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1 Introduction 
In LTE-A, decode and forward relaying is assumed for L2 and L3 relays. This type of relay involves decoding of the data and control signals. In this document, we focus on relaying the PDSCH/PUSCH signal.
This document presents a view on three classes of decode and forward relaying strategies. Our main contribution is to analyze the relaying strategies from an information theoretic viewpoint by providing upper bounds on their spectral efficiencies. Moreover, some specification issues of these relays are addressed.
2 Classification of decode and forward relays 
In this section, we classify decode and forward relays into three categories according to their transmit strategies. 
2.1 Multi-hop strategy 
In this document, the multi-hop relay refers to a basic strategy of decode and forward relays which has been widely discussed in many contributions. This relay does not elaborately utilize the direct link from the eNB (source) to the UE (destination) (direct or S-D link) in case of downlink (DL). This document focuses on DL for convenience. The relay node (RN) first successfully decodes the control and data channels from eNB; may re-encode the data and control signals; and then transmits them to the UE that it serves. Alternatively, it may combine the previously received data from the direct link with the same data from the RN to the UE link (access or R-D link). 
As for the time division duplex (TDD) multi-hop relay in DL, the signals transmitted from the eNB and the relay in block i (throughout this document, the block refers to a block of complex-valued modulation symbols) can be written as
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 is the block for the data (PDSCH/PUSCH), 
[image: image3.wmf]i

w

%

is the re-encoded block for link adaptation to the access link, and 
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 denotes the RN TX power with 
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. According to [1], the total RN power is 13 to 19 dB lower than the total eNB power. Here, t2 = t1 + m subframes for a positive integer m. The multi-hop relay needs a distributed scheduling for the access link adaptation.  Figure 1 depicts the scenario of the multi-hop relaying strategy. 
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Fig. 1: Simple multi-hop relaying in case of DL
Spectral efficiency (information rate) of the multi-hop relay is bounded by (see also [2])
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. Here, 
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 are SINR’s at the backhaul link and the access link, respectively. The SINR include fading, path loss, inter-cell interferences, etc, of each link throughout this document. In general, the multi-hop relay does not benefit from the full-duplex case, as will be shown in Section 3.
2.2 Partial cooperation (joint transmission) strategy
In this document, the partial cooperation strategy is to exploit the direct link by employing the cooperative RN that simultaneously transmits the same data block (PDSCH/PUSCH) with the eNB or the UE. This technique has been discussed in [3, 4, 5] and also in the context of CoMP. 
As for TDD partial cooperative relay, the signals transmitted from the eNB and the relay in block i can be written as
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where the power 
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 is shared by eNB and RN at t2. Figure 2 depicts the scenario of the partial cooperative relaying strategy.
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Fig. 2: Partial cooperative relaying in case of DL
Spectral efficiency of the partial cooperative relay is bounded by 
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 being the received signal power at the S-D link. In this document, we assume a perfect joint transmission, i.e., coherent (constructive) combining, for simplicity. In practice, we may need a centralized scheduling at the eNB and phase or PMI feedback from both RN and UE, as in the collaborative MIMO.
2.3 Full cooperation strategy 
In the partial cooperative relay, the access and S-D links participate in the joint transmission of PDSCH/PUSCH. On the other hand, the full cooperative relay refers to a decode and forward relay in which all links including the backhaul (backhaul) link cooperate to jointly transmit PDSCH/PUSCH for the destination. In other words, the former strategy uses the backhaul link only to convey data from eNB to RN. In contrast, the transmit signal at the eNB in the latter strategy is exploited not only for backhauling but also for coherent combining of data at UE. To this end, the full cooperative relay needs the full-duplex type of relay. This type of relaying originates from the block Markov coding [6], which was introduced to establish the capacity of relay channel.  
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Fig. 3: Full cooperative relaying in case of DL
The full cooperative relay involves the superposition of two successive blocks. In a full-duplex case, the signals transmitted from the eNB and the relay in block i are given by
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where 
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 is another power-sharing parameter with 
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 to meet a fixed power 
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. The decoding procedure is as follows: Knowing 
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 a priori, the RN decodes 
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 to transmit it in the next transmission. The UE decodes the coherently combined signal
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 plays a role of interference. It can be seen from 
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 is used for coherent combining at UE and 
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 is for backhauling from eNB to RN.
Spectral efficiency of the full cooperative relay is bounded by 
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where the power-sharing parameter 
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 may be given by a pre-determined mapping table from the CQI feedback of each link. Since the RN does not re-encode 
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 in this strategy, RX combining is allowed to further enhance the information rate. This strategy requires phase or PMI feedback of the direct and access links for coherent combining, as in the partial cooperation strategy. The phase adjustment may be done in the RN.
At first glance, this strategy requires a continuous packet transmission. However, this constraint may be readily relaxed if the recent phase or PMI feedback is available and if the interval between discontinuous transmissions is short enough for the channel quality of each link not to alter largely. 
The partial and full cooperative relays would require a centralized scheduling and hence seems to be appropriate for RLS-less L2 relays. Clearly, RLC-less L2 relays prevent an optimal scheduling for the access link in the case of the multi-hop relay [5, 7]. However, the RLC-less cooperative relays benefits from coherent combining of S-D and access links that send the same block using the same resource. Thus they could outperform RLC L2 relays that use an optimal distributed scheduling, as will be seen in Sec. 3. Besides, RLC-less L2 relays may be very light and cost-effective by removing most of L2 functions [8].

3 Spectral efficiency analysis
In this section, we compare spectral efficiencies (in link level) of the decode and forward relays discussed in Section 2. To obtain upper bounds on spectral efficiencies from an information theoretic viewpoint, we assume the use of Gaussian codebook. Slow fading, no self-interference in the full-duplex case, and perfect joint transmission are also assumed for simplicity. 
The RN is located near cell edge. We assume that the backhaul link SINR is fixed to 15 dB. Considering the evaluation methodology in [1], we make a rough estimation on the transition of the access (R-D) link SINR with respect to the direct link SINR, as the UE is moving from out-of-cell to the eNB. The table below describes the transition every 5 dB points. 

	S-D link SINR (dB)
	-10
	-5
	0
	5
	10

	R-D link SINR (dB)
	-3
	8
	8
	5
	-8


Table 1: SINR transition of S-D and R-D links
Using Table 1, Fig. 4 shows upper bounds on spectral efficiencies of the decode and forward relays discussed in this document. 
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Fig. 4: Upper bounds on spectral efficiencies of decode and forward relays; backhaul (S-R) link SINR = 15 dB
The highest spectral efficiency shows the capacity of the degraded AWGN relay channel [6] for reference, in which the full-duplex type relay was assumed.
As shown in Fig. 4, the full cooperative relay is superior to the partial cooperative and the multi-hop relay. In particular, the maximum spectral efficiency of the full cooperative relay is shown to be quite close to the capacity of relay channel in low SINR region. The main reason for this significant performance gap is that in the full cooperative relaying strategy the eNB uses only a single resource shared by both backhaul link (for backhauling) and direct link (for joint transmission). On the contrary, the eNB in the other strategies needs an extra resource for the backhaul link.
Another remarkable point from Fig. 4 is that the full cooperation strategy may largely extend the range of UE’s (expressed by the S-D link SINR) that the RN serves. That is, the majority of UE’s in the eNB benefits from the RN. This can be translated into the result that we may need a smaller number of RN’s in each cell for a fixed coverage of RN. Thus the full cooperative relay could be cost-effective for operators.
The full-duplex (FD) multi-hop relay is shown not to exceed the half-duplex (HD) type, since in the former case the access link suffers from a more severe interference from the backhaul link, as the S-D link SINR increases.

Finally, it should be pointed out that the TX power of RN in the half-duplex multi-hop relaying strategy is just 
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 during the t2 interval. The remaining power 
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might be used for another UE during the t2 interval and hence we need a proper system-level simulation for a more accurate analysis of the three relaying strategies. However, an extended link-level analysis which takes the remaining power into account shows that the performance of the multi-hop relay is still far from the full cooperative relay.
4 Conclusion
Our contributions in this document are summarized as follows:
The half-duplex multi-hop relaying strategy is a prospective candidate especially for L3 relay, mainly due to its good backward compatibility and simple relay standardization. However, its link-level performance has been shown to be far from the performance of the cooperative relays as well as the capacity of the relay channel.
The full-duplex L2 and L3 relays have not been discussed well since they usually offers no substantial improvement over the half-duplex case. However, the full cooperative relay in this document may provide significantly improved throughput, coverage and cost-effectiveness thanks to the full-duplex operation. Therefore, the full-duplex relay should be considered for LTE-A.
The partial and full cooperative relays would require a centralized scheduling for cooperation and hence (RLC-less) L2 relay is a better fit for them. Therefore, L2 relay should be considered for LTE-A.
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