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1 Introduction

In RAN1 #86bis meeting [1], the following agreements on HARQ-ACK bundling in HD-FDD has been made, to support the higher data rate operation for feMTC:
Agreement:

· HARQ-ACK bundling is supported in CE Mode A in HD-FDD.
· HARQ-ACK bundling is not supported in CE Mode B.
Agreement:

· One or multiple HARQ-ACK bundles can be supported for PDSCH scheduling before switching to UL.

· HARQ-ACK bundle size is defined as the number of PDSCH transmissions (corresponding to different HARQ processes) with a joint HARQ-ACK feedback.

· The maximum HARQ-ACK bundle size is 4.

In addition, during RAN1 #87 meeting [2], the following was agreed regarding further work towards supporting HARQ-ACK bundling in HD-FDD for feMTC :
Agreement:

· When HARQ-ACK bundling is RRC configured, non-bundled transmission is still possible, where the repetition numbers of the different channels are used in the same way as in Rel-13 eMTC. 

· At least in non-repetition case, the maximum number of HARQ-ACK bundles before switching to UL is 3.

· FFS whether repetition case is supported

· The maximum number of PDSCH TBs in all bundles before switching to UL is 10.

· The switch time between DL and UL is FFS between:
· Indicated in the DCI

· Implicitly based on the specification
Agreement:

· If repetition is used for M-PDCCH or PDSCH, HARQ-ACK bundling is not used.
In this contribution, we discuss remaining details of HARQ-ACK bundling for HD-FDD feMTC, including the bundling configuration, HARQ-ACK feedback timing, and methods to handling error cases. In addition, we also provide the design of a single DCI scheduling multiple subframes if it is supported. 
2 HARQ-ACK bundling configuration
In this section, we discuss the method for HARQ-ACK bundling configuration. To begin with, we provide the list of information related to HARQ-ACK bundling configuration:

· Number of bundles before switching to UL;

· Bundle size of each bundle;

· Size of current bundle corresponding to received MPDCCH;

· Bundle index;

· Start of first bundle;

· End of last bundle;

· HARQ-ACK feedback timing;

· Subframe index within a bundle.
Based on the way to configure the HARQ-ACK bundling, some of the configuration information above may not be needed. Among the necessary configuration information, some may be implicitly indicated, while others may need explicit indication. The details are discussed in remainder of this contribution.
For HARQ-ACK bundling configuration, there are three alternatives:

· Alt 1: Predefine the bundling pattern, e.g. {4, 3, 3} [3]. 

· Alt 2: Predefine some bundling patterns, and dynamically indicate one out of these predefined bundling patterns [4]
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· Alt 3: Dynamically indicate the bundling pattern [6].

· Alt 3a: The number of bundles and size of each bundle are indicated.

· Alt 3b: The bundling pattern is determined based on the number of scheduled PDSCH TBs and number of bundles. As it is preferred to evenly separate the PDSCH TBs among the bundles, with number of TBs denoted by NTB and number of bundles denoted by NBd, the size of first M bundles is floor(NTB/NBd) + 1 and the size of other bundles is floor(NTB/NBd), where M = NTB - floor(NTB/NBd).

· Alt 3c: The HARQ-ACK timing indicate how to bundle the PDSCH TBs.
Alt 1 requires the least amount of overhead, at the cost of less flexibility which may result in performance loss. On the other hand, Alt 3 provides the most flexible HARQ-ACK bundling configuration, but may require more overhead in terms of configuration indication. Alt 2 aims to strike a balance between Alt 1 and Alt 3, resulting in a tradeoff between overhead and flexibility. However, depending on further indication information needed for HARQ-ACK feedback timing and for handling error cases, the overhead required for Alt 1 and Alt 2 may not be reduced compared to Alt 3. 

Observation 1
· The required overhead not only depends on how to configure HARQ-ACK bundling, but also depends on the HARQ-ACK feedback timing indication and information needed for handling error cases. 
3 HARQ-ACK feedback timing
The HARQ-ACK feedback timing can be indicated implicitly or explicitly. 

3.1 Implicit indication for HARQ-ACK feedback timing
With implicit indication, the HARQ-ACK feedback timing is determined based on the end of PDSCH transmission before DL to UL switching. To determine the HARQ-ACK feedback timing, the HARQ-ACK feedback for first bundle is transmitted in the first valid UL subframe that satisfies the following conditions:

· After the switching from DL to UL (i.e. at least 1 subframe after the end of last bundle). 

· There are least 3 ms gap between the UL subframe carrying the HARQ-ACK feedback of the first bundle and the end of the first bundle. 

The HARQ-ACK feedbacks for the following bundles are transmitted in increasing order in following valid UL subframes after the HARQ-ACK feedback for the first bundle, as illustrated in Figure 1. 
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Figure 1. HARQ-ACK timing based on implicit indication. The timing to transmit “A0” (i.e. HARQ-ACK feedback for bundle #0) is first determined, and then the HARQ-ACK for following bundles are transmitted by increasing order in the following valid UL subframes. 

In this case, eNB and UEs need to have a common understanding on the end of PDSCH transmission before switching. If the end of PDSCH transmission is determined based on the HARQ-ACK bundling configuration, Alt 1 and Alt 2 with limited number of HARQ-ACK bundling configurations would put constraints either on the scheduling flexibility or on the delay for HARQ-ACK feedback, in the sense that:
· If the HARQ-ACK bundling configuration corresponds to actual PDSCH transmissions, this would limit the scheduling flexibility, e.g., eNB always needs to transmit 10 PDSCH TBs before the DL to UL switching in Alt 1.

· If the HARQ-ACK bundling configuration does not imply any information on how many PDSCH TBs are transmitted, but just indicates how to bundle the HARQ-ACK if the PDSCH TBs are transmitted, the delay for HARQ-ACK feedback would be large, especially when only a few of PDSCH TBs are transmitted. For example, when there is only 3 PDSCH TBs transmitted in Alt 1, the HARQ-ACK feedback would still be determined based on the bundling configuration, i.e. 10 PDSCH TBs, which would result in large delay and reduce the resource utilization efficiency. 
On the other hand, if the HARQ-ACK feedback timing is based on the end of actual PDSCH transmission, which may not be indicated in the HARQ-ACK bundling configuration for scheduling flexibility, additional indication for the end of actual PDSCH transmission is needed, which would increase the required overhead and diminish the gain using Alt 1 and Alt 2 compared to more dynamic bundling configuration methods. Details on how to indicate the end of actual PDSCH transmissions would be discussed in Section 4. 
Observation 2
· Implicit indication of HARQ-ACK feedback timing requires a common understanding between eNB and UEs on the end of PDSCH transmission before DL to UL switching.

· To keep the required overhead low, bundling configuration from limited number of predefined bundling patterns may put constraint on either scheduling flexibility or HARQ-ACK feedback latency with implicit indication for HARQ-ACK feedback timing. Otherwise, additional information on the end of actual PDSCH transmission is needed, which increases the amount of required overhead.
3.2 Explicit indication for HARQ-ACK feedback timing
With explicit indication, each DCI may indicate the HARQ-ACK feedback timing with respect to the scheduled PDSCH. This timing information can provide the bundling configuration without the need of additional information on bundling configuration, i.e., the HARQ-ACK feedbacks which are indicated to transmit on the same subframe are bundled. 

One indication method for the delay between the PDSCH and its corresponding HARQ-ACK feedback is via an offset ∆ in addition to a gap X, where the offset is dynamically indicated in DCI, while the gap is predefined or semi-statically configured via RRC signalling. For example, the delay equals max{4, 1+X+∆} if PDSCH TBs are transmitted on consecutive valid DL subframes, where
· The gap X is (bundle index * RLPUCCH), where the bundle index is within {0, 1, 2} and RLPUCCH is the number of repetitions configured for PUCCH transmission. 
· The offset ∆ is the remaining number of PDSCH TBs before the DL to UL switching. 
Observation 3
· With explicit indication, the HARQ-ACK feedback timing information can provide the bundling configuration without the need of additional information on bundling configuration.
Proposal 1
· For explicit indication of HARQ-ACK feedback timing, RRC+DCI based signaling is adopted. 
4 Method for handling error cases
The missed MPDCCH may result in error cases for HARQ-ACK bundling. Without any additional information, UE may not know that a MPDCCH within a bundle is missed and will feedback ACK instead of NACK. Moreover, if the MPDCCH scheduling a whole bundle is missed or the MPDCCH of last PDSCH is missed, there may be misunderstanding between eNB and UEs on the HARQ-ACK timing, if the HARQ-ACK timing is implicitly indicated.  
For handling the error cases with missed MPDCCH, DAI similar as in TDD frame structure can be introduced:
· Alt 1: 2-bit DAI, which is continuous across different bundles. Only the DAI bits in this method are not able to indicate if the last MPDCCH(s) is missed. Additional information on the number of PDSCH TBs is needed for indicating the end of PDSCH. 
· Alt 2: 2-bit DAI, which is reinitialized at the start of each bundle. Only the DAI bits in this method are not able to indicate if a whole bundle is missed, and if the last MPDCCH within a bundle is missed. Additional information on the bundle index and number of PDSCH TBs scheduled within a bundle is needed for indicating the end of PDSCH.
· Alt 3: Indication for the number of remaining PDSCH TBs can serve as DAI to help UE identify if any PDSCH is missed.
Note that even UE can identify if there is any missed MPDCCH based on additional information such as DAI, the UE may still not be able to determine how many subframes it needs to defer the HARQ-ACK feedback timing. This is because it is not precluded that MPDCCH/PDSCH can be transmitted on non-consecutive valid DL subframes. On the other hand, the HARQ-ACK bundling for HD-FDD is introduced to improve the DL data rate. Moreover, no MPDCCH and PDSCH repetitions are supported for HARQ-ACK bundling. In such cases, we do not see much loss to limit the HARQ-ACK bundling operation for only the following two cases, which helps avoid the HARQ-ACK feedback timing confusion and keep the design clean.  
· PDSCH TBs within the same bundling configuration is transmitted in consecutive valid DL subframes, as illustrated in Figure 2 a).

· MPDCCH and PDSCH are multiplexed via TDM, and the MPDCCHs scheduling PDSCH TBs within the configured bundles and the scheduled PDSCH TBs are transmitted in consecutive valid DL subframes in an interleaved manner as illustrated in Figure 2 b). For every two PDSCH TBs, 4 consecutive valid DL subframes are used, with first two subframes for MPDCCH transmission and following two subframes for PDSCH scheduled by the MPDCCH in previous two subframes, respectively.
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a) PDSCH is transmitted on consecutive valid DL subframes.
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b) MPDCCH and PDSCH are transmitted as an interleaving pair.
Figure 2. Illustration of transmission schemes for MPDCCH and PDSCH. The Gdi indicates the DL assignment for PDSCH TB #i, and Di refers to PDSCH TB #i.
Table 1 compares the combinations of various HARQ-ACK bundling configuration methods, HARQ-ACK feedback timing indication methods and methods for handling error cases. Note that the value of N in the table depends on the number of predefined bundling configurations, e.g. N=3 with 8 predefined patterns as given in [5]. The value of x depends on how flexible the predefined configurations are. In case of predefined patterns given in Figure 5 of [5], x = 1 is enough to indicate if the number of actual transmitted PDSCH TBs is the same as the configured TBs or is 1 TB less.
Based on the comparisons in Table 1, a single predefined configuration is not preferred considering the scheduling flexibility, and HARQ-ACK feedback latency. For the configuration method based on selection from multiple predefined configurations and dynamic configurations, the former requires 1 bit less than the latter. If dynamic activation/deactivation of HARQ-ACK bundling is supported in former case, i.e. with method of selection from multiple predefined configurations, the required overhead becomes the same as the dynamic configuration methods. Therefore, the dynamic configuration methods are preferred. 
	Bundling configuration
	HARQ-ACK timing indication
	Overhead
	Pros
	Cons

	Predefined configuration
	Implicit w.r.t bundling configuration
	2-bit DAI 
	Simple, 
low overhead
	Large latency for HARQ-ACK, 
limited flexibility

	
	Implicit w.r.t end of last actual PDSCH Tx, 
or explicit indication
	4 bits for # of remaining  PDSCH TBs (for Error1)
	Reduced latency for HARQ-ACK
	Limited flexibility, increased overhead

	Select 1 out of multiple predefined
	Implicit w.r.t bundling configuration
	2-bit DAI, 
and N bits for bundling config.
	Tradeoff between flexibility and overhead, may increase HARQ-ACK feedback delay depends on how flexible the predefined configurations are

	
	Implicit w.r.t end of last actual PDSCH Tx, 
or explicit indication
	2-bit DAI, 
N bits for bundling config, 
and x bits for last PDSCH TB (for Error1)
	Tradeoff between flexibility and overhead, may increase the overhead depending on value of x

	Dynamic
	Implicit indication
	3 bits for DAI+bundle size, 
and 3 bits for bundle index + number of bundles (for Error2)
	Flexible
	Overhead

	
	Explicit indication
	4 bits for number of remaining PDSCH TBs + 
2 bits for bundle index
	Flexible
	Overhead


Table 1. Comparisons among various HARQ-ACK bundling configuration methods, HARQ-ACK feedback timing indication methods and methods for handling error cases.  The “Error1” and “Error2” above refers the error cases where the related additional information is needed: “Error1” refers to the error cases with missed last MPDCCH(s), and “Error2” refers to the error cases where a whole bundle is missed, e.g. there are bundle #0 with {TB0, TB1} and bundle #1 with {TB2, TB3}, with one of the bundle being missed when DAI is initialized at the start of each bundle. 
Proposal 2
· HARQ-ACK bundling for HD-FDD is supported only for following two cases:
· PDSCH TBs within the same bundling configuration is transmitted in consecutive valid DL subframes.
· MPDCCH and PDSCH are multiplexed via TDM, and the MPDCCHs scheduling PDSCH TBs within the configured bundles and the scheduled PDSCH TBs are transmitted in consecutive valid DL subframes in an interleaved manner: for every two PDSCH TBs, 4 consecutive valid DL subframes are used, with first two subframes for MPDCCH and following two subframes for PDSCH scheduled by the MPDCCH in previous two subframes, respectively. 
Proposal 3
· Adopt the dynamic HARQ-ACK bundling configuration.
· Consider the following methods for indication of the dynamic HARQ-ACK bundling configuration:

· 3 bits for joint coding of DAI and bundle size + 3 bits for joint coding of bundle index and number of bundles.
· 4 bits for indicating number of remaining PDSCH TBs + 2 bits for bundle index. 

5 Multi-subframe scheduling via a single DCI
To reduce the DL overhead, a single DCI can be designed to schedule multiple subframes. In this section, we provide some deign details if the single DCI for multi-subframe scheduling is supported.
The multiple subframes scheduled by the single DCI can belong to a single bundle or belong to multiple bundles. The DCI format 6-1A is considered as the baseline for the DCI design, with following extensions:
· Bundling configuration information: This information is needed only when the single DCI schedules multiple bundles. The method for the bundling configuration indication can use the Alt 2 or Alt 3 given in Section 2. 
· Number of PDSCH TBs to be scheduled via this DCI.
· HARQ process ID: The HARQ process ID for first scheduled PDSCH TB is explicitly indicated, while the following TBs have subsequent HARQ process ID cyclically assigned. 

· NDI: Same value for TBs within the same bundle. The number of bits needed for NDI equals to the number of bundles scheduled by the DCI.
· RV: Same value for TBs within the same bundle. The number of bits needed for RV equals to the number of bundles scheduled by the DCI multiplied by 2, i.e. 2 bits per bundle.
· HARQ-ACK timing information: If all bundles are scheduled by the DCI, there is no need to indicate HARQ-ACK timing as the timing can be determined based on the last scheduled PDSCH TBs and no confusion on the timing is expected. This information is needed only when the single DCI schedules one bundle. For example, different offsets from the end of the bundle to the corresponding HARQ-ACK feedback can be indicated based on bundle index. 

Considering the required overhead, a single DCI scheduling multiple HARQ-ACK bundles is preferred, as only 1 MPDDCH is needed in this method, while up to 3 MPDCCHs are needed if a single DCI schedules one bundle. 
As discussed above, in case of single DCI scheduling multiple bundles, bundling configuration needs to be indicated while HARQ-ACK feedback timing does not require additional bits. For bundling configuration indication, Alt 1 in Section 2 is not preferred due to the lack of flexibility. For Alt 2 in Section 2, the number of needed bits depends on the number of predefined configurations, e.g. 3 bits for 8 predefined configurations [5].  Moreover, 1 additional bit is preferred to dynamically activate/deactivate the HARQ-ACK bundling to have more flexibility. Thus, 4 bits are needed for Alt 2. On the other hand, Alt 3b provides more flexible bundling configuration, requiring 5 bits to cover the following 29 combinations: 3 bundles and number of PDSCH TBs within {3, 4, …, 10}, 2 bundles and number of PDSCH TBs {2, 3, …, 8}, 1 bundles and number of PDSCH TBs {1, …, 4} and number of PDSCH TBs {1, …, 10} without bundling. Considering the more flexibility provided by Alt 3b and only 1 extra bit compared to Alt 2, Alt 3b is preferred for the HARQ-ACK bundling configuration indication. 
Proposal 4
· If a single DCI scheduling multiple subframe is supported, it is preferred to support a single DCI scheduling multiple HARQ-ACK bundles rather than a single DCI per bundle, to reduce the DL overhead.

· The single DCI is extended from DCI format 6-1A, to include the indication of number of HARQ-ACK bundles and number of scheduled PDSCH TBs, which determines the HARQ-ACK bundling pattern. 
6 Conclusion

In this contribution, we discuss the remaining details for HARQ-ACK bundling, based on which we make the following observations and proposals:

Observation 1
· The required overhead not only depends on how to configure HARQ-ACK bundling, but also depends on the HARQ-ACK feedback timing indication and information needed for handling error cases. 
Observation 2
· Implicit indication of HARQ-ACK feedback timing requires a common understanding between eNB and UEs on the end of PDSCH transmission before DL to UL switching.

· To keep the required overhead low, bundling configuration from limited number of predefined bundling patterns may put constraint on either scheduling flexibility or HARQ-ACK feedback latency with implicit indication for HARQ-ACK feedback timing. Otherwise, additional information on the end of actual PDSCH transmission is needed, which increases the amount of required overhead.
Observation 3
· With explicit indication, the HARQ-ACK feedback timing information can provide the bundling configuration without the need of additional information on bundling configuration.
Proposal 1
· For explicit indication of HARQ-ACK feedback timing, RRC+DCI based signaling is adopted. 
Proposal 2
· HARQ-ACK bundling for HD-FDD is supported only for following two cases:

· PDSCH TBs within the same bundling configuration is transmitted in consecutive valid DL subframes.

· MPDCCH and PDSCH are multiplexed via TDM, and the MPDCCHs scheduling PDSCH TBs within the configured bundles and the scheduled PDSCH TBs are transmitted in consecutive valid DL subframes in an interleaved manner: for every two PDSCH TBs, 4 consecutive valid DL subframes are used, with first two subframes for MPDCCH and following two subframes for PDSCH scheduled by the MPDCCH in previous two subframes, respectively. 

Proposal 3
· Adopt the dynamic HARQ-ACK bundling configuration.

· Consider the following methods for indication of the dynamic HARQ-ACK bundling configuration:

· 3 bits for joint coding of DAI and bundle size + 3 bits for joint coding of bundle index and number of bundles.

· 4 bits for indicating number of remaining PDSCH TBs + 2 bits for bundle index. 

Proposal 4
· If a single DCI scheduling multiple subframe is supported, it is preferred to support a single DCI scheduling multiple HARQ-ACK bundles rather than a single DCI per bundle, to reduce the DL overhead.

· The single DCI is extended from DCI format 6-1A, to include the indication of number of HARQ-ACK bundles and number of scheduled PDSCH TBs, which determines the HARQ-ACK bundling pattern. 
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