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1. Introduction

Relays are being viewed as a means of enhancing coverage and throughput in LTE-Advanced networks.  In this contribution, we summarize some important aspects that need to be considered when designing mechanisms for the support of full-service relays.  A full-service (a.k.a. self-backhauling) relay is an L3 relay, forwarding packets at the IP layer, and is transparent since it appears as a separate eNB to UEs [1].  That is, it is characterized by its own unique identity (such as PCID) and provides the full functionality of an eNB, including scheduling of resources for access links.
2. Relay Support in TDD and FDD Modes

When developing mechanisms that enable relay operation, it is important to consider approaches that support both time-division duplex (TDD) and frequency-division duplex (FDD) systems.  It is to be noted that there are four links associated with the relay node (RN) instead of the traditional two links at the eNB or UE: eNB→RN and RN→UE links on the downlink (DL) and UE→RN and RN→eNB links on the uplink (UL).
Two choices are available for in-band relaying in the TDD mode: frequency-division multiplexing (FDM) and time-division multiplexing (TDM) depending on how resources are orthogonally allocated to the relay and access links [2].

In the case of FDM, the subcarriers of the channel are divided into two parts, one for the relay link and the other for the access link, using which the RN transmits and receives concurrently.  This amounts to FDD on a single carrier (it is also known as subcarrier-division duplexing, SDD) for the relay and, due to the lack of isolation at the RN, leads to desensing of the RN receiver due to the RN transmitter.  Other issues exist as well [3].  Therefore, this approach is not desirable.

In the TDM approach, the RN transmission (RN→UE/RN→eNB) and reception (eNB→RN/UE→RN) take place at different times thereby avoiding any conflicts, i.e., relay operation is TDD (see Figure 1).  Transmission (or reception) by the RN on the relay and access links may also be time-separated.  The issues encountered with the FDM approach are generally avoided in this case.  It is necessary to accommodate adequate switching gaps at the RN to enable the RN to transition between transmit and receive operations in both the DL and UL frequency carriers.
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Figure 1. Preferred Duplexing at RN in FDD and TDD Systems
Various deployment options are available for FDD mode, each of which has its own issues, particularly with respect to the frequency carriers used for RN-eNB link, eNB-UE link, and RN-UE link. The deployment option also determines the multiplexing scheme of these links and the duplexing (TDD or FDD) requirements of the RN or eNB.  In the conventional relay operation, eNB→RN link and eNB→UE link share downlink (DL) carrier, and similarly RN→eNB link and UE→eNB link share the uplink (UL) carrier.  This is illustrated in Figure 1.  From the macro eNB perspective, the RN may appear as a regular or special UE and, simultaneously, the RN may appear as a regular eNB to another UE that is being served by the RN.  Since, the RN cannot simultaneously transmit and receive in the same DL frequency band F1, the eNB→RN and RN→UE links are time-multiplexed as they share the same carrier. (Similarly, the RN→eNB and UE→RN links are also time-multiplexed in the UL frequency band F2.)  In other words, the RN operates as an FDD-eNB from the UE perspective, but the RN has to support TDD operation in both DL and UL carriers. There is no impact on the eNB as it operates in the usual fashion.  The time-multiplexing of the eNB→RN and RN→UE links can be efficiently supported via the flexible MBSFN signaling in Rel-8 specification.  This scheme has several advantages, including a fairly symmetric spectrum usage and requiring no change in the eNB FDD behavior.
Another multiplexing scheme is called UL/DL band-swapping, in which the eNB→RN and RN→eNB links are supported in a single band (e.g., uplink band F2; could also be downlink band F1).  Yet another duplexing option is the reverse FDD operation, which is similar to band-swapping in that the RN→eNB and RN→UE links can concurrently share the same band (e.g., F1) and the eNB→RN and UE→RN can also concurrently share the same band (F2).  In other words, the eNB-RN link still uses both DL and UL carriers with eNB→RN using F2 and RN→eNB using F1.  The RN receives only on F2 and transmits only on F1 without transmit/receive switch loss.  Both of these schemes are discussed in [4] and have several drawbacks.
3. MBSFN Subframes for Relay Support
The time-multiplexing of the eNB→RN and RN→UE links can be achieved using MBSFN subframe structure. A frame structure is proposed in [5] that is fully backwards compatible and reuses the existing MBSFN signaling mechanism to support relays.  DL subframes #0, #4, #5, #9 in FDD and subframes #0, #1, #5, #6 in TDD are mandatory normal or unicast subframes per the Rel-8 specification.  These subframes cannot be labeled as MBSFN subframes.  Using either the length-6 bitmap or the length-24 bitmap provisioned in the System Information, the remaining six subframes in a radio frame can be labeled as a normal subframe or an MBSFN subframe, using which relays can be supported.

4. Control Channel Design

A backwards-compatible, full-service, in-band relay solution using the MBSFN based signaling and a conventional RN multiplexing mechanism is discussed in.  To enable reception from the eNB, the RN can signal a DL subframe as an MBSFN to its UEs through its PDCCH transmission using one or two symbols.  It then switches to start receiving from the eNB during the latter part of the subframe.  A switching gap must be incorporated into the RN MBSFN subframe to support this.  To allow the RN to switch back to transmission in the next subframe, another switching gap must be incorporated at the end of the subframe.  Since, the RN cannot receive the PDCCH from the eNB in the initial portion of the subframe (because the RN is transmitting its own PDCCH plus one additional OFDM symbol for the Tx/Rx switching), new control region must be developed for eNB-RN communication in the shortened DL subframe. The eNB-RN control can be similar to the existing TDM control region spread over entire DL system bandwidth (effectively shortening all resource blocks), but this will not allow the eNB to schedule any Rel-8 UEs in the subframe. Alternatively, the eNB-RN control can be limited to a subset of resource blocks (i.e., via shortening some resource blocks) thus allowing eNB to schedule Rel-8 UEs in the subframe – furthermore this would allow a more dynamic resource allocation for eNB-RN DL. The shortened subframes can be allocated to the RN or to Rel-10 UEs.  When a UE attached to the RN receives a DL subframe labeled as MBSFN by the RN, it processes only the PDCCH and ignores the rest of the subframe.  From the eNB perspective, the only change is that it must communicate with the RN in a shortened subframe (to accommodate a switching gap for the RN at the end of its MBSFN subframe).
When the RN transmits to the eNB, UL transmissions in the relay cell can be inhibited by not scheduling any data during the subframe by means of the PDCCH in the MBSFN subframes, but it may or may not be possible to temporarily stop previously configured PUCCH transmissions.  Such PUCCH transmissions, when they occur, can be ignored by the RN.
In the FDD mode, the RN can typically transmit the UL ACK to the eNB for each received DL subframe with a four-subframe delay.  The RN must transmit ACKs to its UEs using the PHICH in the MBSFN subframe to prevent non-adaptive UL HARQ retransmission, resulting in an additional delay for the corresponding UL HARQ processes.  The examples provided in [6] show that MBSFN-based operation simplifies the backhaul link between the eNB and RN and it allows a relay to minimize the impact on the UL HARQ processes.
Figure 2 shows an example of eNB, RN, and UE operation in FDD mode.  MBSFN subframes can be used to time-multiplex eNB-RN and RN-UE links. Although not shown in the figure, switching gaps must be incorporated into the frame structure.  Note that unless there is coordination between the eNB and the RN with respect to scheduling of resources for their respective access links, there can be interference, as indicated in Figure 2.  HARQ considerations, particularly with regard to issues arising from different periodicities of HARQ (8 ms) and MBSFN subframe pattern (5 ms) (cf. [5], [6]), are neglected in this example.

[image: image2]
Figure 2. Example of Operation with Relay in FDD Mode

An example of relay operation in the TDD mode is shown in Figure 3 using UL/DL configuration 1 at the eNB and UL/DL configuration 2 at the RN and further classifying subframes 3,4,8,9 in the RN as MBSFN.  Switching gaps are not depicted.  As discussed in [7], supporting the illustrated frame structure requires different UL-DL configurations to be setup in the macro-cell and the relay-cell.  Each subframe is labeled with a letter that indicates the type of subframe.  In the case of the RN, some subframes are labeled with two letters: the first letter indicates the subframe type for the relay-cell when the RN behaves like an eNB and the second letter indicates the subframe type for the macro-cell when the RN behaves like a regular or special UE for eNB-RN communications.

[image: image3]
Figure 3. Example of Operation with Relay in TDD Mode

In a full-service relay, whenever the RN forwards packets in the MBSFN frames either on the backhaul link or the access link, it must first decode the packet (up to the IP layer) and re-encode it for transmission.  This incurs some processing delay.  It may be possible to absorb this delay into the PDCCH transmission time.  Further study is needed.  As in the FDD case, scheduling coordination between the eNB and RN is needed to prevent interference in some subframes.  HARQ considerations [7] are neglected in the figure.

5. Conclusions

Full-service (L3) relays are considered for enhancing coverage and throughput in LTE-Advanced networks.  It is important to support both FDD and TDD system configurations.  In-band relaying in TDD systems can be efficiently supporting using TDD relay operation.  The conventional relay, with TDD relay operation, is suitable for FDD systems.  A backwards-compatible frame structure using existing MBSFN signaling provides a feasible solution for relay support while minimizing the impact on UL HARQ processes.
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