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1 Introduction

In RAN1 #89 meeting, the following agreement on uplink HARQ-ACK feedback was made for efeMTC [1]: 
Agreement: If explicit UL HARQ-ACK feedback is supported, it is based on MPDCCH.

In RAN1 #90 meeting, the following has been further agreed [2]:

Agreement:

· Explicit HARQ-ACK feedback is supported for the following purpose(s):

· Early termination of MPDCCH monitoring before going to sleep (details up to RAN2)

· FFS: Early termination of PUSCH transmission at least in FD-FDD and TDD

· The introduction of explicit HARQ-ACK feedback shall not increase the maximum number of MPDCCH blind decoding attempts.
In this contribution, we share our views on the explicit HARQ-ACK feedback in DL for PUSCH in efeMTC, specifically on the benefits and designs for the support of early termination of PUSCH transmission. We provide link-level evaluations for different HARQ-ACK feedback design options under the agreed evaluation assumptions, and compare the UE power saving and required DL overhead using different approaches for both HD-FDD and FD-FDD. Moreover, we discuss the feasibility of early termination signal (ETS) for PUSCH in efeMTC and provide various approaches to handle the error cases where ETS with ACK is missed. In addition, the design details on the ETS have been discussed. The contents of this contribution are based on revisions to previous contribution [3].
2 On the support of ETS for PUSCH
In (f)eMTC systems, the time domain repetitions are adopted as the technique for coverage enhancement. The supported number of repetitions for PUSCH are limited to certain values, i.e. {1, 2, 4, 8, 16, 32, 64, 128, 192, 256, 384, 512, 768, 1024, 1536, 2048}. Due to the coarse granularity of supported values for large number of repetitions, the actual coverage of the UE may correspond to somewhere in between two aforementioned repetitions. Scheduling PUSCH transmission with larger number of repetitions may result in unnecessary UL transmissions which increases UE power consumption. On the other hand, the initial transmission can be configured with smaller number of repetitions, and additional retransmissions can be scheduled to achieve the target BLER and coverage. However, more DL overhead is needed for MPDCCH scheduling the retransmission, and retransmissions may prolong the latency and the on-duration of UEs.  
To optimize such scenarios, ETS as an acknowledgement indication can be specified, whereby the UE terminates repeated PUSCH transmissions before the number of repetitions originally scheduled by the eNB, based on the reception of ETS. In addition, ETS can also serve the purpose of early termination of MPDCCH monitoring in case of PUSCH transmissions confirming the reception of RRC Connection Release message, relying on which UE can go to sleep earlier.
In this section, we provide the performance evaluations for different HARQ-ACK feedback design options, and show the benefits of ETS for UE power consumption, latency and DL overhead reduction.  
2.1 Link-level evaluations 
To begin with, we provide the link-level evaluations for PUSCH and HARQ-ACK feedback signals based on MPDCCH, under the simulation assumptions agreed in RAN1 #88bis meeting [4]. 

Table 1 provides an example of MCL calculation for PUSCH and MPDCCH. More results on required SNR and achievable MCL are provided in Table 2 for PUSCH and in Table 3 for MPDCCH, respectively. In cases for MPDCCH with reduced size, we assume the payload of compact DCI is 1 bit for the ACK/NACK indication of the latest PUSCH transmission. 
Table 1. Example of MCL calculation for PUSCH with 2048 repetitions at BLER=10%, and for MPDCCH with 256 repetitions at BLER=1%.
	Physical channel name
	PUSCH
	MPDCCH (reduced size)
	MPDCCH (existing size)

	Transmitter
	 
	 
	 

	(0) Max Tx power(dBm)
	23
	46
	46

	(1) Actual Tx power (dBm)
	23
	36.79
	36.79

	Receiver
	 
	 
	 

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	5
	9
	9

	(5) Occupied ch bandwidth (Hz)
	360000
	1080000
	1080000

	(6) Effective noise power
	-113.44
	-104.67
	-104.67

	= (2) + (3) + 10 log((5))  (dBm)
	
	
	

	(7) Required SINR (dB)
	-21.5
	-22.8
	-21.1

	(8) Receiver sensitivity
	-134.94
	-127.47
	-125.77

	= (6) + (7) (dBm)
	
	
	

	(9) Baseline MCL
	157.94
	164.26
	162.56

	= (1) - (8) (dB)
	
	
	


Table 2. SNR and MCL for PUSCH 
	PUSCH, 
residual BLER = 10%
	Number of repetitions

	
	256
	512
	1024
	1536
	2048

	1 transmission
	SNR (dB)
	-14.4
	-16.9
	-19.3
	-20.6
	-21.5

	
	MCL (dB)
	150.84
	153.34
	155.74
	157.04
	157.94

	2 transmissions
	SNR (dB)
	-17.1
	-19.3
	-21.5
	-22.7
	-23.5

	
	MCL (dB)
	153.54
	155.74
	157.94
	159.14
	159.94

	3 transmissions
	SNR (dB)
	-18.5
	-20.6
	-22.7
	-23.8
	-24.7

	
	MCL (dB)
	154.94
	157.04
	159.14
	160.24
	161.14

	4 transmissions
	SNR (dB)
	-19.4
	-21.5
	-23.5
	-24.6
	-25.4

	
	MCL (dB)
	155.84
	157.94
	159.94
	161.04
	161.84


	PUSCH, 
residual BLER = 2%
	Number of repetitions

	
	256
	512
	1024
	1536
	2048

	1 transmission
	SNR (dB)
	-12.7
	-15.7
	-18.3
	-19.6
	-20.7

	
	MCL (dB)
	149.14
	152.14
	154.74
	156.04
	157.14

	2 transmissions
	SNR (dB)
	-15.7
	-18.3
	-20.8
	-22.1
	-22.9

	
	MCL (dB)
	152.14
	154.74
	157.24
	158.54
	159.34

	3 transmissions
	SNR (dB)
	-17.3
	-19.7
	-22.0
	-23.2
	-24.1

	
	MCL (dB)
	153.74
	156.14
	158.44
	159.64
	160.54

	4 transmissions
	SNR (dB)
	-18.5
	-20.6
	-22.9
	-24.0
	-24.9

	
	MCL (dB)
	154.94
	157.04
	159.34
	160.44
	161.34


Table 3. SNR and MCL for MPDCCH based signal with reduced size and existing size.  
	MPDCCH, BLER=1%
	Payload
	
	Number of repetitions

	
	
	8
	16
	32
	64
	128
	256

	SNR (dB)
	1 bit
	-11.6
	-13.6
	-17.2
	-18.9
	-20.7
	-22.8

	
	18 bits
	-9.7
	-11.8
	-15.4
	-17.2
	-19.0
	-21.1

	MCL (dB)
	1 bit
	153.06
	155.06
	158.66
	160.36
	162.16
	164.26

	
	18 bits
	151.16
	153.26
	156.86
	158.66
	160.46
	162.56


The above simulation results for PUSCH show that it is quite challenging for PUSCH with large TBS to achieve MCL of 164 dB. Similar observation can be made for MPDCCH with existing DCI size (i.e. 18 bits for DCI format 6-0B). On the other hand, the MCL of 164 dB can be achieved for MPDCCH with reduced size at 256 repetitions. 

To achieve MCL of 154 dB, the number of repetitions needed for PUSCH with target BLER of 2% is about 869 and for PUSCH with target BLER of 10% is about 620. Due to the coarse granularity of supported number of repetitions, the needed number of repetitions is between two supported values (i.e. 512 and 1024 repetitions). 

Relying on retransmissions, to achieve target residual BLER of 2% and MCL of 154 dB, the number of repetitions needed for each transmission with total of 1, 2, 3 and 4 transmissions are 1024, 512, 512 and 256, respectively. To achieve target residual BLER of 10% and MCL of 154 dB, the number of repetitions needed for each transmission with total of 1, 2, 3 and 4 transmissions are 1024, 512, 256 and 256, respectively.
For MPDCCH to achieve MCL of 154 dB, the number of repetitions 32 and 16 are sufficient for DCI with existing size and for DCI with reduced size, respectively. Note that the DTX/NACK to ACK probability is not considered in MPDCCH based ETS evaluation, as CRC bits can be used for the validation. 
Observation 1:
· Due to the coarse granularity of supported number of repetitions, the number of needed repetitions for PUSCH with 936 bits targeting MCL of 154 dB is between two supported numbers of repetitions, i.e. 512 and 1024. 
2.2 Performance comparison for both HD-FDD and FD-FDD
Based on the simulation results above, we perform the power consumption, latency and DL overhead study for both HD-FDD and FD-FDD systems as follows.
Figure 1 and Figure 2 show examples of legacy PUSCH transmission procedure without introduction of HARQ-ACK signal, where larger number of repetitions is scheduled in Figure 1 to target a low BLER with initial transmission, while smaller number of repetitions can be scheduled for each (re)transmissions to achieve a target MCL via retransmissions as illustrated in Figure 2. For cases with ETS, we also illustrate an example of the PUSCH transmission with MPDCCH based ETS in Figure 3. Here, we assume that the UE starts monitoring ETS only after the supported largest number of repetitions that is smaller than the needed repetitions. Otherwise, the eNB can directly schedule a smaller number of repetitions. In the considered example, the supported largest number of repetitions that is smaller than the needed repetitions (e.g., ~620 with target BLER of 10% in the considered example) is 512, and thus there are no ETS monitoring occasions during the first 512 repetitions.
Figures 1-3 below assume that the number of needed repetitions is ~620, while similar figures can be plotted for other number of needed repetitions (e.g. ~869 with target residual BLER of 2% in the considered example). Note that the constraint on starting subframe of a search space has not been illustrated and considered in this section to simplify the study. However, in practical systems with constraints on potential starting subframe of a search space, the overall latency and UE power consumption will be larger than what have been shown in the figures. 
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Figure 1. PUSCH transmission without HARQ-ACK feedback signal for both HD-FDD and FD-FDD. Note that the “D1” in this figure indicates the MPDCCH for considered HARQ process #1 in this example.
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Figure 2. PUSCH transmission without HARQ-ACK feedback signal for both HD-FDD and FD-FDD. The number of repetitions for initial transmission is set to meet a higher BLER target, while re-transmission is relied to achieve a lower residual BLER at a target MCL. Note that gap between two MPDCCH transmissions, due to the constraint on possible starting subframe of a search space is not considered in this illustrative example for simplicity. 
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Figure 3. PUSCH transmission with ETS based on compact DCI for HD-FDD (in upper figure) and FD-FDD (in lower figure). “E1” refers to the potential transmission of ETS for HARQ process #1 considered in this example. After the first 512 PUSCH repetitions, ETS monitoring occasions occur between every 128 PUSCH subframes in this example. The transmission of MPDCCH based ETS can be skipped if it is a NACK. 
Table 4. Performance comparison for different PUSCH transmission options, including PUSCH transmission without explicit HARQ-ACK feedback, and with ETS based on compact DCI.  
	Design options
	PUSCH 936 bits, BLER=2%, MCL=154 dB, HD-FDD
	PUSCH 936 bits, BLER=2%, MCL=154 dB, FD-FDD

	
	Tx time (ms)
	Rx time (ms)
	Light sleep (ms)
	Total duration (ms)
	UE power (unit)
	DL overhead (ms)
	Tx time (ms)
	Rx time (ms)
	Light sleep (ms)
	Total duration (ms)
	UE power (unit)
	DL overhead (ms)

	Opt1: 

Without A/N;
Low BLER for initial Tx
	1024
	32
	3
	1059
	515203
	32
	1024
	32
	3
	1059
	515203
	32

	Opt2:

Without A/N;
Retransmissions (case1.1 in Note1)
	896
	224
	39
	1159
	470439
	224
	896
	224
	39
	1159
	470439
	224

	Opt2:

Without A/N; Retransmissions  (case1.2 in Note1)
	896
	128
	21
	1045
	460821
	128
	896
	128
	21
	1045
	460821
	128

	Opt3:

ETS based on compact DCI
	896
	96
	24
	1016
	457624
	96 if ETS always sent;
48 otherwise
	896
	96
	3
	931
	457603
	96 if ETS always sent;

48 otherwise


	Design options
	PUSCH 936 bits, BLER=10%, MCL=154 dB, HD-FDD
	PUSCH 936 bits, BLER=10%, MCL=154 dB, FD-FDD

	
	Tx time (ms)
	Rx time (ms)
	Light sleep (ms)
	Total duration (ms)
	UE power (unit)
	DL overhead (ms)
	Tx time (ms)
	Rx time (ms)
	Light sleep (ms)
	Total duration (ms)
	UE power (unit)
	DL overhead (ms)

	Opt1:

Without A/N;
Low BLER for initial Tx
	1024
	32
	3
	1059
	515203
	32
	1024
	32
	3
	1059
	515203
	32

	Opt2:

Without A/N;
Retransmissions (case2.1 in Note1)
	768
	96
	15
	879
	393615
	96
	768
	96
	15
	879
	393615
	96

	Opt2:

Without A/N;
Retransmissions  (case2.2 in Note1)
	640
	64
	9
	713
	326409
	64
	640
	64
	9
	713
	326409
	64

	Opt3:

ETS based on compact DCI
	640
	64
	12
	716
	326412
	64 if ETS always sent; 48 otherwise
	640
	48
	3
	675
	324803
	48


Note1: Case 1.1 refers to seven transmissions with 128 repetitions each, case 1.2 refers to initial transmission of 512 repetitions and additional three transmissions with 128 repetitions each, case 2.1 refers to three transmissions with 256 repetitions each, and case 2.2 refers to the initial transmission of 512 repetitions and an additional transmission with 128 repetitions.

The performance with different approaches, in terms of metrics including overall latency, UE power consumption and DL overhead, is compared in Table 4. It can be observed that the option 2 with appropriate scheduling of multiple retransmissions (e.g. case 1.2) can provide ~11% UE power saving gain and ~1% latency reduction compared to option 1, at the cost of ~4x DL overhead for both HD-FDD and FD-FDD at target residual BLER of 2%. For target residual BLER of 10%, the option 2 with appropriate scheduling of multiple retransmissions (case 2.2) can provide ~37% UE power saving and ~33% latency reduction compared to option 1, at cost of 2x DL overhead. Note that the achievable performance of option 2 highly depends how the retransmissions are scheduled.
Moreover, while option 3 with compact DCI based ETS has almost the same power saving gain as option 2 with appropriate scheduling of retransmissions in HD-FDD, the option 3 with compact DCI based ETS has more gain in latency reduction in FD-FDD (e.g., ~12% latency reduction at residual BLER=2% and ~36% latency reduction at residual BLER=10% compared to option 1), and requires less DL overhead. For design that the ETS is sent only when there is an ACK, the DL overhead can be further reduced, which is much less than option 2 that relies on multiple retransmissions, e.g. the DL overhead is ~3.7x less than case 1.1 and ~1.6x less than case 1.2 as shown in Table 4.
Note that in practice, the gain achieved by option 3 with ETS is expected to be larger than option 2 due to the following facts:

· The performance gain observed with option 2 (e.g. cases 1.2 and 2.2) in Table 4 is quite optimistic and ideal, since it is based on the assumption that eNB has well knowledge of how much repetitions are needed for the retransmission. If the estimation on the number of needed PUSCH repetitions is not accurate enough, which is most likely the case in practice, the overall latency and UE power will increase. As discussed, this is due to the fact that either more MPDCCH transmissions are needed if eNB aggressively schedules smaller number of repetitions each time, which results in more DL overhead, or larger number of PUSCH repetitions is scheduled each time to reduce MPDCCH overhead for scheduling retransmissions, which results in more UE power consumption.
· In addition, with option 2, UE needs to keep monitoring MPDCCH and waits until an UL grant indicating a new transmission or retransmission of the corresponding HARQ process before it knows whether the previous PUSCH transmission is successful. Thus, there is additional monitoring time after the end of PUSCH transmission, which has not been considered in the study of option 2 in Table 4. The additional monitoring time leads to larger UE power consumption, e.g. for PUSCH confirming the reception of RRC Connection Release message.
· Furthermore, for option 3 with MPDCCH of reduced size, e.g. 1 bit as assumed in this paper for study, UE may not need to perform MPDCCH decoding. Instead, as there are only 2 possible cases, correlation based detection with 2 hypothesis tests can be used, which can lower the detection complexity and thus reduce the UE power consumption. In addition, with designs to reduce the blind decoding complexity as elaborated in Section 3, the power consumption for option 3 can be further reduced.
Based on the above discussions, the option 3 would provide larger gain than option 2 for both HD-FDD and FD-FDD in practice. 
Observation 2:
· ETS can serve the purpose of ACK indication in case of PUSCH transmissions confirming the reception of RRC Connection Release message.
· ETS is beneficial in reducing UE power consumption whenever the actual coverage of the UE falls in between two consecutive supported number of repetitions, for both HD-FDD and FD-FDD. 
· The compact DCI based ETS provides ~37% UE power consumption reduction, ~32% latency reduction in HD-FDD and ~36% latency reduction in FD-FDD, compared to PUSCH transmission targeting low BLER (e.g. BLER of 10%) for initial transmission without ETS.
· The gain can be maximized for ETS with efficient design which requires limited time domain resources for a target MCL, e.g. DCI with reduced size.
2.3 Feasibility of ETS
To study the feasibility of ETS, we focus on the discussion of error case handling in this subsection, specifically, the misdetection of ACK carried by the ETS. 

In cases where the ETS carrying ACK is missed, the UE will keep transmitting PUSCH as originally scheduled by the UL grant. We provide the following approaches, which can handle the potential collision with the UE missing the ETS containing ACK and thus keeping transmitting PUSCH.

· The resources scheduled for the PUSCH transmission of the UE can be reserved during the remaining PUSCH repetitions after ETS transmission with ACK. This approach may lead to inefficient UL resource utilization. 

· To improve the resource utilization efficiency, eNB can alternatively schedule UEs with good channel status in the resources which are supposed to be released by other UEs after transmission of ETS carrying ACK feedback. Interference mitigation method can be adopted, if needed.

· As another approach, a part of the remaining PUSCH resources can be reserved (e.g. one additional cycle of ETS monitoring occasion), and eNB can detect whether UE continues the PUSCH transmission in this reserved resource after ETS transmission with ACK feedback. Correlation based or decoding based detection method can be used. To improve the detection performance, a subset of PUSCH repetitions can be selected for the detection, e.g. M subframes before ETS transmission in addition to N subframes after the ETS transmission, where M and N can be up to eNB implementation. With this approach, the UL resource utilization efficiency can be improved compared to the first approach, and the UE power saving gain is also larger than the above two approaches.

· In addition, the number of repetitions for the ETS transmission can be configured to strike a tradeoff between the DL overhead, UE power saving and ETS detection performance. 

As discussed above, it can be up to eNB implementation to use one or any combination of the above approaches to handle the misdetection of ETS with ACK. Based on the observations from the link-level evaluations and the various error case handling methods discussed above, we conclude that the introduction of ETS is beneficial and feasible. 

Proposal 1:
· Support ETS for efeMTC, to reduce UE power consumption.
3 On the design of ETS for PUSCH
For the physical design of ETS, MPDCCH with reduced size is preferred to maximize the benefits of ETS. To reduce DL overhead, the ETS may present only when there is an ACK. 
Regarding UE specific versus UE-group specific ETS, if one ETS is associated to a group of UEs, the scheduling of these UEs need to be aligned. In addition, to transmit ETS more efficiently, it is preferred to group UEs with similar coverage together, as these UEs require similar number of ETS repetitions. These constraints would limit the scheduling flexible. Moreover, UE-group specific ETS may need the DCI with larger size, which would degrade the achievable UE power saving gain. Therefore, it is preferred to have UE specific ETS, i.e. one ETS for a single UE PUSCH in one transmission. 
For the frequency domain resource allocation, the ETS can be transmitted in the NB where MPDCCH is monitored. To reduce the complexity in MPDCCH blind decoding, it can be assumed that all 6 PRBs in the NB with distributed transmission is always used if ETS is transmitted. 
For the time domain resource allocation, the monitoring instances of ETS can be periodic within a certain window. The periodicity and repetitions can be configured by RRC signaling. To reduce the ETS monitoring occasions, an offset from the starting of PUSCH transmissions can be configured, e.g. to be the supported largest number of repetitions smaller than the needed number of repetitions, as illustrated in Figure 3. The configuration of periodicity and repetitions can take into account the coverage level of the UE. As has been agreed in RAN1 #90 [2] that the explicit HARQ-ACK feedback shall not increase the maximum number of MPDCCH blind decoding attempts, a separate search space (SS) can be defined for the ETS, where the UE is not required to simultaneously monitor this SS and other USS or CSS. 
Proposal 2:
· The NB same as the one for MPDCCH monitoring is used for the ETS transmission.
· ETS is based on MPDCCH with reduced size.
· UE specific ETS is supported.

· Consider to always use 6 PRBs in the NB with distributed transmission.
· The monitoring instances are configured by higher layer signalling with a certain periodicity and offset.
4 Conclusion

In this contribution, we discuss the benefits and designs of ETS for PUSCH transmission in efeMTC to reduce the UE power consumption and latency. Based on the discussions, we make the following observations and proposals:

Observation 1:
· Due to the coarse granularity of supported number of repetitions, the number of needed repetitions for PUSCH with 936 bits targeting MCL of 154 dB is between two supported numbers of repetitions, i.e. 512 and 1024. 
Observation 2:

· ETS can serve the purpose of ACK indication in case of PUSCH transmissions confirming the reception of RRC Connection Release message.
· ETS is beneficial in reducing UE power consumption whenever the actual coverage of the UE falls in between two consecutive supported number of repetitions, for both HD-FDD and FD-FDD. 

· The compact DCI based ETS provides ~37% UE power consumption reduction, ~32% latency reduction in HD-FDD and ~36% latency reduction in FD-FDD, compared to PUSCH transmission targeting low BLER (e.g. BLER of 10%) for initial transmission without ETS.

· The gain can be maximized for ETS with efficient design which requires limited time domain resources for a target MCL, e.g. DCI with reduced size.

Proposal 1:
· Support ETS for efeMTC, to reduce UE power consumption.
Proposal 2:

· The NB same as the one for MPDCCH monitoring is used for the ETS transmission.
· ETS is based on MPDCCH with reduced size.
· UE specific ETS is supported.

· Consider to always use 6 PRBs in the NB with distributed transmission.

· The monitoring instances are configured by higher layer signalling with a certain periodicity and offset.
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Appendix A: Simulation Assumptions
Table 5. Simulation assumptions for PUSCH. 
	Parameter
	Value

	System bandwidth
	10 MHz

	Antenna configuration
	1 Tx, 2Rx,  with low correlation

	Channel model
	ETU-1Hz

	Residual frequency offset
	30Hz 

	TBS
	936 bits

	PUSCH occupied BW
	2 PRBs

	Repetitions
	256, 512, 1024, 1536, 2048

	HARQ retransmission
	0 (i.e. only initial transmission), 1, 2, 3

	Performance target
	2%, 10% BLER

	Channel estimation
	Cross-subframe channel estimation using 2D-MMSE (over 4 subframes)

	Frequency hopping
	Enabled, every 16 subframes

	UE max transmit power
	23 dBm

	eNB noise figure
	5 dB

	UE noise figure
	9 dB


Table 6. Simulation assumptions for MPDCCH 
	Parameter
	Value

	System bandwidth
	10 MHz

	CFI
	3

	Antenna configuration
	2 Tx, 1Rx,  with low correlation

	Channel model
	ETU-1Hz

	Residual frequency offset
	30Hz 

	Payload for MPDCCH
	1 or 18 bits

	Occupied resources
	6 PRBs

	Repetitions
	8, 16, 32, 64, 128, 256 

	Performance target
	1% BLER for MPDCCH

	Channel estimation
	Cross-subframe channel estimation using 2D-MMSE (over 4 subframes)

	Frequency hopping
	Enabled, every 16 subframes

	eNB noise figure
	5 dB

	UE noise figure
	9 dB


Appendix B: Link-level Results
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Figure 4. PUSCH link-level performance for TBS of 936 bits and 2 PRBs, with only initial transmission.
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Figure 5. PUSCH link-level performance for TBS of 936 bits and 2 PRBs, with initial transmission and one retransmission.
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Figure 6. PUSCH link-level performance for TBS of 936 bits and 2 PRBs, with initial transmission and two retransmissions.
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Figure 7. PUSCH link-level performance for TBS of 936 bits and 2 PRBs, with initial transmission and three retransmissions.
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Figure 8. MPDCCH link-level performance for payload of 1 bit and 6 PRBs.
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Figure 9. MPDCCH link-level performance for payload of 18 bits and 6 PRBs.
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