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Low-density parity-check (LDPC) codes have recently 
emerged due to their excellent performance. However, the 
parity check (H) matrices of the previous works are not 
adequate for hardware implementation of encoders or 
decoders. This paper proposes a hybrid parity check 
matrix which is efficient in hardware implementation of 
both decoders and encoders. The hybrid H-matrices are 
constructed so that both the semi-random technique and 
the partly parallel structure can be applied to design 
encoders and decoders. Using the proposed methods, the 
implementation of encoders can become practical while 
keeping the hardware complexity of the partly parallel 
decoder structures. An encoder and a decoder are 
designed using Verilog-HDL and are synthesized using a 
0.35 µm CMOS standard cell library. 
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I. Introduction 

Wireless mobile communication now demands large data 
bandwidth to accommodate various multimedia services. The 
third generation mobile communication, IMT-2000, provides 
144 kbps for a fast moving terminal, 384 kbps for walking 
conditions, and 2 Mbps for stationary conditions [1]. The 
current bandwidth of IMT-2000 will not be enough to satisfy 
the various future demands for real-time and high quality 
service, compared to wired communication services for fast 
moving stations. The specification of fourth generation (4G) 
mobile communication is being developed to overcome the 
limitation. 4G mobile communication is supposed to provide 
100 Mbps for a fast moving station and 155 Mbps to 1 Gbps 
for slow moving and stationary conditions. Such a system 
requires a very high speed wireless transmission technique. 

A wireless channel environment is more subject to noise than 
a wired channel because the signals are open to external 
disturbances such as path loss, shadowing, and fading. 
Therefore, channel coding is inevitable for wireless 
communication. Channel coding has been an important issue 
in communication systems. It has the ability to detect and 
correct errors caused by noise on a channel. The bit-error-rate 
(BER) can be reduced without increasing the signal power 
since the transmitted data carry redundancies that are used to 
detect and correct errors. This coding skill is useful in 
transmission on finite power channels such as general switched 
telephone networks [2]-[5]. 

Low-density parity-check (LDPC) codes [6] proposed by R. G. 
Gallager in 1962 were too complex to implement and had 
almost been forgotten in spite of their powerful error-correcting 
capability. However, it was rediscovered by MacKay and Neal in 
the 1990s, who made significant improvements on BER 
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performance [7]. Chung and others [8] showed that the threshold 
for an LDPC code of code rate 1/2 on an additive white 
Gaussian noise (AWGN) channel was within 0.0045 dB of the 
Shannon limit, and simulation results were within 0.04 dB of the 
Shannon limit at a BER of 10-6 using a block length of 107. 

Compared with turbo codes, the LDPC codes exhibit better 
performance due to good distance properties and less complex 
and highly parallelizable decoding approaches [9]. Therefore, 
the LDPC codes have been widely considered as next-
generation error-correcting codes for telecommunication. 
DVB-S2, the new European satellite broadcasting system, also 
employs a concatenated code composed of a LDPC code and 
BCH code [10]. 

However, the encoding complexity of LDPC codes is still too 
high, which is a major problem that needs to be solved for their 
implementation. There have been some studies to reduce the 
encoding complexity using specially formed matrices such as a 
lower triangular matrix [11] or semi-random matrix [12]. 

The encoding process of standard LDPC codes requires 
transferring a parity check matrix (H) into an equivalent 
systematic form, which can be accomplished by Gaussian 
elimination [12]. Gaussian elimination requires large memory 
and heavy calculation. The encoding process with a semi-
random technique is much simpler than that using other matrices 
because it doesn’t require Gaussian elimination [12]. 
Consequently, a linear time encoding is possible with very little 
memory. 

The hardware implementation of LDPC decoders is another 
problem to be considered when we use the fully parallel 
decoding algorithm of LDPC codes [9]. Although the fully 
parallel decoders can achieve a very high decoding speed, it is 
too complex to implement practically [12]. One of the best 
solutions for the decoder architecture is to directly instantiate the 
belief propagation (BP) algorithm [14] in hardware [13].  In 
fully parallel decoding structures, all check nodes and variable 
nodes have their own processors and exchange messages 
between each check node and variable node at the same time. In 
order to lower the hardware complexity, the number of check 
node and variable node processors needs to be reduced. In partly 
parallel decoding structures, part of variable nodes and check 
nodes perform the message passing process in time-division 
multiplexing mode [15]. Therefore, there is trade-off between 
decoding throughput and hardware complexity in partly parallel 
structures. 

Although the hardware complexity of LDPC decoders is 
reduced using the partly parallel structures, these structures have 
a potential problem of encoding complexity because their parity 
check matrices may not be suitable for an efficient encoding 
process. 

In this paper, we propose a hybrid model that combines partly 

parallel decoder structures and a semi-random technique to have 
efficient encoding and decoding processes. The hybrid H-matrix 
has the advantages of both the partly parallel decoder structures 
and the semi-random technique. An encoder using the hybrid H-
matrix has a similar hardware complexity of an encoder with the 
semi-random technique. A decoder using the hybrid H-matrix 
has similar operation characteristics and hardware complexity to 
a partly parallel decoder. The proposed hybrid H-matrix makes 
the practical implementation possible for both the encoders and 
decoders of LDPC codes. We show how to construct a hybrid H-
matrix and generate an H-matrix with a 32 × 32 base matrix. 
Using the matrix, we implement a high performance LDPC 
encoder and decoder with practical throughput and hardware 
complexity.  

II. Hybrid H-Matrix 

1. Semi-random Technique 

An H-matrix, generated using the semi-random technique, 
consists of two parts, Hd and Hp, Hd being a randomly generated 
form and Hp a deterministic form [12]. The matrix structure 
makes encoding processes simple because the deterministic form 
of Hp shown in Fig. 1 is a dual-diagonal square matrix. 

 
 

Fig. 1. A deterministic matrix in the semi-random technique. 
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Although an Hd-matrix is randomly generated, some efficient 

forms of matrices are preferred for better coding performance if 
possible. Once an Hd-matrix is generated, the H-matrix is 
constructed as H = [Hd, Hp]. When a codeword C = [d, p]t, where 
d and p are information bits and parity bits, respectively, parity 
bits can be easily calculated according to the following equation 
of [12]: 
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where p = {pi} and d = {di}. Equation (1) can be easily 
implemented using an exclusive-OR gate and a flip-flop as 
shown in Fig. 2 [17]. 

The encoder structure can be constructed using an input buffer, 
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an interleaver, and a parity bit generator as shown in Fig 3. The 
Hd-matrix determines the interleaving operations, and the 
interleaver is the only part of the encoder blocks to be modified 
when a different Hd-matrix is applied. Therefore, we have to find 
a good Hd-matrix for efficient encoding. In the semi-random 
technique, the choice of a good Hd-matrix is a major point for 
good performance and efficient hardware implementation. 
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Fig. 2. Schematic of a parity bit generation circuit. 
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Fig. 3. Block diagram of an encoder using a semi-random technique.
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2. Partly Parallel Structure 

Partly parallel decoder structures were originally proposed by 
Zhang and others [18]. First, they designed a good partly parallel 
decoder structure. Then, a new parity check matrix form, which 
was constructed with shifted identity matrices, was generated 
based on the structure. However, their model does not support a 
flexible code rate or a degree distribution, which is required to 
achieve very good error-correcting performance [15]. A modified 
model, a matrix expansion method, is proposed to solve the 
problem of the original partly parallel decoder structure [15]. An 
expanded matrix is constructed using an (Ms × Ns) base matrix 
and (p × p) shifted identity matrices. 

We need to apply a bit-filling algorithm to construct a base 
matrix [19]. Since the matrix generated by the bit-filling 
algorithm has a large girth, which can be a standard of good error 
correcting capability, we can avoid small cycles that make 
performance worse and can expect to have a matrix with a good 
error correcting capability. In Fig 4, we show a randomly 
expanded (pMs × pNs) matrix after a base matrix with the bit-
filling algorithm is generated [15]. Each 0 in the base matrix is 
expanded to a (p × p) zero sub-matrix O, and 1’s are expanded to 
a (p × p) sub-matrix Tu,v. Sub-matrix Tu,v is a (p × p) identity 
matrix with a cyclic shift right by the number of randomly 
generated integers. The method of replacing and expanding 1’s 

of a base matrix with identity matrices make the design flexible. 
When we implement decoder structures with the expanded 
matrices, all check nodes and variable nodes don’t have to have 
their own computational units, and the time-division 
multiplexing mode can be applied [18]. 
 

 

Fig. 4. Matrix expansion in a partly parallel algorithm [15]. 
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As shown in Fig. 5 [15], the numbers of check node processor 
units (CNUs) and variable node processor units (VNUs) are Ms 
and Ns, respectively, which are the numbers of rows and 
columns of the base matrix. In fully parallel structures, p·Ms 
CNUs and p·Ns VNUs are required, and they are p times the 
number of the processor units in partly parallel structures. 
However, the partly parallel decoder completes a decoding 
iteration in 2p cycles, while the fully parallel decoder needs only 
2 cycles for a decoding iteration. 

The partly parallel decoding scheme still has the problem of 
encoding complexity, although the implementation of a decoder 
becomes efficient in its hardware size and flexible with the 
expanded matrices, which are constructed for partly parallel 
decoder structures. 

 

 

Fig. 5. The structure of a partly parallel decoder [15]. 
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3. Structure of Hybrid H-Matrix 

We investigated the implementation methods for the encoder 
and decoder of an LDPC code. The implementation methods 
still have problems. That is, the decoder structure according to 
the semi-random technique is very complex, while the encoder 
structure is simple. The partly parallel structure enables the 
simple decoder structure, while the encoder structure is complex.  
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We propose a hybrid H-matrix to solve the problem of the 
implementation methods for conventional LDPC codes. The 
hybrid H-matrix is constructed by combining the semi-random 
technique and the partly parallel structure. Figure 6 shows the 
structure of a hybrid H-matrix. The hybrid H-matrix has a 
systematic form of [Hd | Hp], where Hd is a matrix according to 
the partly parallel structure and Hp is a dual diagonal matrix 
according to the semi-random technique. The hybrid H-matrix 
enables the implementation of a simple encoder according to 
the semi-random technique and a simple decoder according to 
the partly parallel structure. Therefore, both the encoder and the 
decoder can be implemented in hardware with practical 
hardware complexity. 

The proposed LDPC code is regular since the hybrid H-
matrix is constructed in a regular manner. The BER 
performance of the proposed LDPC code is similar to those of 
the other regular codes, while it is worse than those of irregular 
codes [9], [15], and [20]. 
 

 

Fig. 6. The structure of a hybrid H-matrix.
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4. Encoder Structure 

Figure 7 shows the structure of an encoder for an LDPC 
code using the proposed hybrid H-matrix. It can be 
implemented in a simple manner using exclusive-OR gates, 
multiplexers, and memory as shown in the figure. The number 
of memory blocks is the same as that of the columns of the 
base matrix. The source information bits are stored and 
transmitted through port d shown in Fig. 7. The parities are 
 

 

Fig. 7. The structure of an encoder using a hybrid H-matrix. 
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calculated and transmitted through port p using the data in the 
memory after a block of information bits has been received. 
When the memory is filled with information bits, several 
information bits in memory corresponding to the non-zero 
elements of a column of the base matrix are selected using the 
select signals from the “MEM_LUT” which has the 
information of the base matrix. The selected bits are then 
shifted right by the amount that the non-zero elements of the 
base matrix represent. The numbers of shifts are stored in the 
“SHIFT_LUT.” The results are used to calculate a parity bit. 

5. Decoder Structure 

Figure 8 shows the structure of a decoder using the hybrid H-
matrix. The normalized uniformly most probable belief 
propagation (UMP-BP) algorithm [21] is used instead of the 
sum-product algorithm [7] to reduce the complexity of the 
hardware. The UMP-BP algorithm uses the function of finding 
the minimum value and additions instead of addition and 
multiplication in the sum-product algorithm. It does not require 
the channel estimation process, which is necessary in the sum-
product algorithm. The received signals are processed between 
the VNU block and the CNU block iteratively. The number of 
iterations is predetermined or adaptively determined depending 
on the decoding condition. The decoded bits are generated in 
the decision unit after the iterative process. 
 

 

Fig. 8. The structure of a decoder using a hybrid H-matrix. 
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III. Design and Implementation 

We need to modify the H-matrix in order to reduce the 
encoding complexity of the partly parallel structure as mentioned 
above. As we have already shown in section II, an H-matrix 
generated using the semi-random technique consists of two parts, 
Hd and Hp. An Hd-matrix with a random form can be replaced by 
another one. The decoder structure according to the semi-
random technique has a large hardware complexity that is not 
easy to implement. On the other hand, the encoder for the partly 
parallel decoding scheme is not adequate for implementation. 
The structure of a decoder in the semi-random technique is not 
adequate for the partly parallel structure because of the random 
form of the Hd-matrix. We replace the Hd-matrix in the semi-
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random technique with an expanded matrix that is used in the 
partly parallel decoding scheme. By applying the semi-random 
technique to partly parallel structures, it is possible to implement 
both encoders and decoders of LDPC codes with a practical 
hardware complexity. 

We make an H-matrix to construct the proposed hybrid H-
matrix. We first make a (32 × 32) base matrix using the bit-filling 
algorithm and expand it to a (8,192 × 8,192) matrix with (256 × 
256) identity matrices. Each identity matrix that replaces the 
positions of 1’s in the base matrix is shifted right by the amount 
of randomly generated integers. The size (32 × 32) is the 
minimum size to satisfy the 6-cycle-free characteristic that 
enhances the BER performance. Figure 9 shows an example of a 
generated base matrix for implementation with an (8 × 8) base 
matrix. The numbers in the matrix represent the amount of right-
shift in each identity matrix. 

The H-matrix is a combination of Hd-matrix and (8,192 × 
8,192) Hp-matrix shown in Fig 1. The size of the H-matrix is 
(16,384 × 8,192), and its code rate is 1/2. We synthesize an 
LDPC encoder of the hybrid partly parallel structure using a 
0.35 um CMOS standard cell library; it occupies 33,900 gate 
counts and 8,608 bit memory as shown in Table 1. The operation 
frequency is 99.5 MHz and the throughput is 99.5 Mbps. The 
results show that the encoder using the hybrid H-matrix has a 
low hardware complexity. 

The decoder structure with a hybrid H-matrix is similar to that 
of the partly parallel decoder since the Hd-matrix is the same as 
the left half of the H-matrix of the partly parallel coding scheme. 
The structure is slightly changed due to the Hp-matrix, which 
corresponds to the right half of the H-matrix of the partly parallel 
decoding scheme. The VNU block and the interleaver in Fig. 10 
are modified from those of the partly parallel decoder to process 
the Hp-matrix part. The CNU block and the de-interleaver are 
also changed slightly. We assume that the received data, 
“data_in”, are quantized as 4 bits. The CNU receives 5 × 4 bits 
of data and the VNU receives and processes 7 × 4 bits of data. 

We synthesize an LDPC decoder of the hybrid partially 
parallel structure using a 0.35 um CMOS standard cell library; 
it occupies 6,900 gate counts and 337,600 bit memory as 
shown in Table 1. The operation frequency is 98.1 MHz and the 
 

 

Fig. 9. Example of generated base matrix for implementation.
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throughput is 49.1 Mbps. The throughput of the decoder can be 
increased if we increase the number of the VNU and CNU. The 
number of the VNU and CNU can be up to 32 for the base 
matrix we use, and the throughput also becomes 32 times the 
value shown in Table 1. 

The hardware complexity, throughput, and memory size of 
three methods for LDPC codes are compared in Table 2. The 
results of the decoder with the semi-random technique are 
obtained assuming a fully parallel decoding scheme. As we 
mentioned, there is trade-off between the throughput and the 
hardware complexity. The proposed decoding scheme with the 
hybrid H-matrix has mostly the same hardware complexity as 
 

 

Fig. 10. The structure of the proposed decoding scheme. 
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Table 1. Results of synthesis using a 0.35 um CMOS standard cell 
library. 

 Encoder Decoder 

Gate-count 33,900 6,900 

Memory size (bits) 8,608 337,600 

Operating frequency (MHz) 99.5 98.1 

Throughput (Mbps) 99.5 49.1 

Table 2. Comparison of three methods of implementation for LDPC 
codes (N = 16,384, code rate = 1/2). 

 Semi-
random 

Partly 
parallel 

Hybrid partially 
parallel 

HW complexity  
of encoder ~N >>N ~N 

CNU 8,192 32 1 

VNU 16,384 64 2 
Throughput of 

decoder (1 iteration) 2 2p 2p 

Required memory in 
decoder 

L + p N L + N L + N 

 N: block length   p: identity matrix size (=256) 
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that of the partly parallel methods. On the other hand, the 
hardware complexity of the proposed encoder is simpler than 
that of the encoder with the partly parallel coding scheme, and 
linear time encoding is possible. 

IV. Conclusions 

An encoding scheme using a semi-random H-matrix is 
efficient in hardware implementation, while the decoder is not 
adequate for hardware implementation. The partly parallel 
decoding scheme is efficient in hardware implementation while 
the corresponding encoder is not practical for hardware 
implementation. The encoder using the hybrid H-matrix has a 
similar hardware complexity of the encoder with the semi-
random technique. The decoder using the hybrid H-matrix has 
similar operation characteristics and hardware complexity to the 
partly parallel decoder. We generate a (16,384 × 8,192) hybrid 
H-matrix, and implement the encoder and decoder of the LDPC 
code using the optimal hybrid H-matrix. The encoder and the 
decoder have a reasonable size and high throughput. 
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