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1. Introduction
The use of relays in LTE-Advanced networks for coverage and throughput enhancement has been extensively discussed.  In particular, there is an agreement to support a “type 1” relay node (RN), which is characterized by its appearance to UEs as a separate cell distinct from the donor cell and by having its own cell ID, synchronization signals, etc [1].  Furthermore, the type 1 relay will be backwards compatible with Rel-8 UEs.  To this end, the “fake MBSFN frame” method can be used to support backhaul traffic on the eNB→RN link in both FDD and TDD systems.
The fake MBSFN frame approach involves configuring certain subframes in the relay cell as MBSFN frames through higher-layer signaling.  The relay transmits control information (PCFICH, PHICH, PDCCH) on the first two or three symbols of this subframe.  In the remaining part of the subframe (following a switching gap), the RN receives downlink (DL) data from the eNB.  Since the RN is unable to receive DL control information transmitted by the eNB since it is busy with transmission and switching, there are several proposals to embed the control within the latter part of the frame that is conventionally used for PDSCH transmissions (e.g., [2]–[4]).  The location of the resources used for transmitting DL and UL backhaul (RN↔eNB) traffic depends on the approach used for supporting backhaul traffic, as outlined in the following section.  This contribution then discusses in detail how the assignment of resources for UL backhaul can be optimized to overcome limitations of the traditional Rel-8 approach.
2. Supporting Backhaul Traffic
Several approaches have been proposed for supporting the backhaul traffic.  In FDD systems, there are mainly two methods:

1. In the conventional method the DL backhaul traffic is transmitted in the DL band and the UL backhaul traffic is transmitted in the UL band

2. In the UL band-swapping method both DL and UL backhaul traffic are transmitted in the UL band.
In TDD systems, the main methods include those that correspond to the ones above as well as others:

1. In the conventional method, the DL backhaul traffic is transmitted in DL subframes and the UL backhaul traffic is transmitted in UL subframes.

2. In the band-swapping method, both DL and UL backhaul traffic are transmitted in UL subframes.

3. In the dual-configuration method, different TDD configurations are employed in the cells of the donor eNB and the RN such that one or more DL subframes in the RN-cell correspond to UL subframes in the donor-eNB-cell and are configured as MBSFN subframes during UL backhaul transmission while DL traffic is transmitted in DL subframes.

The band/subframe utilization in the conventional method (A) and the band-swapping method (B) is illustrated in Figure 1.  Each of the methods listed above has pros and cons.  Clearly, the conventional method is consistent with the current employment of bands/subframes for DL and UL communication.  On the other hand, the band-swapping method violates the DL/UL convention and, in the FDD case, necessitates new hardware at the eNB.  However, interference is experienced in all of the scenarios and the methods differ with respect to the type of interference experienced, which depends on which links are simultaneously active, and the extent to which interference impacts performance.  Recent contributions have investigated relay performance under various interference conditions with each of the above methods.
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Figure 1. Band/Subframe Utilization in the Conventional (A) and Band-Swapping (B) Methods
In all of the methods listed above, UL backhaul traffic is carried in the uplink band/subframes.  In the FDD mode, potentially any of the UL subframes can be used for backhaul (RN→eNB) through semi-persistent or dynamic scheduling.  The UL/DL subframe relationship for backhaul can be similar to Rel-8 [3].  In the TDD mode, the number of UL subframes depends on the DL/UL configuration.  In some configurations, UL subframes for backhaul may be very scarce because of which UL ACKs from the UEs to RNs are lost, leading to DL throughput loss.
3. Facilitating UL Backhaul and Uplink Access Control
During UL subframes that are used for backhaul, the RN is busy transmitting to the eNB and is normally unable to receive UL transmissions from UEs.  The RN can prevent any PUSCH transmissions by not scheduling them (or sending grants to disable synchronous HARQ transmissions) during these subframes.  However, the RN cannot prevent preconfigured PUCCH transmissions, which would then be lost.  This scenario is depicted in Figure 2, which shows that transmissions by the RN and a macro-cell UE can be received by the eNB, but a PUCCH transmission by a relay-cell UE cannot be received by the RN, which is busy transmitting (all transmissions shown occur in the UL band/subframe).  This problem does not arise in the dual-configuration method in the TDD mode since the UEs in the relay-cells are in the reception mode and the DL subframe is configured as an MBSFN subframe.  Switching gaps are present at the beginning and the end of the RN→eNB transmission assuming consecutive UL subframes, i.e., when the RN is required to switch between reception and transmission modes.  If switching is not required, the corresponding gap can be eliminated.

[image: image2]
Figure 2. Transmission and Reception During UL Backhaul Subframe
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Figure 3. Slot-Level Granularity of Resource Assignment During UL Backhaul Subframe
A solution to the above problem, as suggested in [5], is for the RN to transmit during one of the two slots in the subframe and receive in the other slot.  Figure 3 illustrates this mechanism with slot-level granularity in resource assignment [6],[7].  The backhaul resources assigned to any individual RN→eNB link can be part of a dedicated backhaul region, which is shared by all of the RNs associated with the donor eNB.  In Figure 3, RN1 and RN2 are two RNs associated with the donor eNB.  As the figure exemplarily illustrates, the eNB can grant resources to RN1 in the first slot and to RN2 in the second slot.  Then RN2 can receive from its UEs in the first slot and RN1 can receive from its UEs in the second slot.  Therefore, this approach enables each RN to receive at least a part of the PUCCH transmitted by the UE, the part transmitted during the slot in which the RN is receiving.  It also provides slot-level granularity for backhaul resource assignment.  The backhaul region can be allocated on a semi-persistent basis.
The symbol-level resource utilization from the perspective of the RNs in the above example is shown in Figure 4, where a normal cyclic prefix is assumed to be used in all transmissions.  The locations of RS symbols, data symbols, and punctured symbols used as switching gap are indicated.  RN1 is shown to receive a PUCCH format 1/1a/1b transmission in the second slot and RN2 is shown to receive a PUCCH format 2/2a/2b transmission in the first slot.  A PUCCH format 1/1a/1b (e.g., ACK/NACK, SR) transmission can potentially be successfully recovered even with the reception of a part of the packet when it is received with a high enough power lvel.  Similarly, a partially received PUCCH format 2 (CQI) packet can potentially be recovered if it is coded heavily enough and is received with a high enough power level.  PUSCH transmissions by RN1 and RN2 are depicted in the first and second slot, respectively.  Five of the seven symbols are used for the PUSCH transmission with the punctured first and last symbols of the slot used for switching gaps.
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Figure 4. Symbol-Level Resource Utilization at RNs
The one-symbol gap may be sufficient to account for both Tx/Rx or Rx/Tx switching time as well as any offset between the receive timing and the transmit timing at the RN.  If RN1 was in transmission mode at the end of the previous subframe, then the switching gap shown at the beginning of the slot may not be required.  Likewise, the switching gap at the end of the second slot shown for RN2 may not be required if RN2 continues to be in transmission mode in the following subframe.  Appropriate signaling would be required if the number of symbols used in the UL backhaul transmission can be variable.  Alternatively, the structure shown in the above figures can be used in all cases for the sake of simplicity.  As pointed out in [8], however, if the RN is required to transmit a sounding reference signal (SRS) to the eNB in the last symbol of the subframe per the Rel-8 specification, the approach of puncturing the last symbol to create a gap presents an issue.  A potential solution is to allow transmission of the SRS and allow Tx/Rx switching in the first symbol of the following subframe.  In the event that the inability to correctly demodulate the first symbol leads to a packet error, HARQ can still be relied upon for packet recovery.  If the SRS transmission period is long, this would not be a frequent event.  In the TDD mode, the SRS can also be transmitted in UpPTS with one or two symbols.
4. Conclusions

Several approaches have been proposed for supporting backhaul traffic in FDD and TDD systems.  The approaches differ with respect to which resources (DL/UL) are used for carrying backhaul traffic.  In the main methods listed here, the UL backhaul (RN→eNB) traffic is carried on UL resources (band/subframes).  Therefore, if the RN is busy transmitting to the eNB during such a subframe, it would miss any preconfigured PUCCH transmissions from UEs attached to it.  However, by allowing the RN to transmit during one slot of the subframe and receive during the other slot, a part of the PUCCH transmission can be received with which the packet could potentially be recovered.   This also provides a finer granularity for resource assignment to the backhaul link.  Gaps are needed to allow the RN to switch between transmission and reception modes, which are provided by punctured symbols.  UL backhaul traffic from multiple RNs can be frequency- and time-division multiplexed within the “backhaul region”, which may be allocated on a semi-persistent basis.
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