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Figure 1. (a) Parity-check matrix H3⨉6, and (b) bipartite graph representation. 
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Figure 2. (a) Base matrix, (b) QC sub-matrix representation with 1 on the lines 
and 0 otherwise, and (c) full-expanded QC parity-check matrix.  
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Abstract—This paper shows a triple-mode LDPC decoder design 
with two design techniques, the matrix reordering algorithm for 
multi-mode reconfiguration and the Single-Entry-Multiple-Data 
(SEMD) scheme for throughput enhancement. The matrix 
reordering algorithm can reduce the computational complexity 
from O(n!) to O(n3). The SEMD can enhance the throughput by 
m times with small area overhead. With TSMC 0.13μm CMOS, 
the proposed design is synthesized in 1.99mm2 area at 172.4MHz. 

I. INTRODUCTION 

Low-Density Parity-Check (LDPC) codes, first proposed 
by R. Gallager [1] in 1962 and then thoroughly researched by 
D. MacKay [2] in 1996, were verified to have superior error-
correcting capabilities. With the immense advancement of 
VLSI technology, it becomes feasible to implement the LDPC 
codes and adopt them as the forward error correcting (FEC) 
scheme in modern wire-line and wireless communication 
systems, such as IEEE 802.11n and 802.16e. IEEE 802.11n 
standard [3] is the wireless local area network (WLAN) 
standard with the higher throughput requirement by using 
multiple-input-multiple-output (MIMO) antennas scheme. In 
order to provide reliable MIMO channels, the LDPC codes 
become the essential FEC module in IEEE 802.11n system. 
Recently many researchers are focusing on the LDPC decoder 
architecture and propose numerous design techniques. 
However, there is not yet a general method to design a multi-
mode LDPC decoder with different LDPC codes. 

In this paper, we propose two design techniques for the 
triple-mode LDPC decoder design for IEEE 802.11n system: 
A) an efficient matrix reordering algorithm for achieving high 
hardware utilization in the multi-mode design, and B) a single-
entry-multiple-data (SEMD) memory scheme for throughput 
enhancement. The proposed triple-mode LDPC decoder is 
synthesized by using TSMC 0.13μm VLSI technology with 
1.99 mm2 at 172.4 MHz. 

The rest of this paper is organized as follows. Section II 
gives a general concept of LDPC codes and the definition of 
Quasi-Cyclic (QC) LDPC codes used in IEEE 802.11n system. 
In Section III, the two proposed design techniques are 
demonstrated. The synthesis results are analyzed in Section IV. 
And the Section V draws the conclusions. 

II. LOW-DENSITY PARITY-CHECK (LDPC) CODES 

A.  LDPC Codes and Decoding Algorithms 
Low-density parity-check codes belong to one kind of 

linear block codes. A k-bit message can be encoded to be n-bit 
codeword by the (n, k) LDPC codes. The (n, k) LDPC codes 
can be defined by a very sparse parity-check matrix H, of 
which few elements are ones and others are zeros. Such 

parity-check matrix H consists of (n-k) rows and n columns, 
and the code rate R is defined as k/n. 

A parity-check matrix H is often illustrated by a bipartite 
graph in order to demonstrate the decoding algorithm, as 
shown in Fig. 1. There are two sets of nodes: check nodes, 
{cni}, and bit nodes, {bnj}. There is an edge between cni and 
bnj only if there is 1 at (�, �) of H. The log-likelihood ratios 
(LLR) of a received codeword is initially stored in memory 
and exchanged between connected check nodes and bit nodes 
iteratively. Among various decoding algorithms for LDPC 
codes, sum-product algorithm (SPA) [4] achieves the best 
error-correcting performance by processing LLR precisely. 
But it is not suitable for VLSI implementation due to high 
hardware complexity. Min-sum algorithm (MSA) [4], which 
simplifies SPA significantly with only small decoding 
performance degradation, is yet the best candidate for the 
LDPC decoder design. 

B. Quasi-Cyclic LDPC Codes in IEEE 802.11n Standard 
Quasi-Cyclic (QC) LDPC codes [3], which are used in 

IEEE 802.11n system, are defined by very sparse base 
matrices. Each element in the base matrix should be -1, 0, or a 
positive integer, and can be expanded to a sub-matrix with an 
expanding factor p. As shown in Fig. 2, there are three types 
of sub-matrices. Elements with -1 and 0 are expanded to be a 
zero matrix and an identity matrix, respectively. An element 
with a positive integer (shifted value, s) is expanded to be an 
identity matrix right-shifted by s. For code rate of 1/2, three 
base matrices of QC LDPC codes are defined in IEEE 802.11n 
standard, and they have different codeword lengths and 
expanding factors. In addition, the sub-matrices are placed in 
quite different places among these three base matrices. If a 
reconfigurable LDPC decoder supporting these three modes is 
implemented in a straight-forward way, it may suffer from 
huge multiplexer cost and complicated wire connections. 
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Figure 3. Physical structures of LDPC decoder with (a) a base matrix HA, (b) 
another base matrix HB and (c) reordered HB’. We can see that HA differs from 
HB totally. But after matrix reordering, there is only one different memory 
bank, bank e in HA and E in HB’. Note that HB and HB’ are physically identical. 
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III. PROPOSED DESIGN TECHNIQUES 

For IEEE 802.11n system, we propose a triple-mode 
LDPC decoder design by using two design techniques, A) an 
efficient matrix reordering algorithm for multi-mode hardware 
utilization, and B) a single-entry-multiple-data (SEMD) 
memory scheme for throughput requirement. 

A. Matrix Reordering Algorithm 
The most critical issue in multi-mode LDPC decoder 

design appears to be hardware reusing. In general, memory 
banks occupy a certain majority of the total area of an LDPC 
decoder, and it is intuitive to reuse the memory banks among 
multiple modes. The straight-forward way to do this is to add 
multiplexers between the memory banks and the computation 
units, check-node units (CNU) and bit-node units (BNU), 
when the LDPC decoder is operating in different modes. As a 
result, numerous additional multiplexers not only increase the 
total area of the decoder, but also make wire connections 
much more complicated. However, according to the 
characteristic of the base matrix, the rows/columns of the base 
matrix can be reordered arbitrarily without altering the 
physical structure of the LDPC decoder. Considering two base 
matrices, as shown in Fig. 3, if one of them is reordered such 
that the number of memory banks in common position are 
maximized, the additional multiplexers can be reduced to 
minimum, and the wire connections can also be simplified 
significantly. 

In order to specify the matrix reordering scheme in more 
detail, we should first define new terms with respect to the 
rows of two different base matrices (HA and HB) as follows:  

(a) Row Diversity (Drow,i): the number of total non-
negative elements in i-th row of HA minus the number 
of non-negative elements in common positions of both 
i-th row of HA and HB. 

(b) Diversity-Minimized Row Reordering (DMRR): an 
operation to find a new row order of one base matrix so 
that the total row diversity ∑ ����,��  of two matrices is 
minimized. 

Similarly, Column Diversity (Dcol,i) and Diversity-
Minimized Column Reordering (DMCR) are defined with 
respect to the columns of two different HA and HB. It is noted 
that performing DMRR does not alter the column-wise BNU 
connections. On the other hand, performing DMCR does not 
alter the row-wise CNU connections, either. As a result, if 
performing DMRR and then DMCR is regarded as one 
iteration, both the total row diversity ∑ ����,��  and the total 

column diversity ∑ ����,��  would be not increased after each 
iteration. In most time, after a few iterations, they should 
diverge to a minimum value, respectively. In Fig. 3, the 
reordered HB’ is derived from HB with one DMRR and then 
one DMCR based on HA. 

Unfortunately, it takes O(n!) computational complexity to 
perform DMRR/DMCR by fully searching, where n is 
proportional to the number of rows/columns of the base matrix. 
Since the base matrix defined in IEEE 802.11n system has 12 
rows and 24 columns, both DMRR and DMCR require 
ultimate effort to minimize the total row and column 
diversities, respectively. Instead, in order to enhance the 
computational efficiency, we can map this problem to the job 
assignment problem, which can be solved by Hungarian 
algorithm [5][6]. Based on [6], we propose an efficient matrix 
reordering algorithm to solve this optimization problem in 
polynomial time. As shown in TABLE I, a diversity table, 
considering DMRR as well, is introduced for formulating the 
problem. Suppose there are n rows in both base matrices (HA 
and HB), we denote �� as i-th row of matrix HA, and �� as j-th 
row of matrix HB. ����,�,� stands for the row diversity of row 
��  of matrix HB based on row ��  of matrix HA, which is 
defined as the number of total non-negative elements in �� 
minus the number of non-negative elements in common 
positions of �� and ��. Then the DMRR optimization problem 
is formulated as follows, 

Minimize 
� =  ∑ ∑ ����,�,�����,�,�

�
���

�
���                           (1) 

Subject to: 

 ����,�,� = {
1, if the new order of ��  is �, the same as ��
0, otherwise

 

∑ ����,�,�
�
��� = 1 for � = 1, … , �  

∑ ����,�,�
�
��� = 1 for � = 1, … , �  

 
 
 
 
 
 
 

 
 

The proposed algorithm, which begins with the original 
diversity table T, is illustrated as follows (also see Fig. 4), 

Step 1. Subtract each row with its smallest element, and 
then do the same thing for each column. A reduced 
table T1 should be obtained with non-negative 
elements and at least one zero. 

Step 2. Mark out the zeros with a minimal set of lines. If 
the number of lines in the minimal set n1 equals to n, 
there should be a set of n independent zeros. 
Choose xrow,i,j = 1 if (i, j) contains an independent 
zero, and then a minimum z turns out. 

Step 3. If n1 < n, let c1 denote the smallest unmarked 
element. Subtract c1 from all unmarked elements, 
and add c1 to the elements which are marked by 
two lines. And we obtain a new reduced table T2. 

TABLE I.   ROW DIVERSITY TABLE FOR PERFORMING DMRR 
 b1 b2 b3 ⋯ bn 

a1 Drow,1,1 Drow,1,2 Drow,1,3 ⋯ Drow,1,n 
a2 Drow,2,1 Drow,2,2 Drow,2,3 ⋯ Drow,2,n 
a3 Drow,3,1 Drow,3,2 Drow,3,3 ⋯ Drow,3,n 
⋮ ⋮ ⋮ ⋮ ⋱ ⋮ 

an Drow,n,1 Drow,n,2 Drow,n,3 ⋯ Drow,n,n 
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Figure 5. Memory schemes: (a) traditional scheme and (b) SEMD with m=3 
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Figure 4. A step-by-step demonstration of the proposed matrix reordering algorithm by using a diversity table to perform DMRR on two base matrices with 4 
rows. (a) The original diversity table T, (b) T1 obtained from step 1, (c) T1 after step 2, (d) T2 obtained from step 3, (e) T2 after repeated step 2. The algorithm 
terminates as (e), and the minimum z turns out from (f) T with the new row order. Note that (i, j) is colored if xrow,i,j is chosen to be 1. 
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Figure 6. Timing diagram of LDPC decoders: (a)w/o SEMD and (b)w/ SEMD. 
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Step 4. Replace T1 with T2 and repeat Step 2 and 3 
iteratively. During the t-th step 3, the sum of all 
elements in the diversity table is decreased by 
ctn(n-nt). Hence, this property ensures the algorithm 
to terminate in finite number of iterations. 

Theoretically, the computational complexity of the 
proposed algorithm is only O(n3), which is markedly smaller 
than O(n!). Furthermore, the proposed algorithm can be easily 
extended to reorder multiple matrices. We can fix one base 
matrix and keep its row/column order as a standard, and then 
individually reorder other matrices with respect to the fixed 
matrix. Consequently, for a set of arbitrary LDPC base 
matrices, a set of reordered base matrices can be obtained with 
minimized additional multiplexers and wire overhead in multi-
mode LDPC decoder design. Take the 3 base matrices defined 
in IEEE 802.11n system for examples. The experiment is 
performed on an Intel Pentium 4 2.4GHz machine with 1GB 
RAM. The optimal solution is carried out in 0.07 seconds by 
using the proposed algorithm, as compared with 726.5 seconds 
by fully searching. In this triple-mode LDPC decoder design, 
the additional multiplexers applied for memory reusing can be 
reduced by 34.38%. 
B. Single-Entry-Multiple-Data(SEMD) Memory Scheme 

Traditionally, every non-negative sub-matrix in the base 
matrix can be mapped to a memory bank, and each entry of 
memory bank stores a single data. In every CNU/BNU state, 
every data in the memory bank have to be processed 
sequentially, and it takes as many clock cycles as the 
expanding factor p of the parity-check matrix. The numerous 
cycles required degrade the throughput of the LDPC decoder 
and make it difficult to meet the throughput requirement of 
IEEE 802.11n standard, 165 Mbps. Instead, we propose a 
technique called Single-Entry-Multiple-Data (SEMD) to 
enhance the throughput of the LDPC decoder. As shown in 
Fig. 5, we can store m consecutive w-bit data in a single mw-
bit entry, and the number of entries in each memory bank is 
then reduced from p to p/m. With SEMD, we can process m 
data rather than one data in a clock cycle. The timing diagrams 
of the LDPC decoder with and without SEMD memory 
scheme are shown in Fig. 6. The throughput of the LDPC 
decoder is improved by m times when SEMD is implemented. 
In order to meet the throughput requirement of IEEE 802.11n 
standard, we can choose m as 3 in our design.  

In the LDPC decoder with SEMD scheme, the data 
switching circuit (DSC) is added as the interface to connect 
the memory banks and the CNUs. The DSC, which consists of 
registers and multiplexers, switches the data-path between the 
memory banks and the CNUs according to the value r, which 

is the corresponding remainder of shifted value (s) divided by 
m. As shown in Fig. 7.(a)~(c), three types of DSC modules in 
the single-mode LDPC decoder are needed since (m, w) is set 
to be (3, 5). On each connection between a memory bank and 
a CNU, one of the three modules is implemented according to 
r of the corresponding memory bank. When r is not zero, the 
three data that we want to process simultaneously are stored in 
two different entries, extra multiplexer and register structure 
are needed for data alignment.  

The SEMD memory scheme can be applied not only in the 
single-mode LDPC decoder, but also in the multi-mode LDPC 
decoder. However, in order to minimize the area overhead of 
the triple-mode LDPC decoder, all of the memory banks are 
reused in three modes. The reused memory bank may have the 
different remainders in the different modes. Therefore, as 
illustrated in Fig. 7.(d), a new reconfigurable data switching 
circuit (R-DSC) is proposed to integrate the three previous 
different circuit designs into one. Compared with single DSC, 
five extra multiplexers are brought into the R-DSC module. 
To perform reconfiguration, the multiplexers are controlled by 
a control signal, which is related to the remainder r.  

IV. SYNTHESIS ANALYSIS 

As mentioned in Section III.B, DSC0, DSC1, and DSC2 are 
synthesized at 100 MHz in 599.5 μm2, 701.3 μm2, and 699.6 
μm2 area, respectively, by using TSMC 0.13μm VLSI 
technology. Compared to the single-mode DSC, the average 
area overhead of the R-DSC is 66.23%, as shown in TABLE II. 
Hence, without individually creating 3 DSCs for different 
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(a)                                                          (b)                                                         (c)                                                              (d) 

Figure 7. Hardware architectures: (a) DSC0 for r=0, (b) DSC1 for r=1, (c) DSC2 for r=2, and (d) R-DSC. 
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Figure 8. Hardware architecture of the proposed triple-mode LDPC decoder.  
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remainders, the R-DSC fully supports reconfiguration with 
small area overhead. Furthermore, we can extend the similar 
methodology for different number of remainders (m≧3) to 
enhance the throughput of the LDPC decoder. 

By using TSMC 0.13μm VLSI technology, we have 
implemented 3 single-mode LDPC decoders with MSA, 
including (1944, 972), (1296, 648), and (648, 324) LDPC 
codes. At operating frequency of 100 MHz, the synthesized 
areas of these 3 LDPC decoders are 1.85 mm2, 1.62 mm2, and 
1.45 mm2, respectively. On the other hand, for the proposed 
triple-mode LDPC decoder, the hardware architecture is 
shown as Fig. 8. It consists of 72 BNUs, 36 CNUs, 24 single-
port register files (as the channel memory banks), 88 two-port 
register files (as the mutual information memory banks), and 
88 corresponding R-DSCs. The synthesized area is 1.94 mm2 
at 100 MHz. As compared with the total area of 3 single-mode 
LDPC decoders, TABLE III shows that the proposed triple-
mode design reduces the total area by 60.57%. 

For high-speed consideration, the proposed design can 
work at 172.4 MHz with 1.99 mm2. In order to achieve the 
trade-off of area and speed, Fig. 9 shows the related results. 
Under the minimum throughput constraint defined by IEEE 
802.11n standard, the operating frequency cannot be below 74 
MHz. In other words, the area only occupies 1.94 mm2 
corresponded to the minimum speed.  

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

V. CONCLUSION 

The two proposed design techniques, the matrix reordering 
algorithm and the SEMD scheme, are developed to reduce the 
matrix-reordering complexity from O(n!) to O(n3) and 
enhance the throughput by m times with small area overhead, 
respectively. The proposed design techniques can be applied 
to arbitrary multi-mode LDPC decoder designs though only 
code rate of 1/2 is implemented here. By using TSMC 0.13μm 
VLSI technology, the proposed design is synthesized in 1.99 
mm2 area at 172.4MHz. 
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TABLE II.   SYNTHESIZED RESULTS OF DSCS & R-DSC AT 100MHZ 

 

Circuit Total Area

DSC1

DSC2

R-DSC

DSC0

701.3 μm2

699.6 μm2

1,108.4 μm2

599.5 μm2

Multiplexers 
(5-bit)

3

3

8

3

Area Overhead 66.23%

Registers 
(5-bit)

3

3

3

3

  
Figure 9. Area-timing curve of the synthesized results. 

1.938 mm2

at 74 MHz

1.992 mm2

at 172.4 MHz

TABLE III.   SYNTHESIZED RESULTS OF LDPC DECODERS AT 100MHZ 

Mode
Total Area (mm2)

Single-Mode B

Single-Mode C

Single-Mode A

1.62

1.45

4.92

1.85

Memory 
Area

(mm2)

0.78

0.62

0.97

(n, k)

(1296, 648)

(  648, 324)

(1944, 972)

Area Reduced 60.57%

Triple-Mode 1.940.993 Modes

Single-Port

24 (18×15 bits)

24   (9×15 bits)

24 (27×15 bits)

24 (27×15 bits)

Two-Port

85 (18×15 bits)

88   (9×15 bits)

86 (27×15 bits)

88 (27×15 bits)

# of Memory Banks
Single 
Mode A+B+C
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