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Abstract 
LDPC codes are finding increasing use in applications requiring reliable and highly efficient information transfer over 
bandwidth or return channel-constrained links in the presence of corrupting noise. A shuffled schedule (SS) of the min-
max decoding algorithm is proposed for non binary low-density parity-check (LDPC) codes. To increase the 
throughput and reduce the memory requirement, a modified SS (MSS) with much simpler check node processing is 
also proposed, based on a new shuffled merge algorithm. Finally, an efficient decoder architecture based on the MSS is 
proposed for quasi-cyclic LDPC codes. The proposed decoder architecture further enhances the decoding throughput 
with improved check and variable node processing units. The main contributions of this brief are two fold. First, we 
propose a shuffled schedule (SS) of the min-max algorithm for NB-LDPC codes. To reduce the memory requirement 
and improve the throughput, In contrast, the shuffled decoder architecture proposed in this brief processes all rows 
concurrently, and needs only one round of VNP for all variable nodes during an iteration. 
 
Keywords: Min-max decoding, non binary low-density parity-check codes, shuffle decoding. 

1. Introduction  

In information theory, a low-density parity-check (LDPC) code is a linear error correcting code, a 
method of transmitting a message over a noisy transmission channel. LDPC codes are capacity-
approaching codes, which means that practical constructions exist that allow the noise threshold to be set 
very close (or even arbitrarily close on the BEC) to the theoretical maximum (the Shannon limit) for a 
symmetric memory less channel. The noise threshold defines an upper bound for the channel noise, up to 
which the probability of lost information can be made as small as desired. Using iterative belief 
propagation techniques, LDPC codes can be decoded in time linear to their block length. 

Binary low-density parity-check (LDPC) codes are becoming more and more popular in applications 
because of their performance approaching capacity. In terms of performance, binary LDPC codes start to 
show their weaknesses when the codeword length is small or moderate or when higher order modulation is 
used for transmission. For these cases, non-binary LDPC (NB-LDPC) codes over high-order Galois fields 
have shown great potential [1]. For instance, it was shown [2] that NB-LDPC codes of moderate length 
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outperform binary codes with the same equivalent lengths over binary input additive white Gaussian noise 
(AWGN) channel as well as QAM-AWGN channel. 

A significant obstacle to the application of NB-LDPC codes is that their decoding algorithms are of 
high complexity. Hence, much research effort has been spent on efficient decoding algorithms forNB-
LDPC codes (see [1], [3], and [4]). Among them, the extended min-sum (EMS) [3] and the min-max [4] 
algorithms have drawn the most attention because of their low computational complexities and memory 
requirements. For NB-LDPC codes over a finite field of sizeq, denoted by GF(q), both the EMS and the 
min-max algorithms store only the n m (nm <q) most reliable messages, thereby reducing the memory 
requirement at the cost of a small performance degradation. The check node processing (CNP) of the EMS 
algorithm needs addition and comparison operations, while the min-max algorithm needs only 
maximization and comparison in its CNP. The trellis-based CNP algorithm [5] reduces the computational 
complexity of CNP of the min-max algorithm by eliminating unnecessary check-to-variable messages from 
CNP. 
To date, a considerable amount of research effort has already been spent on efficient decoder architectures 
for NB-LDPC codes (see[5]–[7]) based on the EMS or min-max algorithm. The existing NB-LDPC 
decoders still suffer from low throughput and large hardware complexity. 

The main contributions of this brief are twofold. First, we propose a shuffled schedule (SS) of the 
min-max algorithm for NB-LDPC codes. To reduce the memory requirement and improve the throughput, 
we also propose a modified SS (MSS), which employsa novel shuffled merge (SM) algorithm to reduce the 
complexity of CNP significant. Our simulation results show that both the SS and MSS converge faster and 
have slightly better error performance than the flooding schedule, and that the degradation of the MSS in 
error performance as well as convergence rate is negligible. The simulation results also show that the error 
performances of  the MSS and layered schedule are almost the same. Second, an efficient shuffled decoder 
architecture for non-binary quasi-cyclic(NB-QC) LDPC codes is proposed based on the MSS for the min-
max algorithm. The proposed architecture has a top structure similar to that of other partly parallel decoder 
architectures for binary and non-binary LDPC codes. However, it has several key improvements:1) its 
underlying MSS is novel; 2) on-the-fly computation and hardware reusage have been used to reduce 
memory consumption and to improve the throughput; 3) a random memory address generator(RMAG) has 
been employed in the check node unit (CNU) to reduce the number of cycles required by CNP; and 4) since 
the variable node unit (VNU) becomes complex for decoders storing only the n m most reliable values, the 
variable-to-check (v-2-c) messages are stored in an improved way so as to simplify the message access.   
For NB-LDPC codes, a SS for the EMS algorithm was proposed in [2], and a SS and a probabilistic SS for 
the belief propagation were proposed in [8]. This brief herein differs from the works in [2]and [8] in three 
aspects. First, while the works in [2] and [8] focus on the belief propagation and EMS decoding, 
respectively, our work considers the min-max algorithm. Second, while our SS is similar to those in [2] and 
[8], our MSS with reduced-complexity CNP is novel. Third, while the works in [2] and [8] focus on 
decoding algorithms, this brief considers not only decoding algorithms but also decoder architectures as 
well as their hardware implementations. 
 

2 SHUFFLED AND MSS 

2.1 SHUFFLED SCHEDULE 
Suppose an M×N parity check matrix H over GF(q) is divided into G block columns: H = [H0 H1 

... HG−1 ], where Hi is an M×g sub matrix and g = N/G. For variable node v and check node c, letM(v) 
denote the set of neighboring check nodes connected to v and N(c) denote the set of variable nodes 
connected to c. Let Iv and Sv denote n m -dimensional a priori vector of LLRs and its corresponding field 
symbol vector, respectively. Let (qv,c(k), qsv,c( k)) be a v-2-c message from the variable node v to the check 
node c in iteration k, where qv,c(k) is an n m -dimensional LLR vector and qsv,c (k) is the associated n m -
dimensional field symbol vector. The same definition can be applied to a c-2-v message (rc,v (k), r sc,v (k)) 
from check node c to variable node v in iteration k. Let CMc,l (i) (k) = (xc,l (i)(k), αc,l (i)(k), ec,l (i)(k)) for i = 
0, 1, . . . , X − 1, where xc,l (i)(k), αc,l (i)(k), and ec,l (i)(k) are an LLR, its associated finite symbol, and index, 
respectively. X is the number of sorted LLRs that are used by the PC algorithm [5, Algorithm B]when 
computing updated c-2-v messages. Suppose the row weight for each Hi is exactly 1, which implies that 
each check node is connected to G variable nodes. The proposed SS is shown in Algorithm 1. As shown in 
Algorithm 2, the init_merge (IM) algorithm computes X (X < dc (n m − 1)) ordered LLRs from dc ordered 
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v-2-c messages, where dc = G is the check node degree. Since qv,c (0) (k) equals 0, only qv,c (i) (k)’s for i > 
0 are used in the IM algorithm. The block_vnp function in Algorithm1 computes the corresponding 
(qv,c(K+1), qsv,c(K+1)) messages within block l. Take the variable nodev as an example. The q-dimensional 
message Q v,c is first computed as Q v,c (s) = L v (s) + c ∈M(v)\c Rc ,v(s) for s = 0, 1, . . , q−1.Here, L v 
(s) = Iv (i) if Sv (i) = s; otherwise, L v (s) = Iv (n m − 1)which is the maximum of Iv . Besides, Rc ,v (s) = 
rc ,v (K+1) (i c )ifi = 0, 1, . . , X−1, where rsc,v (K+1) (i c ) = s; otherwise, Rc ,v (s) = rc,v(K+1)(nm− 1). 
Finally,qv,c(K+1)  and qsv,c(K+1) are computed by sorting Q v,c . 

2.2 MODIFIED SHUFFLED SCHEDULE 
For the SS in Algorithm 1, the computation of CM(K) c,l+1 employs the IM algorithm, which 

needs (dc − 1)X comparisons. Thus, MG(dc−1)X comparisons are needed for computing all CM(K) 
c,l+1during an iteration. Besides, all v-2-c messages need to be stored. This results in low throughput as 
well as significant memory requirement. Instead, we propose an MSS which uses a SM algorithm to 
computeCM(K) c,l+1 as shown in Algorithm 3. 
The proposed SM algorithm needs at most n m + X − 1 comparisons to compute CM(K) c,l+1 based on 
CM(K) c,l and (q(K+1) v,c , qs(K+1) v,c ).It takes at most (dc − 1)X + (dc − 1)(n m + X − 1) =(dc − 1)(n m + 2X 
− 1) comparisons to compute all CMc,l during an iteration. Besides, only (q(K+1) v,c , qs(K+1) v,c ) needs to 
be stored. As a result, compared to the SS in Algorithm 1, the MSS using the SM algorithm needs fewer 
comparisons and less memory. 

 
2.3 SIMULATION RESULTS 

Fig. 1 shows the frame error rate (FER) performance of the FFT-BP algorithm and the min-max 
algorithm with the flooding schedule, the SS and the MSS as well as the layered schedule for three NB-
LDPC codes on GF(32) [10] over the AWGN channel with binary phase shift keying modulation. For our 
simulations, Imax = 30, n m = 16,and X = 1.5n m = 24 for SS and MSS. The flooding and layered schedule 
also use the PC algorithm [5, Algorithm 2] in CNP. For all three codes, the error performance with the 
MSS and SS is slightly better than that with the flooding schedule. The layered schedule, the SS, and the 
MSS have nearly the same error performance, which implies that the MSS results in little error 
performance degradation. 
We also compare the convergence speed of the MSS, SS, and layered schedule with the flooding schedule 
in Fig. 2. Here IR0=Nmss/Nf, IR1 = Nss /Nmss , and LR = Nl /N f , where Nss , Nmss ,N f , and Nl are the 
average numbers of iterations of the SS, the MSS, the flooding, and layered schedule, respectively. Several 
observations can be made about Fig. 2. First, IR0 < 1 and IR1 ≈ 1. Thus, the MSS results in no degradation 
in convergence speed compared with the SS, and both the MSS and SS converge faster than the flooding 
schedule. Second, when the FER is around 10−4 , the average number of iterations for the MSS is only 60 
− 70% of that of the flooding schedule. Third, IR0 and LR start to grow in high signal-to-noise(SNR) 
region, since even the flooding schedule converge very fast at high SNR. The same phenomenon was 
observed in [8]. 

3  SHUFFLED DECODER ARCHITECTURE 
A shuffled decoder architecture with reduced memory consumption and higher throughput is 

proposed for non-binary QC-LDPC codes whose parity check matrices consist of sub matrices that are 
either the zero or shifted identity matrices with nonzero entries replaced by elements of GF(q), where q = 2p 
. 

 
 

3.1 CHECK NODE UNIT ARCHITECTURE 
The proposed CNU shown in Fig. 3, where m denotes the quantization bits of an LLR message 

and z = log2 dc , includes a top sorter and a path constructor. The top sorter provides the corresponding 
inputs for the path constructor, which implements[5, Algorithm 2]. Take the check node c as an example. 
The top sorter in Fig. 3 computes CM(0) c,0 using the IM algorithm at the initialization step. It also 
computes CM(K) c,l+1 for l = 0, 1, . . . , G − 1 using the SM algorithm during the iteration process. Once 
CM(K) c,l is available, the path constructor computes updated c-2-v messages within block column l using 
[5, Algorithm 2]. 
The proposed top sorter, shown in Fig. 4, consists of a parallel sorter (PS), two X×(m + p + z)-bit RAMs 
(RAM0 and RAM1) used to store CM(K) c,l , and an RMAG. Each word of RAM0 and RAM1stores an 
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LLR as well as its associated field symbol and index. During initialization, CM(0) c,0 is computed in dc 
rounds. In the first round, q(0) v 0 ,c and qs(0) v 0 ,c are copied into the corresponding location of RAM0, 
and indices of each word of RAM0 are set to 0. In the following rounds, T(0) c,0 in Algorithm 2 is stored in 
RAM1 and RAM0 alternately. This is repeated until CM(0) c,0 is computed.  
CM(K) c,l+1 is computed in the same way as CM(0) c,0 . However, extra cycles are needed to test whether 
e(K) c,l (b) equals l as shown in Algorithm 3. Under the worst condition, n m − 1 cycles are used on the 
index testing. An RMAG shown in Fig. 5 is proposed to eliminate the cycles used in index testing during 
the computing of CM(K) c,l+1 . As a result, only X cycles are needed to compute CM(k) c,l+1. Assuming X 
= 5, suppose we need to compute CM(0) c,1, CM(0) c,0 is stored inRAM0, and e(0) c,0(1) = e(0) c,0(3) = 0.  
Then the RMAG generates aread address sequence (0, 2, 4).The RMAG first stores a binary sequence Sl = 
(s1, s2, . . . , sX ),where si = 1 if e(k) c,l (i ) = l, or si = 0 otherwise. Then, Sl isused to generate the read 
address sequence to compute CM(k) c,l+1.As shown in Fig. 5, at the initiation step, S0 is computed and 
stored in registers A0, A1, . . , AX−1, which are used to generate the read address sequence when 
computing CM(0) c,1. Meanwhile, S1 are stored in B0, B1, . . . , BX−1, which are used to compute CM(0) 
c,2. This is repeated until the decoding of a codeword is finished. The first oneencoder outputs the smallest 
i such that di = 1. The one-hot encoder(OE) in Fig. 5 outputs a binary sequence (e0, e1, . . . , eX−1), where 
ex = 1 and e j = 0 for j _= x. Here x is the decimal value of the input of the OE. 
As shown in Fig. 6, r (k) c,v (i ) is stored in the memory word whose address is rs(k) c,v (i )⊗h−1 i, j , where 
⊗ denotes multiplication over GF(q).According to [5, Algorithm 2], only nm LLRs are generated. So q − 
nm words of CRAM are undefined. During the VNP, CRAM outputs Rc,v (s) to VNU. If one VNU needs 
Rc,v (s), then the input vsym in Fig. 6 equals s. If s ∈rs(k) c,v , which is stored in nm p-bit registers, then 
CRAM(s) is sent to the output. Otherwise, CRAM(s)is not defined and MaxR is sent to the output. 
 

 

 
Fig. 1. Frame error rates of selected codes. 
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Fig. 2. Comparison of convergence rates. 

 
 
 

Fig. 3. Check node unit architecture. 
 
 
 

 
Fig. 4. Architecture of the proposed top sorter. 
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Fig. 5. Proposed RMAG architecture. 
 
 

3.2 TOP DECODER ARCHITECTURE 
Consider a non-binary QC-LDPC code whose parity-check matrix H can be divided into r × t sub 

matrices of dimension s × s. The top architecture of the proposed shuffled decoder, shown in Fig. 8, is a 
partly parallel architecture and hence has a structure similar to other partly parallel architectures (see, for 
example, [11] and [9]). M = r × s CNUs process all rows concurrently, and s VNUs process s columns 
concurrently. Two groups of barrel shifters, BS0 and BS1, implement the interconnection between VNUs 
and CNUs. The barrel shifter BS1 has s k-bit inputs and s k-bit outputs, where k = m + _log2 dv _. The 
barrel shifter BS0 has s u-bit inputs and s u-bit outputs, where u = max(m, q). The channel message RAM 
has two elements: LLR RAM and its field symbol RAM. When a CNU needs to load messages from 
channel message RAM, the LLR value and its associated field symbol will travel through BS0 and BS1, 
respectively. 

The decoding schedule of the proposed architecture is shown in Fig. 9. During the initial sort process, 
the CNU loads channel LLR messages to compute CM(0)c,0. It takes nm + (dc − 1)(X + 1) cycles to 
compute all X elements of CM(0)c,0. The path construction(PCons) process can start two cycles later once 
CM(0) c,0(1) is written into RAM0 or RAM1. At the same time, the RMAG will beginto store the index 
comparison results to register Ais or Bis in RMAG once CM(0) c,0(1) is available. Since the path 
construction takes2nm cycles, the total number of cycles used before iteration 1 is (dc −2)(X +1)+3nm +2. 
After initialization, the shuffled decode renters into regular iterations. Considering the processing of block 
column 0 during iteration 1, the VNP updates the v-2-c messages within block column 0. The updated v-2-c 
messages (q(1) v,c, qs(1)v,c) are stored in the PS. The VNP takes q cycles. The SM will begin once the VNP 
is finished. It takes only 1+1.5nm cycles to compute CM(0)c,1, because the RMAG eliminates the cycles 
used in index comparison. The Pcons process can start two cycles after the SM starts. The number of cycles 
used for processing one block column then is just 2 + 2nm, because the SM and Pcons are conducted 
simultaneously. Since the processing of the other block columns is the same, the total number of cycles 
used for decoding one received word is (dc − 2)(X + 1)+ 3nm +2 + dc(2 +2nm +nv )Imax, where nv = q is 
the number of cycles used in the VNP. 
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Fig. 6. Proposed path constructor architecture. 

 

 
 

Fig. 7. Proposed variable node unit architecture. 

 
Fig. 8. Proposed shuffled decoder architecture for NB-QC LDPC codes. 
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Fig. 9. Decoding schedule of the proposed shuffled decoder. 
 

3.3  IMPLEMENTATION RESULTS 
A shuffled decoder architecture for an (837, 726) QC-LDPC code over GF(25) is implemented. 

nm and X are set to 16 and 24, respectively, to ensure good decoding performance. Each LLR is 
represented by w = 5 bits with three integer and two fractional bits. This quantization scheme introduces 
little error performance degradation as shown in Fig. 1. Two stages of pipeline registers have been inserted 
as shown in Fig. 8. The memories in CNUs and VNUs are implemented with register files in order to 
improve the frequency of the decoder. The decoder is synthesized with a Cadence RTL compiler using an 
SMIC 130-nm library. The synthesis results are summarized in Table I, where Ncycle denotes the total 
number of clock cycles required to decode one received word (Imax = 15). Suppose the clock frequency for 
a decoder is f [MHz], then the corresponding throughput of proposed shuffled decoder is f Nb 
Rcode/Ncycle, where Nb and Rcode denote the equivalent code length in bits and code rate, respectively. 
The efficiency in Table I is defined as the throughput-to-gate-count ratio (Mb/s/Million gates). 

 
TABLE I 

DECODER COMPLEXITY COMPARISON FOR AN LDPC CODE OVER GF(32) 
 

 [5
] 

[6
] 

[
7] 

Pro
posed 

Nm 16 32 8 16 

Schedule La
yered 

La
yered 

l
ayere

d 

MS
S 

Process (nm) N/
A 

18
0 

9
0 

130 

Frequency(MHz) 15
0 

20
0 

2
60 

500 

Ncycle 62 
240 

53 
541 

N
/A 

28 
215 

Throughput 
(Mb/s) 

10 16 2
9.0 

64.
3 

Gate Count 
(NAND) 

1.
27M 

1.
37M 

3
.28M 

2.1
3M 

Efficiency 
(Mb/s/mil gates) 

7.
87 

11
.67 

8
.84 

30.
18 

 
 
Implementations in [5]–[7] for the same (837, 726) code are also shown in Table I (the results presented 

in [5] are based not on synthesis but on estimation). The efficiency of the proposed decoder architecture is 
much higher than those of the previous works. The efficiency of our work is almost three times of that in 
[6]. Even if the frequency of [6] doubles, our work is still 30% higher. The efficiency of our work is almost 
four times of that in [7] despite a more advanced technology used in the latter. 

We remark that both the throughput and the efficiency assume that the decoding takes 15 iterations. We 
adopt this assumption for consistency, since the throughput in [5]–[7] is also defined based on the same 
assumption. While this definition reflects the worst case instantaneous throughput of the decoder 
architecture, it does not account for the convergence behavior of the decoding algorithm if early 
termination is enabled. For the three codes in Fig. 2, the layered schedule reduces the required number of 
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iterations by less than 20% of the MSS. If we were to define the throughput to be proportional to the 
number of iterations, our decoder architectures would still have better throughput than those in [5]–[7]. 

As shown in Table I, the proposed decoder architecture needs much fewer clock cycles than those in [5] 
and [6] based on the layered schedule. The improved throughput is also attributed to two features of the 
proposed architecture. First, the RMAG reduces the number of cycles used in the SM and ensures that the 
path constructor always gets some CM(k)c,l without waiting. Second, as shown in Fig. 9, part of the path 
construction and the SM are carried out simultaneously to increase the throughput. 

4  CONCLUSION 
In this brief, we proposed an SS and an MSS of the min-max decoding algorithm for NB-LDPC codes. 

Both the SS and MSS have a slightly better error performance and converge faster than the flooding 
schedule. Significantly reducing the complexity of the CNP, the MSS leads to higher throughput and 
smaller memory requirement while resulting in negligible degradation in error performance and 
convergence speed. Moreover, an efficient shuffled decoder architecture based on the MSS for NB-QC 
LDPC codes was also presented. With improved CNUs and VNUs, the proposed architecture needs much 
fewer clock cycles to decode a received word compared to previous works. The implementation of an 
LDPC decoder over GF(q) demonstrated the efficiency of the proposed architecture. 
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