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An Efficient Soft Decision Decoding Scheme for the RSCC-coded Cooperative System Ismail Shakeel, Irfan Ahmed Abstract— During the last few years, several authors have studied various types of channel coding and decoding strategies for the cooperative wireless networks. Published results show that these strategies effectively improve both the data rate and system performance in cooperative schemes such as the decode and forward (DF), where successful decoding at the relay is extremely important to maintain the diversity order of the system. This paper investigates performance of different types of Reed-Solomon coding schemes for cooperative communication and presents an efficient cooperative relaying and iterative decoding scheme for systems employing Reed-Solomon codes concatenated with convolutional codes (RSCC). The performance of the proposed scheme shows significant gains over the standard DF relay system. Index Terms— Block Codes, Concatenated Reed-Solomon Codes, Cooperative Diversity, Efficient Soft-decision Decoding.
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1 INTRODUCTION



F



ading is one of the major obstacles for reliable data transmission over wireless communication channels. Diversity techniques have been widely used to combat the adverse effects of fading. The most recent diversity approach been considered is the user cooperation or cooperative diversity. In cooperative diversity schemes users share their antennas with other users and act as relays to create a virtual antenna array to exploit space diversity. There are several types of cooperative diversity schemes proposed based on the type of processing at the relay, namely, amplify and forward (AF), decode and forward (DF), estimate and forward (EF), etc. In the DF scheme, the relay first decodes the signal from the source broadcast, re-encodes and forwards it to the destination. One of the undesirable features of this scheme is that its diversity gain can significantly reduce if the relay fails to decode the broadcast signal successfully. In such instances, the relay re-encodes and transmits an incorrectly decoded message to the destination, thereby adding an additional interference to the system [1]. The effects of this problem can be reduced and system performance can be improved by increasing the transmit power of the source signal. However, this approach is impractical for most large-scale wireless networks where nodes are constrained in size and battery power. A more desirable solution would be to employ more efficient relaying and channel decoding algorithms in the system. Significant research work has already been carried out to study the application and performance of different types of channel codes for cooperative wireless communication. However, most of these work focus only on Turbo and LDPC codes [1], [7], [8], and very little work has been done on the application of Reed-Solomon (RS) codes for ————————————————
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these systems. Even though RS codes are considered as a second generation error correcting code, RS codes serially concatenated with convolutional codes (RSCC) have been adopted by several 3G standards including IEEE 802.16 [2] and Digital Video Broadcasting [3]. Serial concatenated coding schemes have been used for point-to-point communication for the last several decades. In these schemes, a data stream is encoded with an outer code and subsequently further encoded with an inner code. These two codes are selected so that the inner code corrects random errors while the outer code corrects burst errors. Reed-Solomon codes are well known for its burst error correcting capability. Further, convolutional codes are powerful random error correcting codes. One undesirable feature of the Viterbi decoding algorithm, commonly used for decoding convolutional codes, is that it sometimes generates series of burst errors when the algorithm fails to decode the received word. Due to these reasons, Reed-Solomon codes are used for outer codes while convolutional codes are used for inner codes. The performance of the resulting code (RSCC) has been widely studied over the years and has proved to be the preferred choice for wireless channels before the advent of Turbo and LDPC codes. This paper uses component codes employed in IEEE 802.16 standard and use simple hardware implementable decoding approaches to investigate performance gains that can be achieved by integrating RS coding with cooperative diversity. As the main contribution, this paper proposes and investigates performance of an efficient relaying and decoding algorithm for the RSCC-coded cooperative system. This paper is organised as follows: Section 2 describes the general system model considered in this paper. Section 3 investigates performance of different RS-coded DF cooperative schemes. The proposed relaying and soft-decision decoding scheme is presented and performance investigated in Section 4. Finally, Section 5 concludes the paper.
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2 SYSTEM MODEL The general system model considered in this paper is shown in Fig. 1. This model assumes that all channels are orthogonal and the system to be fully synchronous. A two time-slot approach is used such that the source (S) node broadcasts its packet to the relay (R) and the destination (D) nodes during the first time slot, and R re-transmits to D during the second time slot. It is also assumed that each node is equipped with a single antenna. Further, perfect channel state information (CSI) at the receiver is also assumed.



A normalised Rayleigh fading channel is considered with σa2 set to 1/2 to ensure the received signal power is equal to that of the transmitted signal. The quality of the channel is characterised by its instantaneous receive signal-tonoise ratio (SNR), defined by |hi|2REb/N0. Similarly, the average receive SNR is defined by E(|hi|2)REb/N0, where E(.) denote the expectation operator. A constant energy per bit is maintained across both stages by dividing Eb by 2. At the destination, decoding of the transmitted message is carried out by first performing maximum ratio combining (MRC) on the received signals rSD,1 and rRD,2. The output of the MRC combiner can be expressed as, ∗ 𝐫𝐷 = 𝐡𝑆𝐷,1 𝐫𝑆𝐷,1 + 𝐡∗𝑅𝐷,2 ��𝑅𝐷,2



Fig. 1. Three-node DF Cooperative System



In Fig. 1, subscript 1 denotes the broadcast stage and 2 denote the cooperation stage. During the first time-slot, the source node encodes the message sequence u = {ui}k1 using an error correcting channel code C(k, n), where k and n are the binary lengths of the message and encoded sequences respectively. The encoded sequence, c = {ci}n1, is then modulated using binary phase shift keying (BPSK) and transmitted through a flat Rayleigh fading channel. Upon receiving the broadcast signal rSR,1, the relay uses a simple DF relay strategy. That is, the relay first demodulates and then decodes the signal. If the decoding is successful, the relay re-encodes and modulates the decoded message and transmits the encoded signal during the second time-slot. The relay stays idle if the decoding is unsuccessful. The respective channel models for the system are represented as follows,



𝐫𝑆𝐷,1 =



𝑅𝐸𝑏 𝐡𝑆𝐷,1 𝐱1 + 𝐧𝑆𝐷,1



(1)



𝐫𝑆𝑅,1 =



𝑅𝐸𝑏 𝐡𝑆𝑅,1 𝐱1 + 𝐧𝑆𝑅,1



(2)



𝐫𝑅𝐷,2 =



𝑅𝐸𝑏 𝐡𝑅𝐷,2 𝐲2 + 𝐧𝑅𝐷,2



(3)



where R = k/n is the code rate of the encoder and Eb is the energy per transmitted message bit. The multiplication between the vectors is assumed to be element-wise. h are complex Rayleigh distributed channel fading coefficients and n are uncorrelated and identically distributed samples of a zero-mean additive white Gaussian noise (AWGN) with variance N0/2 per dimension where N0 denotes the double-sided power spectral density of AWGN. Rayleigh fading samples are generated using two zero mean Gaussian random processes with variance σa2.



(4)



where rSD,1 and rRD,2 are given in (1) and (3) respectively and h∗ are the conjugated channel fading coefficients. The MRC output is then demodulated and sent to the decoder to retrieve the transmitted message. The performance of any DF scheme is very much dependent on the successful decoding at the relay. However, when the channel between the source and relay gets affected by a deep fade, it is sometimes impossible to perform a successful decode at the relay. In such instances, the relay re-encodes and transmits an incorrectly decoded message, thereby adding an additional interference to the system. One of the methods proposed for mitigating this interference is through embedding the encoded sequence with a cyclic redundancy code (CRC). The relay is allowed to re-transmit the message only if the CRC passes, otherwise the relay stays idle. However, adding a long CRC pattern significantly reduces the information rate and therefore is undesirable for systems which use short frame sizes, such as the voice channels in cellular systems. The probability that a code will fail to detect errors, also commonly referred to as the probability of undetected block error, Pud, is an important measure to assess the capability of a code to prevent error propagation at the relay. One of the most common CRC code used in wireless standards is the 16-bit CRC-CCITT-16 [2]. Using the theoretical bounds presented in [4], [5] for Pud (plotted in Fig. 2), it can be shown that for the worst case, the Pud for the 16-bit CRC code and RS (length, N = 255, dimension, K = 239) code on GF(256) are approximately 105 and 1040 respectively for a block length of 1912 data bits. This comparison shows that the RS(255,239) code is far more robust in error detection than the simple 16-bit CRC code, showing its importance for DF-type relay protocols.
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3.1 Standard DF System This section investigates performance of integrating RS codes with the standard DF relay protocol (described in Section 2). In this protocol, the relay demodulates the received broadcast signal rSR;1 and makes hard or soft estimates on each value in {rSR;1;i}n1. For hard-decision decoding at relay, the estimates are {w;i}n1 computed using,



Fig. 2. Probability of Undetected Block Error



3 PERFORMANCE OF RS-CODED DF SYSTEMS Using the component RS and RSCC codes used in the IEEE 802.16 standard, this section investigates performance of different RS-coded DF cooperative systems. The physical layer specification of the IEEE 802.16 standard adopts several types of channel codes, including RS (only) and also RS codes concatenated with convolutional codes (RSCC). The performance results presented in this section use the unshortened component codes defined in this specification. The RSCC encoder is represented by an outer RS encoder with an inner convolutional encoder. The standard specifies to perform RS encoding using the systematic RS (N = 255, K = 239, T = 8) code on GF(256), where N is the number of overall bytes after encoding, K is the number of data bytes before encoding and T is the number of data bytes which can be corrected. Each RS block is then encoded by the binary convolutional code with rate 1/2, constraint length equal 7 and generator polynomial [171; 133]8. This study considers the two encoders defined in Table I. The performance is investigated for the quasistatic Rayleigh fading channel. For this channel, the fading coefficient hi is made to remain constant during the duration of the time-slot, but independent among channels. For simplicity, the average SNR on all the channels are assumed to be equal (unless stated otherwise) and the total transmit power for the broadcast and cooperative stages are also set the same.



For soft-decision decoding at the relay, the demodulator outputs, si = ℜ{hi rSR,1,i}. The relay then sends the generated estimates to the decoder for error correction. Unlike the Viterbi decoding algorithm, many algebraic decoding algorithms of block codes can indicate the status of the decoding process. If the decoding is successful (indicated by a status flag from the RS decoder), the decoded message is encoded, BPSK modulated and transmitted to the destination. The relay stays idle if the decoding is unsuccessful. For the RS only case, algebraic hard-decision decoding (HDD) is performed both on the relay and destination. For the RSCC case, soft-decision Viterbi decoding is first performed followed by algebraic RS HD decoding. The algebraic RS HD decoder used is assumed to be a bounded distance decoder. In this type of decoders, it looks for a codeword within the distance D (=N-K+1) of the received word and if it finds one, it maps the received word to it. If the decoder does not find any valid codeword within this distance, the decoder reports a failure. The performance results obtained for RS and RSCC systems are shown in Fig. 3 and 4 respectively. The results show that at a BER of 104, the RS coded cooperative system with ideal and non-ideal SR links give gains of about 13dB and 9dB over the non-cooperative system respectively. Similarly, at the same BER, the RSCC cooperative system gives gains of 17dB and 14dB respectively, over the non-cooperative system.



TABLE 1 ENCODER SPECIFICATIONS Encoder



k



n



RS RSCC



1912 1912



2040 4092



Code-rate 0.94 0.47



Modulation BPSK BPSK



Fig. 3. Performance of RS-coded DF System
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Fig. 5. Performance of RS-coded DF with Selective SR-link Fig. 4. Performance of RSCC-coded DF System



3.2 Standard DF with Selective SR-link One of the major drawbacks of the standard DF relay protocol is that its performance heavily depends on the quality of the SR link. This section considers a system where the source has full knowledge about the quality of SR links around it. The source acquires this information by performing channel estimation on the signals broadcast from the relays around the source. Using the channel state information, the source selects the relay corresponding to SR link with the best channel quality (instantaneous SNR) to communicate between the source and the relay. It is assumed that this selection is made from a set of w relays around the source. The bandwidth of the proposed system is kept the same as the single relay system described in Section 3.1. The performance of the RS-coded systems are shown in Fig. 5 and 6. The simulation assumes a slow quasi-static fading Rayleigh channel and all the assumptions described in Section 3.1. Standards normally specify target BER performance less than 106 [3]. The simulation results presented in Fig. 5 and 6 show that it is possible to attain the ideal SR performance (at this target BER) with only two relays. It should be noted that best relay selection based on the quality of both SR and RD channels has been widely investigated in literature [6]. It has been shown that best relay selection based on RD increases the diversity order of the system. However, implementing such a system requires allocation of significantly large portion of system resources to accommodate the estimation, transfer and storing of CSI information around the network.



Fig. 6. Performance of RSCC-coded DF with Selective SR-link



4 PROPOSED RELAYING SCHEME AND DESTINATION DECODER As discussed in Section 2, CRC and error detectable codes like RS codes are very important to prevent error propagation from the relay. One disadvantage of employing these codes in DF relay protocols is that the relay would discard the whole frame whenever the decoding fails. Soft information relaying is one of the techniques proposed to address this problem [6]. In this technique, the decoder at destination uses the soft information transmitted from the relay to reliably decode the message without letting the relay decoder to make premature decisions. This technique has been investigated for Turbo, LDPC and convolutional coded relay protocols [1].
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This section presents a modification of the standard DF scheme where the relay transmits soft information whenever decoding at relay becomes unsuccessful. This is a fair simplification, as the probability of relaying an erroneous RS codeword is extremely low. It has been shown in Fig. 2 that this probability for the RS code considered in this paper is approximately about 1040 in the worse case. To avoid generating soft information from the RS decoder, which is complexity very intensive for long codes, the proposed approach transmits soft output from the convolutional decoder. This scheme assumes the same RSCC broadcast signal and the two time-slot network structure described in the previous section. The proposed scheme is shown in Fig. 7 and 8.



frame, then it declares a successful relay decoding. Similarly, if it detects valid data in only 2040 symbol periods, then it declares an unsuccessful decoding. If the decoding was successful, the relay signal is combined with the source signal as described in Section 2. The total gain at the destination is maximised using the gain achieved from the combiner, as well as from the coding gain that can be achieved from the proposed iterative erasure and error decoder.



Fig. 7. Proposed Relay Protocol



The initial processing at the relay is same as the procedure described for the standard DF protocol. However, if the relay fails to decode the signal correctly, instead of keeping idle, the relay amplifies the soft information from the convolutional decoder and the amplified output is then sent to the destination. Since this involves acquiring soft-information, a soft-in soft-out (SISO) maximum a posteriori (MAP) decoder is used. The relay transmits 4092 encoded bits when decoding become successful. However, it should be noted that the relay would transmit only 2040 (equivalent to 255 RS symbols) soft information values whenever decoding fails. The soft information stated in this section is simply the loglikelihood ratio (LLR), defined by,



where {Lvi }20401 are soft values from the SISO convolutional MAP decoder output. Upon receiving the signal from the relay, the burst detector at the destination first determines whether the decoding at the relay was successful. The burst detector determines this by analysing the received frame. If it detects 4092 symbols in the



Fig. 8. Processing at the Destination



If the burst detector determines that the decoding at the relay was unsuccessful, the broadcast signal is passed through a SISO convolutional MAP decoder. The output LLR values from the decoder is defined as,



However, it should be noted that the soft outputs are already weighted according to the channel conditions as indicated in (6) and (7), and therefore the combination is a simple summation. Using the combined soft values (denoted by L′ i) corresponding hard-decision bits are generated and converted to RS hard symbols. The reliabilities of these symbols are then determined. The magnitudes of L′ i give the reliabilities of the individual bits. The larger values would correspond to more reliable bits.
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However, a RS codeword contains non-binary symbols and therefore would need a different approach. In this case the received symbol will be a string of eight bits. The following two simple measures can be used to determine the reliability of a RS symbol.



where L′ = {L′ (1), L′ (2), . . . , L′ (8)} are combined soft values and γ1 and γ2 are two reliability metrics for a RS symbol. The reliability measure adopted in this paper is (9). After determining the relaibility of the individual RS symbols, these reliability values and hard RS symbols are passed to an iterative erasure and error decoding for error correction. The RS HD decoder used is expected to corrects s erasures and e errors, provided, 2e + s ≤ N − K. The iteration process is continued until a successful decoding is observed or the maximum number of iterations (i.e. eight in this case) is reached. The performance of the presented scheme is investigated for quasi-static Rayleigh fading. It is also assumed that the total transmit power of the broadcast stage is same as the cooperative stage. The performance for the RSCC system is shown in Fig. 9.



5 CONCLUSION This paper presented different RS-coded schemes for cooperative wireless communication and investigated their performance. The first system considered was the standard RS-coded DF system. The performance results obtained for this system showed huge gains over the pointto-point non-cooperative communication system. This system was then modified and an adaptive softinformation relay protocol and soft-decision destination decoding algorithms were proposed. The performance of the proposed system gave significant gains over the standard RS-coded DF.
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Fig. 9. Performance of the Proposed Decoding Scheme



The presented results show that at a BER of 104, the proposed scheme gives a gain of about 1.5dB over the standard RS-coded DF scheme.
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