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1. Introduction 
This contribution discusses the area of relaying and is divided into two main parts treating the somewhat different topics of lower layer relaying, or repeaters, on the one hand, and, on the other, self backhauling or L3 relaying. A more detailed discussion on the advantages and drawbacks of different types of relaying has been presented in [1], in this contribution the focus will rather be on the technical issues of L1 relaying (enhanced repeaters) and L3 relaying for self backhauling. 

2. Self backhauling

In the 3GPP targets for LTE-advanced [2] it is stated that a further advanced E-UTRAN should support self backhauling. This is motivated by the aim of providing cost-efficient backhauling. Transmission is often provided by third party in radio access networks today and represents a substantial part of the site costs for a base station. 

Over the air backhaul is no news to the cellular industry, both short distance radio links and long distance satellite communication is used all over the world. What is new in self backhauling is that the transmission protocols are built on the radio access technology itself, in this case the LTE-advanced technology. This has the advantage that available spectrum for LTE can also be used for backhaul. 

An L3 relay node is an eNB capable of self backhauling. The name L3 relay node refers to that the node forwards IP packets on L3. The relay node contains the functionality of a regular eNB, however, in addition it is also capable of UL communication with an eNB for self backhauling. In other words is the eNB functionality a subset of the L3 relay functionality or the L3 relay functionality is a superset of the eNB functionality. 

2.1. Interference between backhaul and access links 
In all relaying interference is a potential problem as the relay node receives from and transmits to two different types of transmitters and receivers, respectively, the terminals in the own cells and in addition a neighboring eNB. This could be seen as two different radio interfaces with different requirements and needs. The UL power control has been designed to maintain a proper balance between receptions from different terminals in the own cell. However, the targeted received power level of the UE is not necessarily suitable for UL high capacity transmission from a neighbor eNB intended for X2 and S1 communication. 

In addition, to the separation between transmission to end users and backhaul the possibility of transmissions from one eNB to several neighboring L3 relay nodes should be considered. In that case, one also has to allow for efficient division of radio resources between different relay nodes. In order to reduce interference between the different links they need to be separated in either: time; frequency or spatial domain. 

Regarding the frequency domain there is two main possibilities: in-band or out-band transmission of backhaul. In the in-band case the backhaul is transmitted on part of the cell bandwidth where a number of restrictions applies e.g. in terms of power. This makes it a challenging case to get to work well and it needs to be complemented with other possibilities. Furthermore, it is highly likely that the load on the S1 interface is correlated with the radio load in the cell which makes the benefit of dynamic resource sharing between them small. However, frequency division between transmissions to different L3 relay nodes could well be a suitable alternative for resource sharing between transmissions to different relay nodes from dynamic to semi-static time scale. Out-band backhaul transmission is probably the most attractive alternative when possible as different power restrictions can easily be applied to the different bands provided sufficient guardbands between the bands. 

Time multiplexing of backhaul and user transmissions requires guard periods which can be done in several ways where one could either keep the subframe structures synchronized (not excluding a fixed offset) meaning that the transmission could span part of a subframe and keep the guard period within the subframe. This possibility exist in TDD already today where the last subframe before a switch point can be shortened with a number of OFDM symbols. A special case of this would be to leave whole subframes as guard time but that would imply an unnecessarily long guard time for most applications with a corresponding increase in delay. Another way would be to have a varying time offset between the subframes for different types of transmissions. 

The third possibility is a spatial separation where one could use one or multiple dedicated antennas for communication with a neighbor eNB. In case the different neighbors are well separated (in terms of transmitting and receiving angle) a single antenna should be sufficient but if two relay nodes are close to each other it might be necessary to use more elaborate multi-antenna schemes. 

Yet a forth possibility is to work with cancellation of the self interference. Combinations of these different possibilities can also be considered. 

2.2. Potential impact on physical layer 

As mentioned in the introduction self backhauling calls for investigation of slightly different scenarios than have been considered for over the air transmission between eNB and UE. Backhaul transmission requires large capacity as the total amount of data for several cells may be transmitted on the same backhaul link. Furthermore, in addition to user data also core network related signaling associated with S1 and X2 communication has to be carried by the backhaul link so the capacity of the backhaul will often need to be larger then the radio capacity of a single cell. Backhaul transmissions will also take place between two (or at least few) stationary nodes which does not have to be the case for the access link. Here it also has to be considered whether the self backhaul is used in combination with roof top antennae which is likely in case of outdoor macro scenarios and macro to micro scenarios. 

The high capacity requirement implies that higher order MIMO as well as wide bandwidth should be studied in connection with self backhauling to reach the required data rates. Furthermore, the assumption that few or even only two parts are using a large bandwidth also implies that it could be worth reducing the resources used for control signaling. 

3. L1 Relays – Repeaters
The main characteristics of L1 relays (or repeaters) are that they forward and receive signals on layer 1, also called amplify-and-forward devices. They have the advantage that they typically introduce very little delay compared to other multi-hop solutions operating on higher layers. However, a repeater cannot differentiate between received desired signals and received noise/interference since it does not perform any decoding operation. As a consequence both noise and desired signal are amplified and forwarded by the repeater without any improvement of SINR from input to output. 
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Figure 1
 Multi-hop scenarios exemplified by DL transmission
There are two main target areas of repeaters, firstly, cost efficient coverage extension of uncovered areas (so called black spots) and secondly, to increase capacity and achievable data rates in badly covered areas.

Repeaters are already deployed in many markets to a smaller or larger extent in radio access networks today. How common they are can e.g. depend on deployment scenarios in the specific market, regulatory issues, cost and experience with repeaters. Also LTE Rel-8 will support deployment of this kind of transparent repeaters, transparent in the sense that none of the network nodes knows that there is a repeater that amplifies and forwards the signals from the base stations to the UE or vise versa. Neither are the terminals aware that in some locations the DL signal they are listening to does not come straight from a base station but is going via a repeater for increased signal strength. 
However, there might be reason to give the repeater area for LTE some extra attention compared to other radio access technologies, e.g. WCDMA. In systems based on CDMA, repeaters that receive and transmit on the same frequency, i.e. on-frequency-repetition, will introduce an additional delay that will create inter-chip interference. This calls for very complex receivers in order to obtain good performance with these repeaters and even so the direct signal between base station and UE cannot be efficiently exploited. In an OFDM-based system, the situation is quite different as the cyclic prefix allows for no inter-symbol interference and potentially constructive interference between direct and relayed signals. In this case, it is rather a question of choosing a suitable cyclic prefix for the radio environment where the repeater will be placed.
3.1. An advanced L1 relay node
Unfortunately these kind of basic repeaters have some problems which are connected with the fact that they are not an integrated part of the radio access system. Firstly, correct output power setting is sometimes experienced as an issue as there are no mechanisms to control the power in a dynamic or even semi-dynamic time scale as is done with other radio access nodes. Secondly, the transparency to the other radio network nodes makes it difficult to control that they are actually working properly so it can take quite some time before it is noticed that a repeater has switched off or is malfunctioning. 

Furthermore, the LTE advanced targets states that cell edge user throughput should be given priority. In order to do so interference control, which has attracted much attention lately, will continue to be in focus. This is also true in the case of repeaters where this is at least as important as for an eNodeB. In order not to interfere with other nodes more than necessarily, a repeater should preferably not transmit more resource blocks than needed for the terminals that it serves. One way of achieving this would be to work with frequency selective repeaters. In LTE advanced frequency selectivity can e.g. be realized with carrier aggregation, where some anchor carrier could be available as long as the relay node is active and other carriers could be turned on in case of need. 
Therefore, it should be considered to study an improved L1 relay node as a part of the LTE advanced development. Potential functionality extensions are to integrate the L1 relay node in the dynamic UL power control and allow for frequency selective operation with carrier aggregation. This would call for introducing a new air interface, “X3”, and design supporting control signaling and potentially also additional L1 relay specific RS. An L1 relay node could also have several receive and transmit antennas and hence also enabling multi-stream signal repetition.
4. Conclusions 
This contribution has discussed L3 relaying for self backhauling and advanced L1 relaying for cost efficient coverage extension of uncovered areas as well as to increase capacity and achievable data rates in badly covered areas. Based on this and the earlier presented advantages of the two techniques [1] we propose that they should be studied for LTE advanced. 
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