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1. Introduction

Relay is a key technology for capacity enhancement and coverage extension in LTE-Advanced [1]-[3]. Relay was categorized into three different types – L1, L2, and L3 – according to the protocol structure, and pros and cons of each type was discussed in detail [2]-[3]. In this contribution, we discuss the advantage of hybridizing amplify-and-forward (AF) and decode-and-forward (DF) operation modes in L2 relay.
______________________________________________________________________
2. Latency Advantage via AF/DF Hybrid Relaying 
It is possible for L2 relay to operate in AF mode. In AF mode, L2 relay stores the baseband signal sent by the source (eNB in DL and UE in UL) and forwards the amplified soft signal to the destination without any decoding or demodulating process. It differs from the operation of L1 relay (i.e., repeater) as follows: Since L2 relay has the MAC functionality, it is possible to forward only selected RBs of the source signal to the destination. This selected forwarding can prevent the unnecessary interference that may be caused in L1 relay which forwards the whole RBs including the ones that do not need to be relayed. In addition, in order to exploit frequency selectivity of the relay-destination link, it is possible to forward the received signal in a RB position which is different from the position in the source signal.
AF has a lower forwarding latency when compared with DF since it does not need to decode the received signal. As AF simply stores the baseband signal and amplifies it, we can assume that, in AF operation, a packet received in subframe n can be forwarded to the destination in subframe n+1 (or potentially in subframe n+2 for selective forwarding and resource remapping). On the other hand, DF has a higher latency due to the delay caused in the decoding process. Since the synchronized HARQ process transmits ACK/NAK at the 4th subframe after receiving a packet, it is reasonable to assume that 3 ms is required to decode the received signal. This implies that, in DF operation, a packet received in subframe n can be forwarded to the destination in subframe n+4.
A lower latency of AF can be beneficial to delay-sensitive traffic; 3 ms delay can be reduced by employing AF if the forwarded packet is successfully received at the destination. When an error occurs in the relay-destination link, a DF-based error recovery can be performed as follows: The relay receives a packet from the source in subframe n and forwards it to destination in subframe n+1. Meanwhile, the relay demodulates and decodes the received packet in order to prepare the error recovery. The destination transmits NAK in subframe n+5 when an error occurs, and this triggers the retransmission by DF in subframe n+6. Finally, the destination sends ACK in subframe n+10 if the packet is recovered from error. Figure 1 illustrates this error recovery procedure.
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Figure 1. AF operation followed by the DF-based error recovery.
We can compare the delay performance of AF with that of DF as follows: Simple DF forwards the received packet in subframe n+4 and receives ACK from the destination in subframe n+8. AF can forward the received packet in subframe n+1 and receive ACK in subframe n+5, reducing 3 ms delay if the initial forwarding attempt is successful. The DF-based error recovery retransmits the received packet in subframe n+6 and receives ACK in subframe n+10, requiring 2 ms more delay than the simple DF operation. As a result, the delay performance of AF depends on the error probability of the initial forwarding attempt for which AF mode is used. If we assume that no error occurs in DF mode, we obtain the difference of average delay between AF and DF modes in Table 1. We observe that delay reduction more than 2 ms can be achieved with a reasonable error probability of the initial attempt.
	Error prob. of initial attempt
	0
	0.01
	0.02
	0.1
	0.2
	0.6
	0.8
	1

	Difference in avg. delay (ms)
	-3
	-2.95
	-2.9
	-2.5
	-2
	0
	1
	2


Table 1. Difference in average delay for AF/DF hybrid operation and DF operation.
3. Relay Node Congestion Control via AF/DF Hybrid Relaying 
Hybrid of AF and DF is also helpful in controlling the congestion in L2 relay. Figure 2 depicts the block diagram of L2 relay equipped with the congestion control capability. We assume that the relay normally operates in DF mode, i.e., it stores the received signal in the buffer for arriving packets, decodes the received packets and re-encodes them, and forwards the re-encoded packets to the destination. Congestion occurs in L2 relay when the arrival rate in the relay is too high that the capacity of the channel decoder is not able to catch up the arrival rate. This congestion may often occur as a relay node typically receives from and transmits to a large number of users. When this congestion occurs, the size of the buffer for arriving packets keeps growing. This causes an increase of the relay latency and, sometimes, packet loss in relay.
The congestion in L2 relay can be mitigated by forwarding several packets in AF mode. When congestion is detected in the relay, the buffer controller selects several packets to be relayed in AF mode. The selected packets are moved to the buffer for departing packets where the packets are waiting for the transmission. This operation reduces the amount of packets that are waiting for the channel decoding process, thereby lifting a burden from the channel decoder. A few criteria may be considered in selecting the packets to be relayed in AF mode. For example, the urgency of each packet can be considered as a criterion; we can select a packet that has a lower latency requirement or that has arrived in the relay earlier than the others.
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Figure 2. Block diagram for the relay node congestion control based on the hybrid AF/DF.
_____________________________________________________________________
4. Conclusion
This contribution discusses the advantage that can be taken by adding AF mode to L2 relay. It is shown that AF mode renders a lower latency than DF mode and a DF-based error recovery can be performed if a packet relayed by AF mode is in error. It is also shown that congestion in L2 relay can be mitigated by employing AF mode for several selected packets. Therefore, we can conclude that hybrid of AF and DF in L2 relay can take advantage of exploiting the trade-off between a lower latency of AF mode and a higher reliability of DF mode.
______________________________________________________________________
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