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1. Introduction

This contribution introduces a new error coding relay protocol, termed the Time Division Multiple Access (TDMA) relay protocol for L2 capable based relay terminals (RT).  The TDMA Relay protocol is able to exploit the cooperative communication capability of a relay radio transceiver in a manner that is both practical and superior to existing Multi-Hop (MH) (L3-only capable RTs) techniques for either L2 or L3 capable RTs. We show that by using a simple adaptation of rate-compatible error correcting codes, we can achieve gains of up to 5 dB over multi-hop relay techniques (L3-only capable RTs) that do not use cooperative coding.  We provide capacity results as well as performance examples with an already designed rate-compatible LDPC code optimized for the TDMA relay framework.  This L2 based protocol can be practically implemented without significant amounts of coordination between the RT and the LTE-advanced capable eNB.  Note that existing turbo code structures for release 8 capable UEs can still be supported albeit without the same performance benefit. 
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Figure 1. Time-axis representation of the TDMA error coding protocol for the half-duplex relay channel.
2. System model
The TDMA Relay coding framework is defined for a half-duplex relay system in which the RT is constrained to either receive or transmit but not both simultaneously.  Further, in the TDMA Relay framework, the source (either eNB for downlink case or UE for uplink case) is constrained to be silent while RT transmits. This yields a time-slotted structure in which, during one coding interval, source transmits the information message during the first time slot, termed Broadcast (BC) mode, and during the second time slot, termed Multiple Access (MAC) mode, RT transmits additional coded bits. Since the system is decode-and-forward, RT is required to reliably decode the transmitted message. The destination radio is assumed to receive both source and RT transmissions. Thus the optimal coding strategy for RT is to send rate-compatible code bits based on the received source message.
A linear geometry is used to model the RTs position between source and destination. In the theoretical examples that follow, the RT is assumed to be half-way between the source and destination. A wireless path loss exponent of 3 is further assumed. 
3. Design example

Rate-compatible Low Density Parity Check (LDPC) codes are constructed for use in the above TDMA Relay framework. In the example, the source encoder chooses a rate near the source-RT link capacity.  The degree distribution employed by RT encoder is optimized for the joint channel as observed by the destination receiver, which is parameterized by the source-destination and RT-destination link Signal-to-Noise Ratios (SNRs). The optimization technique is based on an adaptation of Extrinsic Information Transfer (EXIT) charts [2]. 
In order to evaluate any benefit for using the relay, a total power budget, P, used by the source and RT transmitter, is fixed, and comparisons are made to a point-to-point (non-cooperative) link with the same source power, P. This yields the same average SNR for both the cooperative and non-cooperative systems.  This is done to facilitate a link layer comparison of the relay system.  Additional constraints including limiting the total amount of excess interference contribution to other cells are for further study and are more appropriately handled with detailed system level studies.  

The time sharing parameter (between BC and MAC mode) and power sharing parameter (between source and RT) are determined by the capacity maximization for the TDMA Relay code. Figure 1 shows the capacity results, including the constrained capacities for different modulation alphabets, for both TDMA and Multi-Hop (MH) Relay codes. The results show a large gain in spectral efficiency for the TDMA codes over MH for a given modulation alphabet.  This is because the MH code does not use any cooperation between the source and RT encoders, and the MH capacity is given by the minimum of the two links. In contrast, by allowing the RT to cooperate with source encoder, a full multiplexing benefit is achieved. The TDMA Relay code shows as much as 5 dB improvement from non-cooperative capacity.
Figure 3 shows a performance example using rate-compatible LDPC codes with BPSK modulation. The encoder matrix used by the RT has been optimized using EXIT charts, according to the above framework, and constructed using the EG/PS algorithm for rate-compatible parity matrices [3].
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Figure 2. Capacity of the TDMA Relay code compared to multi-hop.
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Figure 3. Performance of a TDMA Relay LDPC code with BPSK modulation, as measured at a BER of 0.0001.

4. Proposed implementation

Here we propose a control signaling mechanism for use with the TDMA Relay coding protocol.  We consider the specific case of a Downlink (DL) channel in which BC mode is specified as the DL eNB transmission mode and the MAC mode is specified as the DL RT transmission mode.  The proposed feedback scheme is termed “coordinated” since channel state information must be exchanged between eNB and RT, in addition to RT and UE. In the proposed scheme, RT sends CQI to eNB regarding the eNB-RT channel. The eNB then chooses a code rate near the eNB-RT link capacity. In order to maximize the spectral efficiency, RT requires CQI regarding the joint channel to UE, namely the eNB-UE link SNR and the RT-UE link SNR. Note that this scheme requires that the eNB have access to CQI regarding both the eNB-UE and eNB-RT links. Note further that the eNB does not require explicit CQI regarding the RT-UE link. Given the above feedback, the RT encoder is able to choose a compatible code word that maximizes the overall rate within TDMA framework.

Interaction with H-ARQ frame error protection would work as follows. The eNB first sends H-ARQ code words, during DL eNB transmission mode, until RT acknowledges the successful decoding. Then, during DL RT transmission mode, RT takes on the role of transmitting H-ARQ code words until the UE acknowledges a successful decoding.
5. Conclusion

This contribution has introduced a new error coding protocol for half-duplex L2-based RTs for possible standardization in the 3GPP LTE-Advanced wireless standard. We have demonstrated a significant improvement in link level spectral efficiencies, as compared to non-cooperative and MH based relay links, by use of the TDMA Relay cooperative coding protocol.
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