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1. Introduction 
Recently, there has been an upsurge of interest in multi-hop relay in LTE-Advanced. Relay Node (RN) is introduced to enable traffic/signaling forwarding between eNB and UE. Coverage is effectively extended to heavily shadowed areas in the cell or areas beyond cell range by deploying RNs. Meanwhile, it also provides throughput enhancement especially for cell edge users. This contribution focuses on the relay function requirements, relay design considerations for Frequency Division Duplex (FDD) and Time Division Duplex (TDD) mode, relay operation modes for user data/control information, and the support to the LTE legacy UEs.
2. Relay function requirements

The employment of relay is expected to meet the aggressive target of LTE-Advanced.  The classification of the relays is given based on the involved layers within the protocol stack architecture. Layer 1 relay (L1 relay), also called amplify-and-forward relay is simple and cheap to implement through RF amplification with relatively less latency. However, the noise and interference are also amplified along with the desired signal, which degrades the signal-to-interference-plus-noise ratio (SINR). Besides, strict isolation between radio reception and transmission at RN is necessary to avoid self-oscillation, which limits its practical applications. Layer 2 relay (L2 relay) performs decode-and-forward operation and has more freedom to achieve performance optimization. Some modifications to the existing specifications should be conducted for L2 relay support. Layer 3 relay (L3 relay), also called self-backhauling, has less impact to eNB design and it may introduce more overhead compared with L2 relay.
Some of our views of relay techniques in LTE-Advanced are listed as follows.
a) Relay design is optimized for two-hops. However multi-hop relay (hop counts>2) is considered.
b) Both centralized scheduling and distributed scheduling are considered.
c) Advanced antenna techniques are supported in RN, e.g. cooperative relay, which could be discussed together with coordinated multi-point transmission.
d) LTE-Advanced UEs can see the existence of RN. The awareness of RN benefits many relay-involved procedures, e.g. handover.
e) LTE legacy UE is unaware of RN, but it can still be served by RN. The backward compatibility is supported.
3. Relay in LTE-Advanced
Relay can be classified into in-band relay and out-of-band relay. In-band relay uses the same spectrum on relay link (the radio link between eNB and RN, or between RN and other RN) and access link (the radio link between RN and UE). Out-of-band relay uses the different spectrum on relay link and access link. For in-band relay, the spectrum resource is divided into orthogonal resource blocks for relay link and access link. The candidate multiplexing techniques include Time-Division Multiplexing (TDM) and Frequency-Division Multiplexing (FDM).

If FDM is employed for the division of the spectrum resource for relay link and access link, the total subcarriers are divided into two parts, of which the one is used for relay link and the other is for access link, carrying signals at the same time in parallel. Figure 1 illustrates an example of FDM for relay link and access link in UL. RN may receive data from UE in one subcarrier and transmit data to eNB in the adjacent subcarrier. As RN transmits and receives data at the same time, the signal transmitted to eNB acts as the interference to the desired signal from UE. Without physical isolation, RN receives what it transmits. The power level of this adjacent subcarrier interference is much higher than the desired signal, and thus overwhelms the useful one. It is almost impossible for RN to correctly decode the desired signal.  Due to this undesirable adjacent subcarrier interference, it is not suggested for RN to transmit and receive simultaneously in FDM.

[image: image1]
Figure 1 Interference analysis of FDM for relay link and access link
TDM is a candidate to divide the relay link and access link. The relay link transmission and access link transmission are carried over the same channel in alternating time slots. In other words, RN receives and transmits DL data in different time slots. Similarly, RN receives and transmits UL data in different time slots. 
4. Relay Frame Structure for Rel-8 UE backward compatibility
MBSFN subframe is a candidate to implement Rel-8 UE backward compatibility. In this section the MBSFN-based relaying frame structures for both FDD mode and TDD mode are discussed.
4.1. Relay Frame Structure for FDD Mode

For multi-hop relay in FDD mode, the downlink frequency resource is divided into several time zones in TDM, and each time zone consists of several subframes. Some time zones are used for the transmission from eNB to RN. Optionally, these time zones can also be used for the transmission from eNB to the UE which is directly covered by eNB. The other time zones are used for the transmission from RN to UE. Similarly, the UL frequency resource is also divided in TDM for uplink relay support. Some zones are for the transmission from UE to RN or eNB. The other zones are for the transmission from RN to eNB. Tx/Rx switch gap is required at RN to allow the transition from receive to transmit operation and in reverse. As shown in Figure 2 and Figure 3, two examples of multi-hop relay in LTE-Advanced FDD mode are given. Both Full-duplex FDD (F-FDD) and Half-duplex FDD (H-FDD) UE can be supported in Figure 2, with the cost of more power amplifiers deployment at RN; while in Figure 3 only F-FDD UE is supported.
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Figure 2 Example of Relaying Frame Structure for FDD mode (both H-FDD and F-FDD UE supported)
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Figure 3 Example of Relaying Frame Structure for FDD mode (F-FDD UE supported)

Since SCH occupies subframe 0 and 5, DL data transmission on relay link (eNB(RN) can not work in these subframes. In addition, subframe 9 and, in some configurations, subframe 4 is used for paging, and maybe they also can not be used for downlink data transmission on relay link. In order to enable efficient relay operation, it is suggested that only subframe 0 and 5 are reserved for paging on the access link unless paging load exceeds 20% of the total DL capacity [8]. As the example illustrated in Figure 2 and Figure 3, such a limitation is relaxed.

A smooth operation of HARQ processes requires that control signaling on the opposite link are available offset by 4 ms. In the 40ms period, when DL data transmission on relay link collides with subframe 0 or 5, the DL transmission will occur at access link, and replace the DL transmission on relay link. Such a simple method will introduce HARQ ACK/NACK latency for some UL data transmission on relay link, e.g. in Figure 2 the HARQ ACK/NACK of UL transmission (subframe 6 of the 1st radio frame) occurs at subframe 7 or 8 of the 2nd radio frame, which brings the additional latency.
Between RN and eNB, some rules of the DL/UL data transmission on relay link cancellation should be predefined. Using the example in Figure 2, let
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, when subframe=1 of n=0 is used for DL transmission on relay link, then the DL transmission on relay link will be cancelled at subframe=5 of n=2, so does the UL transmission on relay link 4 subframes offset. 
4.2. Relay Frame Structure for TDD Mode
As for the frame structure of TDD mode, subframe 0, 1, 5 and 6 are employed for synchronization or paging, and they can not be occupied by the DL data transmission on relay link. In addition, seven configurations of uplink-downlink allocations are defined, and then relaying frame structures are discussed, respectively.
4.2.1 TDD Configuration 0
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Figure 4 Relaying Frame Structure for TDD Configuration 0

The relaying frame structure of TDD configuration 0 is shown in Figure 4, where there are six UL subframes within one radio frame. When relay node is introduced, no extra DL allocations can be used for DL data transmission on relay link. In such a scenario, we suggest unsymmetrical relaying features can be adopted, i.e. direct DL transmission from eNB to UE, and indirect UL transmission from UE to eNB, which is relayed by RN. UE transmit power is a significant factor to limit the UL coverage and throughput, especially for the cell-edge UEs. For UL transmission on relay link, the corresponding hop-by-hop HARQ ACK/NACK is infeasible, i.e. the HARQ ACK/NACK from eNB to RN. Thus the end-to-end HARQ ACK/NACK can be applied, i.e. direct eNB to UE acknowledgement. In addition, for centralized scheduling, the uplink scheduling information, i.e. PDCCH DCI format 0, can be sent by either eNB or RN; as our viewpoint, eNB is preferred, for the origin of both HARQ ACK/NACK and UL scheduling information can be unified. Using Figure 4 as the example, the whole process can be represented as

(1) UL scheduling information is sent by eNB at subframe 0, including both the UL scheduling information to indicate relay link transmission at subframe 7, which is used by RN, and the UL scheduling information to indicate access link transmission, which is used by both RN and UE. 

(2) At subframe 4 UE transmits traffic data and RN receives traffic data.

(3) If the data is received by RN correctly, at subframe 7 RN sends the traffic data to eNB; If incorrectly, RN will indicate the error to eNB.

(4) At subframe 0, eNB sends the corresponding HARQ ACK/NACK to UE. If incorrect, the retransmission will be applied.
4.2.2 TDD Configuration 1
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Figure 5 Relaying Frame Structure for TDD Configuration 1

The relaying frame structure of TDD configuration 1 is shown in Figure 5, where there are four UL subframes within one radio frame, subframe 4 and subframe 8 as DL and UL relaying transmission, respectively, and then we have
· For eNB(UE transmission: At subframe 4, eNB schedules and also sends the traffic data to RN; at subframe 8, RN feedbacks the corresponding HARQ ACK/NACK; if correct, at subframe 9, RN schedules and also sends the traffic data to UE; then UE sends HARQ ACK/NACK at subframe 3 of the next radio frame.

· For UE(eNB transmission: At subframe 9, RN schedules the UL transmission of UE; at subframe 3, UE sends traffic data to RN and gets the HARQ ACK/NACK feedback from RN at subframe 9 of the next radio frame; if correct, at subframe 8 RN forwards the data to eNB and receives the HARQ feedback at subframe 4 of the next radio frame.
More deployments for DL/UL allocations on relay link are supported, and so are unsymmetrical DL/UL allocations on relay link.
4.2.3 TDD Configuration 2
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Figure 6 Relaying Frame Structure for TDD Configuration 2

The relaying frame structure of TDD configuration 2 is shown in Figure 6, where there are two UL subframes within one radio frame, subframe 3 and subframe 7 as DL and UL relaying transmission, respectively, and then DL/UL transmission can be represented as
· For eNB(UE transmission: At subframe 3, eNB schedules and also sends the traffic data to RN; at subframe 7, RN feedbacks the corresponding HARQ ACK/NACK; if correct, at subframe 8, RN schedules and also sends the traffic data to UE; and UE responses with HARQ ACK/NACK at subframe 2 of the next radio frame. 
· For UE(eNB transmission: At subframe 8, RN schedules the UL transmission of UE; UE sends traffic data to RN at subframe 2 and gets the HARQ ACK/NACK feedback from RN at subframe 6 of the next radio frame; if correct, at subframe 7 RN forwards the data to eNB and receives the HARQ feedback at subframe 3 of the next radio frame.
One UL allocation on relay link is suggested and more DL allocations on relay link can be configured. 
4.2.4 TDD Configuration 3
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Figure 7 Relaying Frame Structure for TDD Configuration 3

The relaying frame structure of TDD configuration 3 is shown in Figure 7, where there are three UL subframes within one radio frame, subframe 8 and subframe 4 as DL and UL relaying transmission, respectively, and then DL/UL transmission can be represented as
· For eNB(UE transmission: At subframe 8, eNB schedules and also sends the traffic data to RN; at subframe 4, RN feedbacks the corresponding HARQ ACK/NACK; if correct, at subframe 5, RN schedules and also sends the traffic data to UE; and UE responses with HARQ ACK/NACK at subframe 1 of the next radio frame. 

· For UE(eNB transmission: At subframe 9, RN schedules the UL transmission of UE; at subframe 3, UE sends traffic data to RN and gets the HARQ ACK/NACK feedback from RN at subframe 7 of the next radio frame; if correct, at subframe 4 RN forwards the data to eNB and receives the HARQ feedback at subframe 8 of the third radio frame.
One UL allocation on relay link is suggested; as for the UL transmission through RN, some extra latency has to be introduced and TDD configuration 3 may not be proper for RN deployment. 
4.2.5 TDD Configuration 4
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Figure 8 Relaying Frame Structure for TDD Configuration 4

The relaying frame structure of TDD configuration 4 is shown in Figure 8, where there are two UL subframes within one radio frame, subframe 7 and subframe 3 as DL and UL relaying transmission, respectively, and then we have the following DL/UL transmissions.

· For eNB(UE transmission: At subframe 7, eNB schedules and also sends the traffic data to RN; at subframe 3, RN feedbacks the corresponding HARQ ACK/NACK; if correct, at subframe 4, RN schedules and also sends the traffic data to UE; and UE responses with HARQ ACK/NACK at subframe 1 of the next radio frame. 

· For UE(eNB transmission: At subframe 8, RN schedules the UL transmission of UE; at subframe 2, UE sends traffic data to RN and gets the HARQ ACK/NACK feedback from RN at subframe 6 of the next radio frame; if correct, at subframe 3 RN forwards the data to eNB and receives the HARQ feedback at subframe 7 of the third radio frame.

One UL allocation on relay link is suggested; as for the UL transmission through RN, some extra latency has to be introduced and TDD configuration 3 may not be proper for RN deployment.
4.2.6 TDD Configuration 5

As for relaying frame structure of TDD configuration 5, there in only one UL subframe within one radio frame, maybe no extra UL allocations can be used for UL data transmission on relay link. Thus RN is not suggested to be employed in this configuration.
4.2.7 TDD Configuration 6
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Figure 9 Relaying Frame Structure for TDD Configuration 6

The relaying frame structure of TDD configuration 6 is shown in Figure 9, where there are five UL subframes within one radio frame, subframe 9 and subframe 4 as DL and UL relaying transmission, respectively, and then we have

· For eNB(UE transmission: At subframe 9, eNB schedules and also sends the traffic data to RN; at subframe 4, RN feedbacks the corresponding HARQ ACK/NACK; if correct, at subframe 5, RN schedules and also sends the traffic data to UE; and UE responses with HARQ ACK/NACK at subframe 1 of the next radio frame. 

· For UE(eNB transmission: At subframe 1, RN schedules the UL transmission of UE; at subframe 6, UE sends traffic data to RN and gets the HARQ ACK/NACK feedback from RN at subframe 0 of the next radio frame; if correct, at subframe 4 RN forwards the data to eNB and receives the HARQ feedback at subframe 9 of the next frame.

Only one DL allocation can be configured on relay link transmission and maybe more UL allocation can be supported as relay link.
5. Legacy UE Support
The legacy UE does not recognize the existence of RN and is not aware of whether or not it communicates with the network via the relay. It can only support the legacy protocols between eNB and UE. For backward compatibility, there are two possible scenarios to support LTE legacy UE in multi-hop relay environments. 

· Case 1, UE still receives control signals, e.g. through SCH, PDCCH, directly from eNB. However the traffic data is relayed by RN. This is also called as the separation of control and data. From the perspective of UE, it is attached to the eNB. However, practically it can achieve some gain from relaying as traffic data is relayed.
· Case 2, Relay node pretends to be an eNB such that all traffic data and control signal exchange between UE and RN should follow the LTE standard. Thus the legacy UE treats the relay node as an eNB for communication. RN is employed to forward what it receives correctly to the eNB or in reverse.
There are two relay operation modes with the consideration of the relay paths of control signal and traffic data, corresponding to Case 1 and Case 2 respectively, as shown in Figure 10.
As the case of separated relaying path for control message and traffic data, RN may not have a cell identify. UE has to be synchronized to eNB and receives some control signals, e.g. through SCH, PDCCH, directly from eNB. However the traffic data is relayed by RN.  As illustrated in Figure 10(a), UE is located within the coverage of eNB, and the DL control signal from eNB can directly reach UE without RN relaying. It is unnecessary for UE to recognize the existence of the RN even though it communicates with the eNB via the RN. The eNB coordinates resources to the UE and RN in the cell by distributing control information and arbitrating access requests. RN only has functionality of forwarding UL traffic data to eNB and vice versa. The control signal and traffic data is separated. The direct DL control connection between eNB and UE is beneficial to reduce schedule time latency and support backward compatibility. 
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(a) UE receives control signals from eNB directly, while traffic data is relayed (Case 1)
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(b) Both control signals and traffic data are relayed (Case 2)
Figure 10 Relay operation modes

In comparison, as illustrated in Figure 10(b), as for non-separated relaying path for control message and traffic data operation, RN has to take the responsibility to transmit SCH and PDCCH. All traffic data and control signal transmission between eNB and UE are relayed along the same path. The RN with Case 2 may support centralized or distributed scheduler.
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 (a)   The mode of separated relaying path for control message and traffic data
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Figure 11 Comparison of HARQ procedures for these two relay operation mode
When UE is within the eNB coverage, the employment of RN with Case 1 has some advantages regarding latency and simplicity. The UL HARQ in Case 1 and Case 2 are illustrated in Figure 11, and the corresponding procedures are represented as
· UL HARQ procedures in Case 1
1. The eNB directly sends the UL scheduling control message to UE, and also RN could monitor the scheduling control message to UE;

2. Based on  the scheduling information, UE sends the traffic data to RN;

3. RN forwards the traffic data to eNB;

4. The eNB directly responds UL HARQ ACK/NACK to UE and RN deletes the stored data in the buffer.
· UL HARQ procedures in Case 2
1. The eNB sends the UL scheduling control message to RN;

2. RN forwards the UL scheduling control message to UE;

3. Based on the scheduling information, UE sends the traffic data to RN;

4. RN forwards the traffic data to eNB;

5. The eNB responds UL HARQ ACK/NACK to RN;

6. RN forwards the HARQ ACK/NACK to UE.
Comparing these two procedures, it shows the Case 1 has less steps and latencies.

6. Conclusions
We conclude the discussions on the proposed technologies as follows. Some relay functions requirements for LTE-Advanced are discussed. For LTE-Advanced FDD and TDD mode, TDM is suggested to be a candidate scheme to divide relay link and access link. By introducing MBSFN subframe for relay link transmission, the example of relay frame structure for both FDD and TDD mode are investigated. Then different relay operation modes for LTE legacy UE support, i.e. the mode of separated relaying path for control message and traffic data and the mode of non-separated relaying path for control message and traffic data, are discussed and compared.
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