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1 Introduction
LTE-Advanced (LTE-A) is expected to meet enhanced requirements in terms of data rates, coverage and spectral efficiency [1]. The use of relaying techniques will be key in achieving these objectives, by extending the network connectivity/coverage, improving the cell-edge throughput and using the network resources more efficiently [2].

This contribution reviews the advantages and disadvantages of different types of relay and considers relevant deployment scenarios. After discussing the operation of LTE-A networks based on relays, we describe MIMO techniques and address design strategies that can improve the link between eNodeB (eNB) and relay node (RN) and the link between RN and UE, by efficiently using the extra degrees of freedom introduced by the RN to reduce the interference at the cell edge.
2 Types of Relay
Relay nodes can be classified based on their protocol architecture for the user plane and control plane [3], [4]. L1 relays or repeaters are amplify-and-forward devices that retransmit after amplification the received analog signal. A repeater introduces very little delay, but cannot separate the desired signal from the received interference and noise. From this point of view, this relatively simple relay has a limited capability of providing improved coverage and cell-edge throughput. 
L2 relays, or decode-and-forward relays, decode the received signal before forwarding the user plane layer 2 data. L2 relays introduce a delay but do not retransmit the received interference plus noise, and can provide independent scheduling, HARQ and link adaptation. Compared to L1 relays, L2 relays can provide both extended coverage and improved cell-edge data rates. Under the category of L2 relays, the complexity can vary from a simple transparent relay to a more evolved non transparent relay. 
In the case of transparent L2 relay, the UE cannot distinguish between transmissions from the eNB and the RN. In this case the RN operation is based on the scheduling information derived from the eNB.  In a typical scenario, the RN is responsible for all the retransmissions to the UE and only a positive ACK is forwarded to the eNB as an indication that the eNB can move to the transmission of the next data block. A transparent RN uses the same cell identity as the eNB, and transmits the same BCH, SCH, etc. Some differentiation may be necessary in the case of more than one RN per sector, but the UE operation will still be independent of the use of eNB or RN. This has the advantage that the system would not need to include for RNs the specific support of a) additional reference signals, b) additional measurements, c) distinct power control mechanism, and d) distinct HARQ process. Transparent L2 relays would also guarantee improved coverage to legacy Rel-8 LTE UEs.
In the case of non transparent L2 relay, the RN decodes and retransmits the data in a different way depending on the information received from the eNB. This means that a non transparent RN is capable of some scheduling and link adaptation functionalities, and can possibly send its own reference signal. In this case, the UE needs to know when the received data have been transmitted by the RN.
Finally, L3 relays regenerate and forward layer 3 traffic, and can provide localized resource management. A L3 relay corresponds to a complete eNB implementation with self-backhauling capability. Clearly in this case all the potential simplicity and flexibility of a relay node is lost. The use of L3 relays is mainly aimed at extending coverage to remote areas. A L3 relay will be deployed as a separate additional cell, and therefore it may not benefit from all the combining techniques used at L1/L2 to improve throughput and control interference in the network. In some scenarios L3 relays can lead to unpredicted interference if the relay happens to have overlapping coverage areas with other cells. In these cases the signalling channels allocation needs to be redesigned, with possible spectral efficiency degradation; for a system with reuse factor 1, the channel estimation will also be typically degraded. Moreover, a L3 relay backhaul transmission uses the LTE air interface, and therefore it introduces a similar L1/L2 delay as a L2 relay, with an additional delay due to higher layer.
Different types of relaying allow the application of different processing and transmission schemes including advanced MIMO techniques, and result in different degrees of complexity and performance.
3 Deployment Scenarios
In order to assess different relaying techniques and their impact on the network, it is important to study and understand the deployment scenarios that can lead to an effective integration of the relaying concept in LTE-A networks. An initial discussion in this direction is provided in [5], [6]. In particular, [5] discusses the RNs location and their impact on the system performance, and considers simulation settings and parameters related to the RN layout. These parameters include for example the number of RNs in a cell, the overall delay, the antenna configuration, the distance of the RN from the eNB and the location of the RNs in the cell, which is crucial for the study of the coverage and cell-edge user throughput. [6] provides an initial discussion on the performance of the eNB-RN link. The simulation results presented in [6] indicate that, in order not to limit the traffic on the eNB-RN link, it is necessary for the RN to use beamforming. 
We emphasize that it is important that the deployment scenarios and topologies are selected in line with the LTE-A requirements. In this respect, one should bear in mind the main motivation for the use of relays which is the objective of reducing path loss and interference. RNs can extend the coverage area of an eNB, provide coverage for isolated areas, or increase the throughput at the cell edge. The increase of cell-edge throughput is linked to the amount of interference seen by the UEs. A proper deployment of RNs will allow a decrease of eNB transmit power, which will then translate into an overall interference reduction. Moreover, a careful design of the transmission schemes at the RN will provide further means to mitigate the interference, especially at the cell edge.

As an example, interference reduction can be achieved through the scenario illustrated in Figure 1, based on the operation of L2/L3 RNs at the cell edge. For instance, in this context a UE can make the decision to attach to either the eNB or a RN, based on the strength of the downlink received signal or on the received signal quality (SINR). In this scenario, by reducing the eNB transmit power, the UEs at cell edge will naturally communicate only with the RNs. A different approach would be to have the decision to attach the UE to either the eNB or RN made jointly by the eNB and the RN, for example based on the exchange of physical layer metrics such as channel quality or path loss information, but possibly also based on user traffic and/or load information, provided by higher layer signalling in order to improve the scheduling and to control the interference.
With the above approach, for the transmission to cell edge UEs (UE attached to a RN), the eNBs will use just enough transmit power to reach the RNs in a first phase, and beyond that point the RNs will take responsibility of transmitting data to the UEs in a second phase. In order to reduce the interference, the RNs will use directional antennas, and will decode-and-forward data to the UEs through beamforming. If the RNs are closer to the cell edge UEs, at the RN there will typically be a higher scope for spatial separation, which can provide a higher beamforming gain.
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Figure 1 – Example of network topology with eNBs and RNs.

4 Multiple Antenna Techniques with Relay Nodes
It is envisaged that the RNs will support multiple antenna transmission. The use of multiple antennas at the RNs should be carefully designed to take advantage of the RN layout. An important aspect to take into account in the design of the MIMO techniques is the link characteristic. The RNs will be likely to be deployed in selected locations and possibly elevated over buildings roof. This will result in good quality links between a RN and the corresponding eNB. Depending on the cell size and the location, the eNB-RN link may also have a strong LOS component. In these cases, spatial multiplexing will not be the preferred technique. A proper use of multiple antennas at the RNs can instead be realized through beamforming. Moreover, the eNB-RN link will be stationary. Therefore, high spectral efficiency will be enabled by forming highly directional fixed beams between eNB and RN in both uplink and downlink. On the downlink, the eNB may transmit to multiple RNs through an SDMA access scheme.

On the RN-UE link, the RN will be likely to use beamforming/precoding to transmit to the UEs, to exploit the available spatial separation. This has the effect of minimizing the interference at the cell edge, especially in the case of clustered distribution of cell-edge UEs. In the considered scenario, the RN can be responsible for forming the beams towards each UE. In this case, the signalling to support beamforming/precoding on the RN-UE link does not need to propagate to the eNB, leading to a better use of resources and bandwidth. In practice, the PMI can be computed at the UE based on the RN-UE channel, and then reported only to the RN.
Moreover, interference coordination techniques should be used to mitigate the interference between two adjacent RNs. This can be achieved through spatial coordination of the beams of adjacent RNs. Possible implementations include:
· time division multiplexing of UEs with the same spatial direction;
· multiplexing of UEs with different spatial direction based on a grid of fixed beams;
· frequency division multiplexing of UEs with the same spatial direction, based on the use of different OFDMA sub-carriers.
5 Conclusions
In this contribution we have discussed the advantages and disadvantages of different types of relay node, and have considered possible scenarios for the use of relay technology in LTE-A. A particular relay deployment scenario has been described, with focus on improving the cell-edge throughput by reducing the overall interference. Additionally, MIMO techniques and signalling strategies for networks with RNs have been identified, to support the given deployment scenario.
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