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研究成果の概要（和文）：無線通信システムの周波数効率を向上するため，新しい空間結合符号を提案し，理論
解析および計算機シミュレーションで復号性能を評価した．ポイント・トゥ・ポイント通信では，３種類の空間
結合符号を開発し，理論限界に漸近する復号性を確認した．多重接続通信では，提案したマルチユーザ空間結合
符号がユニバーサル性を持ち，ユーザ数，通信路環境，伝送率の異なる通信のシナリオでも，復号性能が理論限
界に漸近することが明らかにした．

研究成果の概要（英文）：We developed new spatial coupled codes to improve the spectrum efficiency 
for wireless communication systems. For the point-to-point communications, we proposed three kinds 
of spatial coupled codes, and optimized these codes. Numerical analysis and computer simulation show
 that decoding performance of these codes approach the theoretic limit. Moreover, we developed a 
kind of spatial coupled codes for multiple-access communication systems. The proposed mulit-user 
spatial coupled codes are universal codes that have capacity-approaching performance on various 
communication scenarios, such as various numbers of users, various channel conditions, and various 
sum-rates.

研究分野： 通信工学

キーワード： 空間結合符号　多重接続通信路　符号理論　無線通信

  １版

令和

研究成果の学術的意義や社会的意義
 This project developed some new channel codes, which approach the theoretical limit of information 
transmission and greatly improve the spectrum efficiency for wireless communication systems. 

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属されます。
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１．研究開始当初の背景 

With the continuous development of communications and the Internet technologies, it is an enormous 

challenge that a large number of users access channels simultaneously to communicate, so-called 

overloading scenario, in future wireless systems due to limited spectrum resources.  

Among multiple access technologies, interleave-division multiple-access (IDMA) scheme has the 

advantages of high spectral efficiency, near theoretical limit performance, and low-cost multi-user detection 

for systems with large numbers of users since it employ user-specific interleave to distinguish users. 

In an IDMA system, each user employs a common code followed with a user-specific interleave. The 

common code is a concatenation of a single-user channel code with a repeat code. The capacity-approaching 

performance had been obtained in the conventional IDMA systems, however, with restriction in a low sum-

rate regime for given number of users and channel condition. For various numbers of users and various 

channel conditions, the IDMA systems have to employ the implementations of corresponding encoders and 

decoders, which is not practical. 

 

２．研究の目的 

The research goal is to develop the common code for IDMA systems with capacity-approaching 

performance. The common code is universal in the sense that it supports various number of users and 

various channel conditions with the same implementation of encoder and decoder. 

The spatial coupling is a kind of design method to construct channel codes by associating multiple 

identical base codes. In the point-to-point communications, it is known that spatial coupled codes are 

universal in the sense that they have capacity-approaching performance at various channel conditions. In 

the multi-user communications, such as IDMA systems, it is required to construct universal spatial coupled 

codes. 

 

３．研究の方法 

 The research method consists of the design of spatially coupled codes, mathematical analysis, 

development of encoding and decoding algorithms, and their software implementation.  

 
４．研究成果 

The project is separated into three parts. We describe the results as follows. 

 

(1) Spatially Coupled Codes for Point-to-Point Communications 

 

① Repeat-accumulate extended spatially coupled LDPC (RA-extended SC-LDPC) codes 

We proposed a family of RA-extended SC-LDPC by 

spatially coupling multiple base codes, which 

consists of a given regular low-density parity-check 

(LDPC) code and a parameter-adjustable repeat-

accumulate (RA) extension. The RA-extension 

repeatedly accumulates all of the variable nodes of 

the given LDPC code by q + 1 times to generate q + 

1 blocks of accumulated nodes, in which all of the 

accumulated variable nodes in the first q blocks and 

the α-fractional accumulated variable nodes in the 

last block are transmitted. The proposed RA-

extended SC-LDPC codes, achieve arbitrary rates by 

simply adjusting parameters q and α, and thus they 

are rate-less. Numerical results and simulations show 

that the proposed rate-less codes are capacity-

approaching over binary erasure channels at various erasure probabilities (see Figure 1).  

 

② Spatially-coupled irregular LDPC codes by irregular superposition matrices 

We proposed spatially-coupled irregular LDPC codes by irregular superposition matrices. Starting with 

a binary base matrix and replacing non-zero entries in the base matrix by superposition matrices produces 

a parity-check matrix and its corresponding code ensemble. The proposed codes have two features: a) 

flexible code rates because the size of the superposition matrix is arbitrarily adjusted, and b) guaranteed 

iterative decoding performance because the weight distributions of the superposition matrix are 

optimized, even in a finite coupling width. The numerical analysis of density evolution and Monte-Carlo 

simulations show that our proposed code ensembles approach the Shannon limits at arbitrary code rates 

and outperform the conventional codes. Moreover, we analytically estimate the bit error rate and frame 

error rate (FER) of the proposed codes in error floor region. The numerical results show that the FER 

performances in the error floor regions of the proposed codes are superior to the conventional irregular 

LDPC code ensembles at almost identical belief-propagation thresholds. 

Figure 1: Rate versus the belief-propagation threshold. 
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③ Spatial coupled polar codes 

We proposed spatial coupled polar codes by associating multiple identical polar codes with short length. 

We have investigated two spatial-coupling schemes. For the first spatial-coupling scheme, part of 

message bits of the polar code at each coupling position is used as frozen bits of the one-side adjacent 

polar code. For the second scheme, the multiple polar codes are associated by combining message-bit 

blocks of adjacent coupling positions with modulo-2 addition. Simulation results show that, the two 

schemes of spatially coupled polar codes can provide better error-correcting performance, with a little 

extra iteration complexity, than original polar codes with short length.  

 

(2) Spatially Coupled Codes for Multiple-Access Channel 

 

① Spatially coupled repeater-combiner-convolutional (SC-RCC) codes 

for two-user fading multiple-access channel  

 

                                                     

 

 

 

 

 

 

 

 

 

 

We propose SC-RCC code by spatially coupling a concatenation of a block outer code (consisting of 

repetition code followed by a single-parity code), and a convolutional inner code, and apply the code to 

two-user fading multiple-access system (see Figure 2). With maximum a posteriori detection, we derive 

extrinsic information transfer (EXIT) evolution equations by analyzing the two-user protograph. By 

updating these equations, we determine the belief propagation (BP) decodable boundary. The top right 

part of the boundary is the BP-threshold achievable power-allocation region (BP-APR) (see Figure 3). 

The boundary of SC-RCC code S(3,30,C(1/5)) is universally near to the theoretic boundary MAC-APR. 

 

② Spatially coupled repeat-accumulate-repeat (SC-RA-R) codes for IDMA systems  

 

   

 

 

 

 

 

 

Consider K-user spatially coupled repeat-accumulate-repeat (SC-RA-R) coded IDMA systems (see 

Figure 4). Each user employs an SC-RA-R code, followed by user-specific interleaves. The proposed 

SC-RA-R code is a concatenation of a fixed spatially coupled repeat-accumulate (SC-RA) code with a 

repeater. Density evolution with Gaussian approximation shows, in Table 1, that the belief propagation 

threshold of the proposed system is closer to the Shannon limit than the conventional binary coded IDMA 

systems. 

Recently, we further revised the SC-RA-R codes by simply adjusting the parameters in the repeat code, 

which determine repeat times and corresponding repeat proportion of systematic and parity bits at each 

coupling position of the outer code, respectively. Thus the proposed codes, referred as multi-user rate-

less SC-RA-R codes, can provide arbitrary sum-rates for IDMA systems, while with the same 

implementations of encoder and decoder. The numerical results of the EXIT analysis show that the 

proposed code CK is close to Shannon bound at arbitrary sum-rates with various numbers of user K, and 

outperform the two conventional uncoupled codes SK and TK (see Figure 5). These results show that the 

proposed codes are universal, which have capacity-approaching performance on various communication 

scenarios, such as various numbers of users, various channel conditions, and various sum-rates. 

Table 1: The caps between theoretic bound and the 

achievable sum rates. 

Figure 3: BP-APR of SC-RCC code is universally near 

to the theoretic boundary. Figure 2: Two-user SC-RCC coded systems. 

Figure 4: K-user SC-RA-R coded IDMA systems. 

  

SC-RA-R BPSK

  

 

 

MAC

SC-RA-R

common code

common code

segmented interleavers

Coded IDMA systems Gaps between capacity bound

[Ping, 2004] Turbo-Hadamard coded IDMA 1.4 dB (simulation), Rsum=0.5
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(3) Framed Spatially Coupled Slotted ALOHA System 

 

Consider the systems where there are many devices want 

to transmit their data to an access point. The transmission 

is divided into multiple frames, and each frame is further 

divided into a plurality of slots. At a given probability, 

each device transmits a replica of its packet to frames, once 

for the current frame and subsequent d-1 frames. These 

transmission scheme is an application of spatial coupling 

concept to random access system, called framed spatially-

coupled coded slotted ALOHA (f-SCCSA) systems. 

At the access point, the decoding is performed within 

each slot, and the successive interference cancellation is 

carried out between slots to remove the signals which have 

been recovered within slots. We analyze the decoding 

performance of the systems, and show it approaches the 

theoretic limit, even with a finite-length packet 

transmission (see Figure 6). Figure 6: Normalized throughput vs number of 

transmitted replicas d. 

Figure 5: Sum-rates of the proposed code CK and two conventional uncoupled codes SK and TK at number of users K=4, 10, and 20. 
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