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1. Introduction
During RAN #60 meeting [1], “New WI: Low cost & enhanced coverage MTC UEs for LTE” was approved. One objective of this WI is to specify “Simplification of PHICH and PCFICH functionality or alternative mechanism to PHICH and PCFICH functionality so that coverage limited UE is not constrained by PHICH and PCFICH physical channels”. 

In RAN1 #75 meeting, it was agreed that 

· HARQ in UL and DL is supported in coverage enhanced mode 

· FFS on the details of HARQ realization for PUSCH

· FFS on the number of HARQ processes

· No need for UE to decode PCFICH in coverage enhanced mode.  Not to specify PCFICH repetition.

· FFS on how UE derives CFI

This paper gave the detail analysis about possible methods of HARQ realizations for PUSCH, and proposed our preference.   
2. Discussion
2.1 Support of UL-HARQ: Two Straightforward Alternatives
In legacy LTE systems, eNB sends UEs ACK/NACK on PHICH for UL data (PUSCH) transmission/retransmission. Observing also the instruction from control signaling, UEs either generate a new transmission, or an adaptive or a non-adaptive HARQ retransmission. The current UE behavior after receiving ACK/NACK and control information is summarized as follows:
· An adaptive retransmission is generated in case of ACK/NACK + UL grant with non-toggled NDI (NDI value is not changed)
· A new transmission is generated in case of ACK/NACK + UL grant with toggled NDI (NDI value is changed)
· A non-adaptive retransmission is generated in case of NACK without UL grant
· Data is assumed to be received correctly in case of ACK without UL grant and the buffer will not be flushed.FFS on how UE derives CFI

During MTC SI phase, PHICH is de-prioritized and the detail to realize HARQ mechanism for PUSCH in coverage enhancement is FFS currently. Up to now, there are several straightforward methods for HARQ realization without much specification impact. 
Alt. 1 is to only send an uplink grant message by (E)PDCCH in case of HARQ-NACK and no transmission in case of HARQ-ACK. A similar mechanism for ACK/NACK feedback was adopted in relay operation. Considering the small number of relay nodes, there is no dedicated ACK/NACK feedback channel for relay nodes, and the host nodes just send an uplink grant to relay nodes to indicate a NACK. For MTC UEs, the uplink grant should be transmitted repeatedly to overcome the coverage gap. Obviously, the resource overhead is quite large to transmit a DCI with a large payload in this method, with the possibility of adaptive retransmission. 
Alt.2 is to transmit ACK/NACK by PHICH repetition. Under this alternative, there are two approaches: 1) no corresponding control information and only ACK/NACK by repeated PHICH; 2) ACK/NACK by repeated PHICH and control information by repeated (E)PDCCH, similar to current UL HARQ mechanism for normal LTE users. For the second direction, it seems that there is no much benefit compared to Alt.1. Therefore, only the first approach is considered in Alt. 2, i.e., UEs with coverage enhancement only rely on the information by PHICH and with a non-adaptive retransmission only.    
In following paragraphs, we compare the two alternatives with respect to the following aspects

· Resource overhead

· Latency for ACK/NACK acquisition

· Retransmission mode and scheduling flexibility

· Scheduling flexibility 

· Impact to legacy UEs 

· Specification impact
Resource overhead 
Under Alt. 1, an UL grant will be given after each uplink data transmission only if data is not received correctly. Note that if no UL grant is detected, UEs will assume that the transport block is received correctly at eNB side. The smallest payload size of an UL grant is the size of DCI format 0 + 16-bit CRC. 
One concern is that such mechanism may result in a large resource overhead, especially if it basically conveys one-bit NACK by a non-adaptive retransmission that may be typical for MTC UEs in coverage enhancement mode because of static channel condition. However, there is no resource overhead in case of ACK, the average resource overhead for a UL HARQ feedback is that of an uplink grant multiplied by PUSCH BLER, i.e., RHARQ =  BPUSCH * Rcontrol, where RHARQ denotes the resource overhead for ACK/NACK, BPUSCH is PUSCH BLER rate and Rcontrol is the resource overhead for an uplink grant. According to our simulation results as shown in Appendix, 30 repetitions with 8 CCEs per subframe are needed to transmit one DCI format 0, i.e., around 8640 REs are required to overcome a coverage gap of 10 dB.  Assuming BPUSCH is 10%, the average resource for one ACK/NACK feedback is 864 REs. 
Under Alt. 2, HARQ information is one-bit ACK/NACK, transmitted by PHICH repeatedly in time domain. In legacy design of PHICH, 12 REs are needed per HARQ bit and shared by 4/8 UEs (under extended/normal CP). Based on the simulation (detail is shown in the appendix), 25 repetitions are needed to overcome the same coverage gap, i.e., 300 REs are needed per ACK/NACK feedback. The resource overhead under Alt. 2 is less than that of Alt.1, which is expected since only 1 bit of information needs to be transmitted. Note that the PHICH resources for repetition are always occupied. Moreover, eNB needs to avoid the resource collision on PHICH due to repeated transmission. 
Observation #1: Alt.1 requires more radio resources on average than Alt. 2 (e.g., 864 vs. 300 REs).
Latency for ACK/NACK acquisition
Obviously, a larger latency is expected under Alt.1 typically, since more repetitions are needed compared to Alt. 2.  Even though Alt.1 can use up to 8CCE in a subframe versus 12 REs for Alt.2 in one subframe, the above example led to 30 versus 25 subframes of repetition. 
Observation #2: Alt.1 also results in larger delay for ACK/NACK decoding than Alt. 2 (e.g., 30 vs. 25 subframes).
Retransmission mode and scheduling flexibility 
An adaptive retransmission is always supported in Alt. 1, and eNB has a full scheduling flexibility to schedule proper resources and select appropriate MCS for retransmission. However, the gain by an adaptive mechanism is quite limited, considering that the channel condition is often very static for UEs in need of coverage enhancement.  
For Alt.2, a non-adaptive retransmission is applied, and the scheduling flexibility is limited to some extent. 
Observation #3: Even though Alt.1 has the advantage of supporting adaptive retransmission, such flexibility may not provide any practical benefit for UE in coverage enhancement mode.
Impact to legacy UEs
There is no impact on legacy UEs under Alt. 1. For Alt.2, one concern is PHICH resource collision in case of the multiplexing of legacy UEs and UEs with coverage enhancement. Following current design, PHICH resources are determined by PUSCH resource and DMRS cyclic shift value, and there will be some requirement on eNB’s scheduling to avoid the HARQ resource collision, due to the repeated transmission. 
Observation #4: Repetition of PHICH in Alt.2 may cause PHICH resource collision between MTC and normal UEs.
Specification Impacts 

As discussed above, an issue about PHICH resource collision arises in Alt. 2 and may introduce some specification impacts to solve this problem, though it’s expected that eNB has the flexibility to avoid it. One concern of Alt. 1 is control capacity problem in case that the number of MTC devices in a coverage hole is large. Note that the possibility to transmit an UL grant depends on PUSCH error rate, i.e., BLER performance. If PUSCH BLER is quite low, the resource overhead may be acceptable.
We summarize the pros and cons of the two alternatives in the table below. 
Table 1 Comparison of Alt.1 and Alt. 2
	Candidate Alternatives 
	Alternative 1 
	Alternative 2 

	Latency 
	Long 
	Medium

	Resource overhead of HARQ 
	High (10% probability)
	Medium

	Scheduling flexibility
	No restriction
	Medium 

	Impact to normal UEs
	No 
	Basically not

	False alarm rate
	low
	high

	Specification effort 
	No 
	No 


2.2 Alt.3: Enhanced PHICH
We can see from the above analysis that removing unnecessary payload bit to carry 1-bit information is important for best spectral efficiency. Also, it is helpful to remove any impact to normal UEs (i.e., any resource collision issue). We can achieve so by not using use any of the REG or CCE, but just data REs as in PDSCH. Since much more REs can be used in a subframe, the new HARQ channel can potentially occupy only one subframe, which means no long latency as in the two previous alternatives. In summary, an EPDCCH-like “EPHICH” (i.e., Alt. 3) may bring a number of benefits compared to Alt 1 and 2. 
EPHICH, if detected, indicates HARQ-ACK. Similar to Alt.1, EPHICH can also only be transmitted in case of HARQ-NACK, i.e., no transmission in case of HARQ-ACK. A detection failure at an error rate of BLER will not trigger any retransmission as the UE should do, and consequently a waste of allocated UL resources. A false alarm will trigger an incorrect retransmission on the other hand, and consequently a waste of UE power and unnecessary UL interference to other UL transmissions. So the EPHCIH should be designed to allow low false alarm and high detection rate. It can be achieved with enough REs. In one PRB-pair, we have ~144REs assuming 2 control symbols. Compared to ~300REs needed for PHICH repetition, it is feasible to use 2~6 PRB pairs to transmit EPHICH in one subframe.  
With a one-subframe EPHICH, it is even possible for all UE to use minimal power for a PUSCH transmission with repetition. The UE can be informed instantaneously to stop retransmission whenever the eNB can successfully decode after adequate repetition. For example, retransmission can use a smaller number of repetitions than that in a first transmission. eNB can afford to have more HARQ retransmissions since it can stop the retransmission promptly.
In summary, the potential benefit of an EPDCCH-like EPHICH includes:
· High spectral efficiency, since EPHICH carries 1 bit of information (i.e., HARQ-NACK) and is not transmitted in case of HARQ-ACK.
· Able to fit in one subframe for minimal HARQ latency.
· Able to minimize UE power consumption with minimal UL retransmissions and minimal reception time.
· No impact to normal UE since it uses data REs.
Proposal: Even though there are two straightforward approaches to support MTC operation in coverage enhancement mode: (1) to transmit PHICH with repetition in time domain or (2) to always use a UL grant in (E)PDCCH with repetition and remove PHICH, an EPDCCH-like “one-subframe” EPHICH that is only transmitted in case of HARQ-NACK can be considered because of a number of benefits. 
3. Conclusion
This paper discussed the possible alternative solutions to realize UL HARQ under coverage enhancement.  Based on the analysis, we have the following proposals. 
Proposal: Even though there are two straightforward approaches to support MTC operation in coverage enhancement mode: (1) to transmit PHICH with repetition in time domain or (2) to always use a UL grant in (E)PDCCH with repetition and remove PHICH, an EPDCCH-like “one-subframe” EPHICH that is only transmitted in case of HARQ-NACK can be considered because of a number of benefits. 
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Appendix
Simulation assumption and simulation results are shown in Table A-1 and A-2 to compare Alt. 1 and Alt.2 
Table A-1 Simulation assumption
	Parameter 
	Value 

	Antenna configuration (tx * rx)
	1*1

	Channel estimation
	CRS 

	Channel type
	EPA 3 

	BW
	10MHz

	PCFICH
	3 

	DCI format 
	Format 0 (27 bits + 16-bit CRC) 



	Performance criteria
	0.1% BLER


Table A-2 Simulation results
	Alternative
	SNR at 0.1% BLER (dB)
	Resource overhead for ACK/NACK

	Alternative 1
	-10.2 dB
	30 x 8CCE 
(30*288REs/UE)

	Alternative 2 
	-11.3 dB
	25 x 12 REs 
(3840 REs/UE)


