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1
Introduction

Relays provide an attractive means of augmenting network coverage and capacity in LTE-A. Support of Type I relaying for LTE-A has been agreed in [1]. A Type I relay has its own PCI and is visible to UEs essentially as an independent eNB. An LTE Rel8 UE, in particular, is unable to differentiate between a Type I relay and an independent eNB. 

Gains due to Type I relaying have been analyzed in [2,3,4]. It was observed in [2] that substantial capacity gains in Type I relay deployments could be achieved through the use of  appropriate ICIC techniques between the donor eNB and the relay nodes (referred to as range expansion in [2]) and an appropriate choice of serving cell, and that the capacity gains were quite small in the absence of such enhancements. It was observed in [3] that ICIC techniques (referred to as muting in [3]) also result in substantial capacity gains in the out-of-band relay case. Finally, it was observed in [4] that the capacity gains from relaying were small in the absence of such ICIC techniques. 
In this document, we recap the ICIC and serving-cell selection algorithms used to achieve the capacity gains in [2]. We then explore the techniques needed to enable these gains. 

2
Discussion
2.1
Range expansion and enhanced cell-selection
Range expansion and enhanced cell-selection were the key techniques identified in [2] needed to achieve capacity gains with Type 1 relays. We recap these techniques and their impact on capcacity in this section. 

· Range expansion: This technique was also referred to as muting in [3]. It was observed in [2] that relay nodes see a very limited coverage area due to interference from the macro eNB. This can be explained by the lower transmit power and worse propagation environment of a relay node. In fact, it was found in [2] that less than 30% of UEs connect to a relay node even when there are 10 relays/cell and UEs are specifically dropped close to the relay node (Config 4 in [5]). When UEs were dropped randomly within the cell (Config 1 in [5]), less than 10% of UEs connected to a relay node.
Since relay coverage is limited by interference from the macro eNB, the coverage can be expanded significantly if the macro reduces its transmit power (or blanks transmission entirely) on resources used by the relay node. This can provide an overall benefit to the network since the relay node may be able to serve the UE while causing less interference per bit to the network (since it may be closer to the UE in the path-loss sense). Moreover, multiple relay nodes can simultaneously use the bandwidth vacated by the donor eNB, thus providing a cell splitting benefit on the access link. 
Note that the range expansion concept is equally applicable to low power pico or hotzone cells, where it results in even larger gains, since the pico is not assumed to have any backhaul limitations. It is shown in [6,7] that 8-9x gains in the median throughput can be obtained from the introduction of 10 picos/macro cell in Config 4 (clustered UE dropping) and 3-4x gains can be obtained in Config 1 (random UE dropping).

· Enhanced cell-selection: Cell-selection in macro deployments is typically based on the received power level. As we have seen, this results in a very small number of UEs connecting to the macro cell. While range expansion can result in an increased coverage area for the relay node, the cell-selection algorithm should take this increased coverage area into account. Moreover, in some cases it may not be a good idea to connect to a relay node even if it is the strongest cell. This may be true, for example, if the relay node has a weak backhaul connection. The results in [2] use serving-cell selection based on projected data rates. In this method, we look at the data rate that can be achieved by connecting directly to the macro eNB as well as the data rate that can be achieved by connecting to a relay node, and pick the serving cell based on the maximum of these two quantities. The data rate that can be achieved by connecting to the relay node is computed as the minimum of the data rates achievable on the access and backhaul links. Detailed equations for this method can be found in [2].
It was found in [2] that the use of range expansion in conjunction with the enhanced cell-selection scheme described here resulted in about 80% of UEs connecting to the relay node in Config 1 with 10 relays/macro cell, and about 90% of UEs connecting to a relay node in Config 4 with 10 relays/macro cell. 

Figure 1 below shows the performance of relay deployments without range expansion and enhanced cell-selection, while Figure 2 below shows the performance with range expansion and enhanced cell-selection [2]. Without the use of these enhanced features, it can be seen that relay gains are neglible in Config 1 and relatively limited even in Config 4 (27% gain in median UE throughput with 10 relays/macro cell). With the use of these enhanced techniques, we can see an approximately 70% increase in median UE throughput in both Config 1 and Config 4. The reason the gains in Config 1 and Config 4 are similar (even though the access link conditions in Config 4 are much better) is that with the cell-splitting gains on the access link, the access link is no longer the bottleneck. The backhaul link now becomes the bottleneck, and further enhancements in performance can be obtained through optimized relay placement or using better antennas at the relay node.

Note that the results referred to so far (and shown in the figures below) are based on the original NLOS model in the LTE-A TR [5]. The results change based on recent updates to the TR, and the effects of these updates are analyzed in [14]. Because of the introduction of LOS components on the different links, performance of relay deployments generally improves. The general trend however is similar; significantly more users connect to a relay once range expansion and intelligent association techniques are used, resulting in significant improvement in deployments including relay nodes. 
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Figure 1 Performance of relay deployments without the use of range expansion and enhanced cell-selection in Config 1 (left) and Config 4 (right)
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Figure 2 Performance of relay deployments with the use of range expansion and enhanced cell-selection in Config 1 (left) and Config 4 (right)
It was suggested in [3] that an alternative way of achieving range expansion gains is to reduce the transmit power of the macro cell on all channels (including synchronization signals and CRS), since this also results in increased coverage area of the relay node. However, this also results in a reduction in the coverage area of the macro eNB. In practice, macro eNBs are carefully deployed to ensure adequate coverage throughout the network and a reduction in transmit power can substantially degrade network coverage. We therefore believe that this is not a feasible way of operating the network (even though the coverage issues may not be visible in typical capacity simulations).
2.2
Techniques to enable range expansion and enhanced cell-selection
In the previous section, we saw that range expansion and intelligent serving-cell selection could provide significant performance improvements in relay deployments. We further noted that these techniques provide even larger gains in pico or hotzone deployments. However, the use of these techniques implies that the UE connects to a cell which has much lower received power as compared to an interfering cell. For example, the UE connects to the relay node even when the relay node has much lower received power as compared to the macro cell. In other words, the UE sees a very strong negative geometry from its serving cell. 

New techniques may need to be introduced in order to operate efficiently in such an environment. Techniques that should be considered in this context include:

1) Synchronization signal design for low geometry environments: The current LTE acquisition structure (i.e., structure of PSC, SSC and PBCH) is designed to enable detection only for geometries seen in traditional macro-cellular environments. As discussed above, geometries seen in a range expansion environment will be substantially lower and we may therefore have to revisit the acquisition design. One way to enable detection in a low-geometry environment is to ensure that the acquisition signals do not see interference from the dominant interferer(s), for example through reuse mechanisms.
2) Control channel design for low geometry environment: In addition to the acquisition signals, we also need a mechanism to communicate other control channels (such as PDCCH and PHICH on the DL and PUCCH on the UL) in low geometry environments. As in the case of acquisition, one way is to ensure that these channels do not overlap with signals from dominant interferers. For example, use of reserved RBs is being considered to carry control information over the backhaul link (eNB -> relay) [8,9]. The same design can be considered for the access (relay -> UE) link as well, with the dominant interferers not transmitting any data on these RBs.
3) Knowledge of transmit power and backhaul link quality for serving cell selection: As we have seen in the previous section, in order to take advantage of range expansion it is critical that the serving cell selection algorithm take into account the transmit powers as well as the backhaul link qualities of the candidate cells. In other words, the entity carrying out cell selection will have to be aware of the transmit powers and the backhaul link quality of candidate serving cells. 
4) Interference coordination techniques: The benefits of range expansion were described under the assumption that there was no interference from the macro eNB while the relay was serving a UE in its expanded coverage. In other words, we need to introduce techniques to reduce macro eNB power (or blank the resource entirely) on the resources used to serve UEs in expanded relay coverage region. Note that without such coordination, it may be completely impossible for the relay to serve any data to UEs in its expanded range, since the SINR of these UEs taking macro interference into account will be extremely low. The choice and number of resources on which macro transmit power is reduced can be determined based on factors such as the number of relays in macro coverage, number of users that can potentially be served by the relay nodes, QoS and buffer status of these users and fairness among different users in the network (potentially across eNBs). Different time-scales for interference coordination can be considered, ranging from per-subframe interference coordination to coordination on the time scale of hundreds of milliseconds. Per-subframe interference coordination can yield additional benefits by taking buffer status of different UEs into account in addition to the factors mentioned above. Interference coordination on a slower time-scale will not be able to take buffer status into account, but may enable easier implementation.

Interference coordination can be carried out over a backhaul X2 link if such a link is defined for relay nodes (i.e., X2 over wireless backhaul). Alternatively, interference coordination can be carried out using the wireless link between a macro or relay node and eNBs in neighboring cells. 

2.3
Techniques to improve HARQ performance

It is currently assumed that Type I relays configure MBSFN subframes in order to receive DL communications from the donor eNB. The configuration of MBSFN subframes is constrained by the fact that 4 out of 10 subframes in each radio frame (namely subframes 0, 4, 5 and 9) cannot be configured as MBSFN subframes. This implies that the relay node cannot receive DL communication, including acknowledgement information for UL traffic (i.e., PHICH), in these subframes. Since UL traffic in Rel 8 LTE uses synchronous HARQ with 8ms periodicity, while the mandatory non-MBSFN subframes (i.e., subframes 0, 4, 5 and 9) occur with 10ms periodicity, the relay node is unable to receive PHICH from the donor eNB in 40% of the subframes in every HARQ process.

Possible solutions to mitigate this problem include:

1) Modification of HARQ timeline on the backhaul link: This can include changing the delay between grants (R-PDCCH) and UL data transmission (R-PUSCH) as well as changing the delay between UL data transmission (R-PUSCH) and the corresponding acknowledgement (R-PHICH). Further, the delay can be made adaptive to the configured subframe partitioning (both DL and UL) between backhaul and access links.

2) Reduction in the number of measurement/paging subframes: Reducing the number of mandatory non-MBSFN subframes to 2 (i.e., only subframes 0 and 5) instead of 4 correspondingly reduces the set of subframes in which the relay is unable to listen to PHICH from the eNB. This is also beneficial on the access link, since the relay node is better able to match access link subframes on the DL (which includes at least the measurement/paging subframes) and UL (which is preferably on a 8ms periodicity because of synchronous HARQ). Matching of DL and UL access link subframes helps ensure that the set of subframes in which the UE has to send UL ACKs is the same set of subframes in which it has to send UL PUSCH, thus better utilizing the UL capacity. Minimizing the number of measurement/paging subframes is therefore beneficial on both access and backhaul links. It was shown in [10-13] that reducing the number of measurement/paging subframes to 2 has minimal performance impact. One thing to note, however, is that the performance advantage from the reduction in the number of measurement/paging subframes will not be available in a deployment with Rel 8 UEs. 
3
Conclusions
We have seen that appropriate ICIC techniques between macro eNBs and relay nodes (more specifically, range expansion or muting) as well as enhanced cell-selection techniques are critical in achieving performance gains with Type I relays. We have further seen that the same techniques enable even larger gains in the case of deployments with pico or hotzone cells. However, the use of these techniques also results in the UE seeing strong interference conditions, i.e., the UE sees large negative geometries with respect to its serving cell. 
In order to enable robust operation in such an environment, we need to ensure that acquisition and bootstrap signals (PSC, SSC, PBCH etc.) as well as control channels (PDCCH, PHICH, PUCCH, etc.) can operate reliably in such an environment. This can be accomplished, for example, by making sure that dominant interferers do not transmit on the resources used by these channels. 

Additionally, we need to ensure that the necessary information for enhanced serving cell selection, such as transmit power and backhaul quality of candidate cells, is available at the entity carrying out the serving cell selection.

We also need to investigate ICIC techniques to ensure reliable data transmission to/from the serving cell at low geometry. For example, we need to investigate mechanisms that enable the macro eNB to determine the set of resources on which it should reduce transmit power (or blank entirely) to enable relay nodes to communicate with their UEs.

Finally, we need to investigate techniques to reduce the HARQ impact of measurement/paging subframes, which the relay is unable to configure as MBSFN subframes (and therefore cannot use to receive control information, including HARQ control, from the donor eNB).
We propose that RAN1 further investigate these techniques so as to maximize the performance gains from Type I relaying. 
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