs are wired
to all the CNU units, as it is represented in Fig.3.

B. VNU units

In the VNU unit architecture (Fig.5) four different parts
can be distinguished: i) ping-pong memories, ii) logic for
selecting the active cells, iii) VNU cells, and iv) first and
second maximum finder logic.

Each VNU unit has 2 × (L + 1) RAMs that store Rn and
R′n−i symbols. A single RAM stores (q − 1) Rn (or R′n−i)
symbols that correspond to the information of one sub-matrix.
Rn and R′n−i symbols are represented with p bits because
q = 2p. Memories connected to the same input work in a
ping-pong way, so during q−1 clock cycles one RAM is read
and the other is written and for the next q−1 cycles memories
work in the opposite way. This reduces the idle cycles of the
decoder and increases its efficiency.

The logic for selecting the active cells generates sym sel x,
which indicates if a VNU cell receives a vote or not. To
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Fig. 4. CNU units for MV-SF: a) CNU unit for Qn symbols. b) CNU unit
for a test vector i.

compute sym sel x of a cell x, all the Rn and R′n−i symbols
(outputs of the ping-pong RAMs selected by the multiplexor)
are compared with the symbol x associated to the cell, where
x ∈ GF (q). These comparisons are implemented with XNOR
gates, so if one of the symbols (Rn or R′n−i) is equal to x, the
output of one of the XNOR gates will be one, indicating that
the symbol x is voted. sym sel x is computed by applying the
OR operation to all the XNOR outputs that are compared to the
symbol x. All the outputs of the XNOR gates (1 bit) connected
to R′n−i are also added (omitted in Fig.5 for simplicity), to
know the number of votes (#v) received from the enlarged list.
In addition, the output of the XNOR gate connected to the most
reliable candidate input (Rn) is used as vote sel x. To sum up,
the logic for the cells works as follows: i) if vote sel x equals
one and sym sel x is also active, the vote is generated by Rn,
so the amplitude v0 is selected in the cell; ii) if vote sel x
equals zero but sym sel x is active, the vote is generated by
R′n−i, so an amplitude proportional to v1 (v1×#v) is selected
in the cell; iii) otherwise, no vote is performed.

Each VNU unit has q cells that compute Wn(0)−Wmn(0),
Wn(α0)−Wmn(α0), Wn(α1)−Wmn(α1) ... , Wn(αq−2)−
Wmn(αq−2). In Fig.6, the architecture for one cell of the VNU
unit is included. The number of bits for the quantization of
Ln and Wn is Qb, while the number of bits required for
Wmn is Q′b. The cell of the element αx stores in each word
of the RAM Wn(αx) and Wmn(αx) for one value of n (and
the dv values of m connected to this n), so the length of
the word is Qb + Q′b × dv . The memory has q − 1 words
because stores the information for q − 1 different values of
n. During initialization, the RAM is filled with the Ln values
concatenated with dv ×Q′b zeros. After that, the RAM stores

Wn(αq-2)-W mn(αq-2 )

CELL

CELL

CELL

CELL

CELL

CELL

sym_sel0

sym_sel1

sym_sel2

sym_sel3

sym_sel q-2

sym_sel q-1

1

RAM
(q-1)xp

pRn

Q
n

Wn(αq-3)-W mn(αq-3 )

Wn(α2)-W mn(α2 )

Wn(α1)-W mn(α1)

Wn(α0)-Wmn(α0)

Wn(0)-Wmn(0)

0
vote_sel0

1

vote_sel1

vote_sel2

vote_sel3

vote q-2

vote- q-1

.....

.....

.....

.....

.....

αq-2 

Q
'n

-

R'n-0

R'n-1

R'n-(L-2)

R'n-(L-1)

0

0

0

p

p

p

p

RAM
(q-1)xp

RAM
(q-1)xp

RAM
(q-1)xp

RAM
(q-1)xp

RAM
(q-1)xp

RAM
(q-1)xp

RAM
(q-1)xp

RAM
(q-1)xp

RAM
(q-1)xp

αq-2 

αq-2 

αq-2 

FIRST
AND

SECOND
MAXIMUM

FINDER

Δ
W

n

Δ
W

'n

Δ
W

n
-Δ

W
'n

Fig. 5. VNU unit for MV-SF.

the updated information for Wn(αx) (steps A5.1 and A5.2)
and the dv different values of Wmn(αx) (steps A4.1 and A4.2).
The update of Wn(αx) depends on: i) the value of sym sel, ii)
the detection of clipping in other cells of the same VNU unit,
iii) the detection of clipping in the own cell and iv) value of
vote sel. If the cell detects a vote (sym sel is active) and no
clipping is detected in the own cell, Wn(αx) = Wn(αx)+vy .
If the cell does not detect a vote and clipping is detected in
other cells, Wn(αx) = Wn(αx)− vy . In other cases, Wn(αx)
remains the same. vy can take two values: v0 (step A4.1 and
A5.1) or v1 ×#v (step A4.2 and A5.2). A ROM with depth
L stores the different v1 × #v possible values, in order to
avoid a multiplier. The ROM is not included in Fig.6. On
the other hand, the signal dv sel selects the corresponding
Wmn(αx) from the dv possible values. Wmn(αx) is required
for the computation of Wn(αx)−Wmn(αx). In addition, the
Wmn(αx) is increased by vy if sym sel = 1, to take into
account the amplitude of the vote made in the current iteration
(steps A4.1 and A4.2). Note that the symbols of the adders
controlled by vote sel in Fig.6 are just a schematic way of
representing an adder and a multiplexor controlled by vote sel
that selects v0 or v1×#v. Both Wn(αx) and the dv Wmn(αx)
updated values are concatenated and stored again in the RAM.

The outputs of the q cells (Wn −Wmn) are the inputs
of the maximum finder unit as it is shown in Fig.5. This
block looks for: the first maximum (∆Wn in step A1.1), the
second maximum (∆W ′n in step A1.2) and its associated GF
symbols (Qn and Q′n) between the q inputs. The architecture
applied for this block can be found in [20]. Finally, ∆Wn

and ∆W ′n outputs are subtracted to compute the difference
between the highest and the second highest reliability values.
The ascendant sorter unit (Fig.3) generates L n′(i) indexes by
looking for the L minimums between the dc ∆Wn − ∆W ′n
outputs of the VNU units. This sorter is explained in the next
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Fig. 6. CELL of VNU unit for MV-SF.

subsection.
The latency equation for the whole decoder is the same

as the one in [18]; however, if the same frequency wants to
be reached the number of pipeline stages must be increased.
The latency of the decoder is (q − 1 + pipeline) × dv ×
(#iterations+1)+(q−1+pipeline) clock cycles. Computing
each sub-matrix takes (2q − 1) but the pipeline delay has
to be added, so each sub-matrix needs (q − 1 + pipeline)
clock cycles. As there are dv sub-matrices, each iteration needs
(q−1+pipeline)×dv clock cycles. We have to add one extra
iteration to the total number of iterations for the initialization
and (q − 1 + pipeline) clock cycles are needed to get the
values of the decoded codeword after the iterative process.

C. Ascendant sorter unit: L-minimum finder in a dc-element
list

The proposed ascendant sorter unit can be seen as an L-
minimum finder. The architecture is based on the one from
[20] but instead of looking for two minimums, it looks for
L minimums. The main difference between this proposal and
the one in [20] is that we do not apply masks to compute
the minimums different from the absolute one. The fact of
avoiding masks reduces the critical path at a cost of increasing
some hardware resources. Figures in this subsection describe
one architecture for L = 4 and dc = 27, but it can be easily
generalized. In addition, the selection of the radix for each one
of the stages is not optimized as the objective is just to show
that there is a possible solution to implement the ascendant
sorter unit with moderated area and continuous processing
(each clock cycle a new group of elements can be sorted, after
the latency generated by the pipeline with the first input).

In Fig.7, the general architecture for the finder with L = 4
and dc = 27 is included. As happens with the architecture in
[20] for the two minimum finder, we distinguish two different
kind of stages: l = 0 and l > 0. Stage l = 0 units just involve
L inputs, while l > 0 computes 2× L inputs.

The architecture for one unit of stage l = 0 is included in
Fig.8. First, comparisons between the L incoming values (xn)
are performed (Fig.8a). The total number of comparisons that
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Fig. 7. General architecture for a 4-minimum finder in a 27-element list.

must be calculated are (L−1)×L, however, just (L−1)×L/2
subtracters are required to compute the comparisons, because
the other (L − 1) × L/2 values can be obtained by applying
the complement to the output of the subtracters (performed
by NOT gates). After the comparisons, the number of cases
in which the input xn is a minimum is counted, cn. For
calculating each cn, log2(L) adders are needed (for the case
of L = 4, two adders of two bits). The result of the count, cn,
is compared with all the possible solutions by means of XNOR
gates (Fig.8b). As an example, if c0 is the minimum compared
to two elements in a list of four elements: the outputs of
the XNOR gates whose input is connected to zero (is not the
minimum), one (is minimum compared to one element) and
three (is the absolute minimum) are zero; and the output of
the XNOR gate whose input is two (minimum compared to
two elements) is equal to one. So, the outputs of the XNOR
gates with input cn, will set just one AND gate output to xn.
Following the previous example, the AND gate connected to
the XNOR with output equal one (the one compared with two),
will have as result x0, the rest of the AND gates (compared
with zero, one and three) will have zero output. Finally, an OR
operation is applied to the outputs of the AND gates connected
to XNOR gates with the same constant input value. In Fig.8b,
the output of the AND gates connected to XNOR gates whose
constant input is equal to three are wired to the same OR
gate, the one that computes the first minimum (because if
the value is minimum compared to three elements in a list
of four, the selected element will be the first minimum). The
same reasoning can be followed for the rest of the minimums.
Note that the AND and OR gates are duplicated (×2 in Fig.8b)
because we need to output not just the sorted magnitude, but
also the corresponding indexes.

The architecture for the units of stage l > 0 is included
in Fig.9. In this case, there are 2 × L inputs, which can
be seen as two L sorted sequences. The fact of having two
groups of L elements already sorted reduces the number of
required comparisons (from (2×L)× (2×L− 1) to 2×L2),
because comparisons between elements of the same group can
be avoided. A total of L2 subtracters are required, because as
happened with the unit of stage l = 0 the other L2 values are
the complement of the ones computed by the subtractions. To
count the number of comparisons (cn or c′n) in which an input
xn is less than the x′n elements (and vice versa) log2(L+ 1)
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Fig. 8. Architecture for the first stage (l = 0) of a 4-minimum finder in a
27-element list.

adders are required (for the case of L = 4, two adders of two
bits and one adder of three bits are needed). As the elements
inside each one of the two groups of inputs are sorted, some a
priori information is known. For example, to compute the first
minimum, just the first minimums of each group have to be
taken into account and the one whose cn or c′n equals to L will
be the absolute minimum. On contrary, for the L-th minimum
all the incoming inputs should be take into account. Fig.9b
includes an example of how to compute the L-th minimum for
L = 4. The 4th minimum output can be: i) the 4th minimums
of the input groups (x0 and x′0) with c0 or c′0 equal to 4 (which
are minimum compared to the other entire group); ii) the 3rd
minimums of the input groups (x1 and x′1) which are minimum
compared to three of the elements of the other group (c1 = 3
or c′1 = 3); iii) the 2nd minimum of the input groups (x2 and
x′2) which are minimum compared to two of the elements of
the other group (c2 = 2 or c′2 = 2); or iv) the 1rst minimums
(x3 and x′3) that are minimum compared to the 4th minimum
of the other list (c3 = 1 or c′3 = 1). The computation and
hardware resources for the rest of the minimums between the
1rst one and the L-th one can be derived easily generalizing
the examples. AND and OR gates are duplicated to sort both
magnitude and indexes.

For our application, the NB-LDPC decoder in Fig.3, the
output of the n′(i) indexes are required to elaborate the test
vectors. With the proposed architecture, the computation of the
n′(i) indexes are done in parallel avoiding recursive solutions
that would increase considerably the number of clock cycles
per iteration of the decoder. The architecture in this subsection
just increases the number of pipeline stages.

V. IMPLEMENTATION RESULTS AND COMPARISONS

The aim of this section is to give estimated results of area
and throughput for the decoder architecture proposed in this
paper, to show that efficient architectures can be derived from
Algorithm 2. To perform the estimation, analytical methods as
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Fig. 9. Architecture for stages different from the first (l > 0) of a 4-minimum
finder in a 27-element list. The index 0 of the inputs is for the 4th minimums
and the index 3 is for the 1rst minimums.

the ones in [21] were applied. To ensure that a fair comparison
with other works is done, we overestimate some hardware
resources to provide an upper bound in both area and critical
path. For example, the area of the first and second maximum
finder in Fig.5 was considered the same as the area for the
L-minimum finder with L = 4. For comparison proposals,
a (837,726) code, with quasi-cyclic matrix H(K=124,N=837)

over a field GF(q) with q = 32, dc = 27 and dv = 4, was
considered. The quantization scheme applied to Algorithm 2 is
Qb = 7 and Q′b = 5. Note that as the optimized amplitudes for
the votes of this code are v0 = 0.5 and v1 = 0.25 (Fig.2) two
extra bits are required compared to ES-GBFDA, which works
just with integer vote amplitudes and cannot differentiate soft-
decision in the votes (all the votes have the same amplitude).
On the other hand, the MV-SF architecture adds hardware to
compute the test vectors, increasing the length of the critical
path compared to ES-GBFDA in [18]. The number of gates of
the critical path is increased at the check node for the selection
of the test vectors (Fig.4b) and at the sorter unit (Fig.7). Hence,
to achieve a similar frequency to the ES-GBFDA architecture
[18] it is necessary to double the number of pipeline stages
(pipeline=10). Four extra pipeline stages at the sorter unit and
one extra pipeline stage at the check node are necessary to
keep the critical path equal to 22 gates. Although this critical
path is two gates longer than the one in [18], the effect of
routing is bigger than the one from the logic depth, so we can
assume frequency ' 238MHz without introducing a big error
in the estimation. Hardware resources for MV-SF decoder with
the previous parameters can be found in Table I and II.

In Table III, results for NB-LDPC architectures based on
different algorithms, including the one in this paper, are
summarized. Note that all the codes in Table III have the
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TABLE I
THEORETICAL ESTIMATION OF AREA-COMPLEXITY FOR MV-SF DECODER BASED ON A MESSAGE PASSING ARCHITECTURE WITH Qb = 7 BITS AND

Q′b = 5 BITS, (1527228 XOR GATES)

Processor VNU cell q VNU cells VNU extra Max
finder

dc VNU
units

coef H dc CNU units XOR/
item

Total
XORs

RAM (q−1)×(Qb+Q′b×dv)=
837

837×32=
26784

(q−1)×2p×(L+1)=
1550

0 765018 0 0 1 765018

ROM dv×log2(dv)=8 8×32=256 0 0 6912 (dv+q−1)×p=
175

2×dc×175=9450 1 16362

Qb Sub. 2 2×32=64 1 0 1755 0 0 21 36855
Q′b Adder dv =4 4×32=128 0 0 3456 0 0 15 51840
Qb Adder 1 32 0 0 864 1 2dc =54 21 19278

Comp.
Max

2 2×32=64 0 0 1728 0 0 7 12096

Q′b
Comp.

dv =4 4×32=128 0 0 3456 0 0 5 17280

Qb Mux 5 5×32=160 q−1=31 0 5157 0 2dc×L=216 7 36099
q Mux 0 0 L+1=5 0 135 0 0 5 1755
Q′b Mux 4×dv−1=15 15×32=480 0 0 12960 0 0 5 64800
Qb reg. 0 0 q−1=31 0 837 0 0 21 17577

GF Adder 0 0 0 0 0 0 2dc×(L+1)=270 5 1350
GF Mult 0 0 0 0 0 0 2dc×(L+1)=270 100 27000
XOR/OR

gates
0 q×(3×Qb+1)=

512
2p×(L+1)×L×q=

1728
13622
Table

II

428274 0 dc×log2(dc)×L=
540

1 428814

TABLE II
THEORETICAL ESTIMATION OF AREA-COMPLEXITY FOR R MINIMUM FINDER IN A dc LIST (RADIX R, R = L = 4 ) AND Qb = 7 BITS

Processor Qb Subtract 2 bits adder 3 bits adder AND/ XOR gates OR gates
1 unit L = 1 R× (R− 1)/2 = 6 log2(R)×R = 8 0 3R2 + Qb × 2R2 =

272
2R× (R− 1)×Qb = 168

1 unit L > 1 R2 = 16 R2 = 16 2R = 8 20R+8R×Qb = 304 10Qb ×R = 280
Total units L = 1 ddc/R× 6e = 42 ddc/R× 8e = 56 ddc/R× 0e = 0 ddc/R× 272e = 1904 ddc/R× 168e = 1176
Total units L > 1 d(dc/R− 1)× 16e = 96 d(dc/R− 1)× 16e = 96 d(dc/R− 1)× 8e = 48 d(dc/R−1)×304e =

1824
d(dc/R− 1)× 208e = 1680

XOR/item L > 1 21 6 9 1.75 1
Total XORs 2898 912 432 6524 2856

same sizes, i.e. same number of coded symbols N = 837, and
same number of non-binary parity check equations M = 124.
The code used for the ES-GBFDA [18] has 3 more redundant
rows than the other code. It is important to remark that
as different algorithms are implemented in each reference,
different coding gains are obtained by each decoder. For
this reason, we also include the performance loss of each
one of the decoders, taking as reference the performance
of EMS. Performance degradation in coding gain is diffi-
cult to take into account in the efficiency parameter, so it
is not included. The efficiency parameter is computed as
throughput(Mbps)/area(MXORS), following the descrip-
tion of efficiency from [14] and [13], [15].

Comparing the ES-GBFDA decoder to the one proposed in
this work, we increase area 1.5M/847K = 1.77 times with
an slightly lower throughput (540Mbps instead of 615Mbps).
The decoder of Algorithm 2 is 726/360 = 2 times less
efficient than the one based on ES-GBFDA in [18] but it
reaches a non-negligible coding gain of 0.44dB. A direct
mapping architecture of Algorithm 2 requires L + 1 times
the area of ES-GBFDA (L for the less reliable test vectors
and one for the most reliable one), which is 4.23MXOR.
Hence, our proposal is 4.23M/1.5M = 2.82 times less
area consuming than a direct mapping architecture with 12%
less throughput. In terms of efficiency, a direct mapping

architecture (615Mbps/4.23MXORs= 145) is more than two
times less efficient that the proposal of this work, with the
same coding gain.

To the best knowledge of the authors, the architecture
in [15] is the most efficient one based on Min-Sum algo-
rithm. Compared to this architecture, our proposal requires
1.5M/806K = 1.86 times more area, but reaches a throughput
540/149 = 3.62 times higher. The decoder for Algorithm 2 is
360/185 = 1.9 times more efficient compared to the one in
[15] based on Simplified Min-Sum, but a difference of 0.26dB
in coding gain should be taken into account.

Regarding to Min-Max architectures, we compare to the
most efficient one, [22] (other efficient architectures are in-
cluded in Table III). The architecture based on Min-Max pro-
posed in [22] is 1.5M/0.54M = 2.75 times smaller than the
one introduced in this paper. However, our proposal reaches
a throughput 540/154 = 3.5 times higher than the Min-Max
decoder in [22]. In terms of efficiency, the architecture based
on Algorithm 2 shows 27% efficiency gain compared to the
one based on Min-Max, at the cost of 0.21 dB of performance
loss.

To sum up, the architecture based on MV-SF has 1.86 and
2.75 times more area than the ones based on EMS or Min-Max,
but reaches a throughput 3.5 times higher. MV-SF introduces
0.26dB of performance loss compared to EMS and 0.21dB
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TABLE III
IMPLEMENTATION FOR HIGH-RATE NB-LDPC CODES

[21] [13] [14] [15] [22] [18] This work
Algorithm Min-Max Min-Max Min-Max Min-Sum Min-Max ES-GBFDA MV-SF

Code (837,726) (837,726) (837,726) (837,726) (837,726) (837,723) (837,726)
Code Rate 0.86 0.86 0.86 0.86 0.86 0.86 0.86

GF 32 32 32 32 32 32 32
(dc, dv) (27,4) (27,4) (27,4) (27,4) (27,4) (26,4) (27,4)
Process analytical methods 90 nm 130 nm 180 nm 180 nm 90 nm analytical methods
Qb (Q′b) 5 bits 7 bits 5 bits 5 bits 5 bits 5 bits (3 bits) 7 bits (5 bits)
Iterations 15 15 15 15 15 10 10

Frequency (MHz) 150 260 500 200 200 238 238
Latency (clock cycles) 62240 N/A 28215 12995 12675 1620 1845

Throughput (Mbps) 10 29 64 64 66 615 540
Throughput 90nm (Mbps) 10 29 107 149.3 154 615 540

Gate count (XORs) 638K 1.32M 1.06M 806K 544K 847K 1.5M
Area (mm2) N/A N/A N/A N/A N/A 12.2 N/A

Performance loss compared to EMS (dB) 0.05 0.05 0.05 0 0.05 0.7 0.26
Efficiency 90nm (Mbps/M-XORs) 15.7 21.96 101 185 283 726 360

compared to Min-Max.

VI. CONCLUSIONS AND FUTURE WORK

A new algorithm based on ES-GBFDA is proposed in this
paper. The algorithm improves the coding gain of ES-GBFDA
by creating a list of test vectors that increases the amount
of soft information in the check node update. The variable
node is also modified to introduce different amplitudes in
the votes involved in the computation, with the objective of
distinguishing if the vote is produced by the most reliable
information or by both most and second most reliable symbols.
With the new algorithm, the gap of performance between
GBFDA and Min-Max or EMS is reduced. As an example,
for the (N = 837,K = 723) code over GF(32) the coding
loss compared to Min-Max is reduced from 0.65dB to 0.21dB.
Derived from the algorithm, a high throughput architecture is
proposed. Area required is less than L/2 times area of the
ES-GBFDA, being L the size of the list of test vectors. This
fact demonstrates the optimization of the architecture, which
does not increase its area L times, as it would be the case of a
direct mapping solution. Efficiency is estimated and compared
with other NB-LDPC decoders applying analytic methods.
Results show that, even overestimating area, this work reaches
at least 27% more efficiency (throughput/area) compared to
the best Min-Sum and Min-Max architectures, with the cost
of only 0.21dB performance loss. This works shows that new
algorithms based on GBFDA are an interesting line of work
as they can reach similar performance to EMS and Min-Max,
but with the advantage of higher throughputs.
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