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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-and-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) Both transparent and non-transparent relaying mode should be supported. For simplicity, it is suggested to have one unified multi-hop relay frame structure to flexibly support different multi-hop relay operation modes.
d) Advanced antenna techniques are supported in RN, e.g. cooperative relay, which could be discussed together with coordinated multi-point transmission.
e) LTE-Advanced UEs can see the existence of RN. The awareness of RN benefits many relay-involved procedures, e.g. handover.
f) 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 FDD & TDD Mode
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. As illustrated in Figure 2, the power level of this adjacent subcarrier interference is much higher than the desired signal, and thus overwhelms the useful one. The analysis is illustrated as Figure 2. 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

[image: image2]
Figure 2 Interference from adjacent subcarriers in FDM

Based on the analysis above, TDM may be used to separate 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 traffic in different time slots. Similarly, RN receives and transmits UL data traffic in different time slots. 
For multi-hop relay in FDD mode, the downlink frequency resource is divided into several time slots (or time zones) in TDM to support FDD relay, and each time slot consists of several subframes. One time slot is used for the transmission from eNB to RN. Optionally, this time slot can also be used for the transmission from eNB to the UE which is directly covered by eNB. The other time slot is used for the transmission from RN to UE. Similarly, the UL frequency resource is also divided in TDM for uplink relay support. One slot is for the transmission from UE to RN or eNB. The other is 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 3 and Figure 4, 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 3, with the cost of more power amplifiers deployment at RN; while in Figure 4 only F-FDD UE is supported. The time slot sequence is changeable. Similarly, Figure 5 illustrates an example of the relay schemes in TDD mode. 
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Figure 3 Example of relay in LTE-Advanced FDD mode (both H-FDD and F-FDD UE supported)
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Figure 4 Example of relay in LTE-Advanced FDD mode (F-FDD UE supported)
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Figure 5 Example of relay in LTE-Advanced TDD mode
For out-of-band relay, relay links occupies an independent spectrum. The transmission of relay link does not share access link resource.
4. Relay operation modes
There are two relay operation modes with the consideration of the relay paths of control signal and data traffic, shown in Figure 6. 
In transparent relay operation, UE is not aware of whether or not it communicates with the network via the relay. 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 data traffic is relayed by RN.  As illustrated in Figure 6 (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 transparent 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 data traffic to eNB and vice versa. The control signal and data traffic is separated. The direct DL control connection between eNB and UE is beneficial to reduce schedule time latency and support backward compatibility. The transparent relay mode can be used for transmission or HARQ retransmission.
In comparison, as illustrated in Figure 6 (b), as for non-transparent relay operation, RN has to take the responsibility to transmit a SCH and PDCCH. All data traffic and control signal transmission between eNB and UE are relayed along the same path. The non-transparent RN may support centralized or distributed scheduler. 
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	(a) UE receives control signals from eNB directly, while data traffic is relayed (Transparent RN)
	(b) Both control signals and data traffic are relayed (Non-transparent RN)


Figure 6 Relay operation modes

When UE is within the eNB coverage, the employment of transparent RN has some advantages regarding latency. The UL HARQ in transparent relay mode and non-transparent relay mode are illustrated in Figure 7 as an example to analyze the latency caused by the introduction of relay. The central scheduling is assumed. The corresponding procedures are represented as

· UL HARQ procedures in transparent relay mode

1. The eNB directly sends the UL scheduling control to UE;

2. According to the scheduling information, UE transmits the data traffic to RN;

3. RN forwards the data traffic to eNB;

4. The eNB directly sends HARQ ACK/NACK to UE.

· UL HARQ procedures in non-transparent mode

1. The eNB sends the UL scheduling control to RN;

2. RN forwards the UL scheduling control to UE;

3. According to the scheduling information, UE transmits the data traffic to RN;

4. RN forwards the data traffic to eNB;

5. The eNB sends HARQ ACK/NACK to RN;

6. RN forwards the HARQ ACK/NACK to UE.
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	(a)  Transparent relay mode
	(b) Non-transparent relay mode


Figure 7 Comparison of HARQ procedures for transparent and non-transparent relay mode
Using the method in [7], taking the frame structure in Figure 3 as the example, where in DL, the ratio of relay link and access link is 3:2, we have the following the values for frame alignment latency, as shown in Table 1.
Table 1  Average frame alignment latency for the example of Figure 3
	
	Average frame alignment latency

	DL
	eNB(RN
	1.1ms

	
	RN(UE
	1.7ms

	
	eNB(UE (directly)
	1.7ms

	UL
	UE(RN
	1.1ms

	
	RN(eNB
	1.7ms

	
	UE(eNB (directly)
	1.1ms


The U-plane latency consists of node processing delays, TTI duration and radio frame alignment. The latency components are summarized in Figure 8.
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Figure 8 U-plane latency components

The latency of UL scheduling information employed in transparent and non-transparent mode can be indicated as
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, 4.1 ms latency can be saved when using transparent mode. As for the latency UL HARQ ACK/NACK, we have(1)
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 and
Compared with non-transparent mode, lower latencies can be achieved by transparent mode if the control signal of eNB can be received correctly by UE.

As for the transparent relay, UE has to be within the eNB coverage to directly receive the control signals from eNB. We move to analyze the eNB control signal coverage with low order modulation. 
Refer to [8], code rate 2/3, 1/3, 1/6 and 1/12 correspond to 1 Control Channel Element (CCE), 2 CCEs, 4CCEs and 8CCEs, respectively, and 1 CCE means 36 resource elements, which carries 72 raw bits if reference signal neglected. Link Level Performance of PDCCH with different transmission formats shows that the 7dB and 2dB of SINR for 1CCE and 2CCEs are required, respectively to guarantee the BLER of 10−2. 
In general cellular environments [8], we can find that in very large proportions of areas the SINR is beyond 7dB or 2dB, i.e. 1 CCE or 2CCEs can be employed to guarantee the BLER 10−2 for direct control signals from eNB to UE. The separation of control signal and data traffic is reasonable. For control signal transmission, because of the employed low order modulation, one hop transmission directly from eNB to UE is feasible; for data traffic transmission, the requirement of high throughput allows to use high order constellation by virtue of  the decoding and forwarding of RN. Thus the overhead of PDCCH can be greatly reduced.
As we have discussed above, when UE is within the eNB coverage, as the way to enhance throughput, transparent relay mode has some advantages. In comparison non-transparent relay works well for coverage extension. Transparent RN and non-transparent RN can coexist in one Multi-hop Relay cell (MR-cell). It is suggested to have one multi-hop relay frame structure to flexibly support different multi-hop relay operation modes to reduce the complexity of RN.
5. Legacy UE Support
The legacy UE does not recognize the existence of RN. 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, Relay node pretends to be an eNB such that all data traffic 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.

· Case 2, UE still receives control signals, e.g. through SCH, PDCCH, directly from eNB. However the data traffic 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 data traffic is relayed. 
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 separate relay link and access link, and some examples of frame structure for both FDD and TDD mode are given. Then different relay operation modes, i.e. transparent relay and non-transparent relay, are discussed. Lastly the LTE legacy UE support for relaying are discussed.
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