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1. Introduction

The introduction of different types of relaying functionality has been extensively discussed as one of the potential technology components for the LTE evolution towards LTE-Advanced. Different approaches to relaying have been classified according to

· Layer-1 relaying, also referred to as a repeater

· Layer-2 relaying

· Layer-3 relaying

Layer-1 relaying is assumed to be based on an amplify-and-forward approach with no decoding of user data in the relay node. In contrast, the higher-layer (layer-2 and layer-3) relay approaches are based on decode-and-forward and thus include decoding of user data in the relay node.

However, such a classification is far from an exact definition of a relay node:

· One need to consider both user-plane and control-plane aspects when characterizing the relaying functionality. As an example, a relay node may not include full layer-2 control plane functionality, even if user-plane forwarding is done on layer 2. 

· Even within a layer, both in user plane and control plane, there are several alternatives for splitting the functionality between the eNB and the Relay. This is especially the case  for user plane forwarding within layer 2.

In this paper we consider the decode-and-forward approach to relaying in somewhat more details, outlining some of the alternatives that are available in terms of user-plane and control-plane functionality. It is clear that this discussion is layer-1 related only to a limited extent. This is also one purpose of this paper, i.e. to make clear that the introduction of relaying functionality for LTE-Advanced requires substantial work to be carried out by other working groups than RAN1.

2. Characterization of relaying approaches

2.1. Alternatives for user-plane forwarding

Figure 1 illustrates a somewhat simplified model of the LTE user-plane protocol stack outlining the basic protocol functionality. Out of the large number of possible forwarding approaches, we investigate the following five alternatives for the user-plane forwarding:

1. Forwarding of decoded transport blocks 

2. Forwarding above HARQ (on MAC PDUs)

3. Forwarding above MAC demultiplexing/multiplexing, corresponding to RLC PDUs
4. Forwarding above RLC, i.e. on PDCP PDUs
5. Forwarding above PDCP, i.e. on IP packets 

The first four alternatives can be classified as different approaches to Layer-2 user-plane forwarding while the last alternative corresponds to Layer-3 forwarding.   
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Figure 1: Different options for user plane forwarding at the Relay 

When forwarding decoded transport blocks (including the CRC check sum), the HARQ protocol operates end-to-end (UE-eNB) and covers two wireless links (UE-relay and relay-eNB). Spanning the HARQ protocol across two wireless links would destroy the strict HARQ timing constraints so that ACK/NACK feedback would always be late. The HARQ protocol would have to be modified. The effect on timing constraints of other protocols, e.g., random access, is unclear. The size of the TB cannot be modified at the relay so that it is the same for both hops; this restriction prevents an optimal scheduling decision. 

When forwarding takes place above the HARQ entities, HARQ operates per hop. The HARQ output (MAC PDU composed of MAC header and MAC SDU) is proven to be error free. The MAC PDU and therewith the TB size cannot be modified at the relay; it stays fixed for both hops. Again, this restriction prevents an optimal scheduling decision. In case of a centralized eNB scheduling the HARQ retransmissions, which are triggered by the relay, have to be incorporated into the schedule, which is set up by the eNB; this would require extra (and super-fast) signaling. 

When forwarding RLC PDUs, the TB size could be slightly modified at the relay by modifying the multiplexing of RLC PDUs (from different SAE bearers), however, this is a very coarse approach. Alternatively, RLC PDUs could be further segmented at the relay by leveraging parts of the RLC protocol functionality. Note that the inverse operation, i.e., the reassembly of RLC PDUs is not possible. This RLC protocol functionality is currently foreseen for retransmissions over a link with degraded quality. It could be part of the relay. Since the RLC ARQ operates end-to-end, a packet loss leads to a retransmission over both links which causes extra delay and wastes resources.

When forwarding PDCP PDUs, segmentation and ARQ protocols (RLC) operate per hop. With this approach, a scheduler could segment and/or concatenate the payload according to the actual channel conditions and QoS requirements individually for each hop. RLC performs ARQ in order to cover ACK/NACK misinterpretation and residual HARQ transmission errors. Since the ARQ is the re-insurance of the HARQ it is seems to be good that both protocols secure the same link.

When forwarding IP packets, all LTE protocols operate per hop. The relay performs user-plane processing from the PHY up to PDCP. User-plane radio protocols do not need to be modified and this forwarding approach allows for a backward-compatible relaying solution. 

To summarize we believe that the best approach is forwarding of IP packets, i.e. Layer-3 forwarding. As an alternative, one could consider forwarding of PDCP PDUs (above RLC).
2.2. Alternatives for control-plane functionality

In Figure 2 we illustrate the various control-plane functions in the different protocol layers, each of which could be located either in the relay node or in the eNB in a number of combinations (obviously, not all combinations are meaningful).
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Figure 2: Split of CP functions between the Relay and the eNodeB

Out of the large number of possible combinations, we investigate the following five configurations:
1. Essentially no (layer-2/3) control functionality in the relay

2. Hybrid-ARQ  in the relay

3. Scheduling + Hybrid-ARQ in the relay

4. Partial RRC functionality in the relay

5. Full RRC functionality in the relay
The first option is when the relay includes no or only minimal control-plane functions, possibly including those functions that inherently need to be located at the node where the radio link is terminated. Such function could be, for instance, the random-access control or time-alignment control.

In the second alternative the relay node includes the HARQ control signaling (ACK/NAK feedback generation), implying that the HARQ process operates per hop, while the scheduling (including the TB format selection, etc.,) is done by the eNB for both links. It should be noted that this alternative only makes sense if the user-plane forwarding is done above HARQ. Similarly, with forwarding above HARQ, clearly the relay node needs to include HARQ control-plane functionality. With this combination, we gain more efficient HARQ operation. However, keeping the scheduling for the UE-relay link in the eNB imposes further challenges on the control-plane signaling. For example, the eNB needs to inform the relay about the scheduling to be applied on the UE link, which can be communicated explicitly or derived implicitly from the eNB-relay scheduling. Furthermore, the eNB needs to be aware when a retransmission is to be done on the UE link, possibly via special signaling from the relay and it needs to schedule the transmissions accordingly.

In the third alternative both the scheduling and the HARQ are located in the relay node, which essentially means that all the MAC and PHY layer control plane functions of the UE-relay link is located in the relay. This solution combines the advantages of per-hop HARQ operation and independent scheduling. Note also that as a result of splitting the functions at a protocol layer boundary, namely at the top of the MAC layer, we can avoid additional signaling burden on the relay-eNB link, to be used for the control of the relay.

In alternative 4, some parts of the RRC functions are moved to the relay. One example for such an RRC function to be moved could be the handover control and/or the radio bearer control. Although, technically, this would be possible to realize, it is hard to see any performance benefits with such changes, while at the same time the complexity burden would be substantial. Let alone the fact of spanning the RRC connection over three nodes, i.e., UE-relay-eNB would require substantial changes in the RRC protocol. It is then preferred to have the entire RRC protocol in the relay node, i.e. alternative 5. 

To summarize, we believe that splitting of control-plane functions between the relay and the eNB is most reasonable at the protocol layer boundaries, i.e., either at the top of the MAC layer or at the top of the RRC layer. Any other functional split would result in substantial complexities in the existing protocols and would not provide any performance benefits as compared to splitting at the protocol boundaries. The way how the control-plane functional split is done largely impacts the additional control signaling needed on the eNB-relay link used to control the relay. Splitting at the protocol layer boundaries has a clear advantage also in this respect as compared to other alternatives.
3. Possible combinations

Based on the different alternatives for user-plane forwarding and control-plane functionality outlined above, a large number of relay alternatives can, at least in principle, be envisioned, see Table 1. However, among these, we believe that two alternatives are of main interest

· User-plane forwarding of PDCP PDUs (above RLC but below PDCP) with MAC (HARQ + scheduling) control plane functionality in the relay but RRC functionality confined to the eNB.

· User-plane forwarding of IP packets (Layer-3 forwarding) with full RRC functionality in the relay. Note that this corresponds to the “self-backhauling” approach. 

Among these two alternatives, the second alternative (“self-backhauling”) has the benefit of being inherently backwards compatible in the sense that as the “relay node” will appear to the UE as an ordinary eNB, i.e., it can be accessible also by release 8 UEs. 
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Table 1 User/control-plane relay combinations

4. Summary and conclusions

We have discussed different approaches to (decode-and-forward) relaying in terms of user-plane and control-plane functionality. Among the many possible combinations of user-plane and control-plane functionality, two alternatives are of main interest

· User-plane forwarding of PDCP PDUs with MAC (HARQ + scheduling) control-plane functionality in the relay but RRC functionality confined to the eNB.

· User-plane forwarding of IP packets (Layer-3 forwarding) with full RRC functionality in the relay. 

Among these two alternatives, the second alternative (“self-backhauling”) has the benefit of being inherently backwards compatible, i.e., it can be accessible also by release 8 UEs.
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