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1 Introduction

The contribution discusses the HARQ processing time, the HARQ process number, the signaling design for HARQ timing indication, the principles of HARQ-ACK multiplexing and HARQ-ACK bundling. 
The following definitions will be used in this document:
· For slot-based scheduling, 

· DL data reception in slot N and corresponding acknowledgment in slot N+K1

· UL assignment in slot N and corresponding uplink data transmission in slot N+K2

· UL ACK/NACK reception in slot N and corresponding retransmission  of data (PDSCH) on DL in slot N+K3
· UL data reception in slot N and corresponding acknowledgment in slot N+K4 
2 HARQ processing time

In RAN1 #86bis meeting [1], RAN1 agreed to use K1/K2 indicate the UE processing time for slot-based scheduling. In RAN1 #Ad Hoc 2017-2 [2], RAN1 agreed to consider the UE processing time(s) in terms of symbols (N1, N2) together with absolute time (in us) to support low latency operation. In RAN1 #90 [3] meeting, factors on HARQ processing have been discussed. The nominal assumptions for processing time evaluations were provided. Some additional condition factors such as SCS, RE mapping were listed too. RAN1 also achieved the agreement that if nominal assumptions change, the (N1, N2) characterization can be modified accordingly. As an observation, the initial values of (N1, N2) have big difference, varying from one slot to 4 slots. HiSilicon’s initial evaluations for SCS 15kHz and 30kHz are between them as shown in the following table. For the SCS 60kHz and 120kHz, the processing time is greater than 1 slot, self-contained operation is impossible. In such case, we suggest to evaluate the processing time in time unit of slot instead of symbol. In addition, because the position of additional DMRS hasn’t been decided, the values for such case are FFS. 
Table 1 Examples of HARQ processing time

	DMRS for CE
	Source
	15 KHz SCS
	30 KHz SCS
	60 KHz SCS
	120 KHz SCS

	Front-loaded DMRS only
	[4]
	~14 
	~18
	~27 
	~52 

	
	[5]
	2.5 
(178.6 µs)
	2.5
(89.3 µs)
	4.5
	6.5

	
	HiSilicon
	~4
	~6
	>14
	>14

	
	Range of Values
	~11.5

(821µs)
	~15.5

(553µs)
	~22.5

(402µs)
	41.5

(370µs)

	Front-loaded + additional DMRS
	[4]
	~24 
	~31 
	~37 
	~60 

	
	[5]
	11.5
	11.5
	11.5
	11.5

	
	HiSilicon
	FFS
	FFS
	FFS
	FFS

	
	Range of Values
	~12.5

(892µs)
	~19.5

(696µs)
	~25.5

(531µs)
	~48.5

(433µs)


Considering the implementation difference from different UE chipset vendors, and many factors related to UE processing time have not been agreed yet, we should have more flexibility at the first stage. NR will also define many UE categories to adapt to diverse usage scenarios. Different UE vendors will make different tradeoff decision between cost and processing capability. In addition, the implementation for both gNB and UE will continuously be evolved, so reporting UE capability on processing time would leave room for further improvement on NR competitiveness.
Proposal 1: UE reports N1 and N2 under different conditions as UE capability.
Then the network can make the suitable scheduling decision based on UE capabilities and other factors, for example, QoS requirements, payload size, and so on. Note that reported N1 and N2 are very tight latency capabilities on nominal assumptions. The network should consider some margins when making the actual scheduling decision. For example, if UCI is rate matched with PUSCH, then the gNB should leave more processing time for UE UL transmission. 

3 HARQ process number 

RAN1 has agreed that the maximum number of HARQ processes per carrier supported in NR is 8 or 16. For continuous DL transmission with peak DL data rate, the minimum number of DL HARQ process is 
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 is transmission delay. For contiguous UL transmission with peak UL data rate, the minimum number of UL HARQ processes is
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 are the timing parameters used in the relevant agreements, and 
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 is the timing between HARQ-ACK feedback for PUSCH and UL grant for retransmission. The processing time can be categorized to the part in proportional to the length of an OFDM symbol, such as FFT/demodulation/decoding etc. and the part independent of OFDM symbol length, such as L1/L2 interaction time, BD time, etc. So larger SCS (shorter TTTI) and longer 
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will consume more HARQ processes than smaller SCS and short 
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For example, for SCS 120kHz, the K3 may be greater than 8; when
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=200s, the timing advanced itself may need additional at least 3 HARQ processes for continuous transmission. 
In addition, the slot format configuration needs to be considered when defining the number of HARQ processes. In LTE, up to 15 HARQ processes are defined to address all TDD subframe configurations. In NR, this is not yet clear. Some configurations may need more HARQ processes. As per the agreements, NR should support at least 16 to address this issue. 
Documents [6][7]

 REF _Ref484806244 \r \h 
[8] have shown some the scenarios that the number of HARQ processes needs to be greater than 8. For example, based the assumptions in [1], the minimum number of HARQ process for peak data rate will be 11 for TTI length 0.125ms when
[image: image9.wmf]d

T

=200s. In [7], the number of DL HARQ process is 13 for SCS 30kHz. In [8], the maximum number of HARQ processes can be 14 for very short TTI length as 0.25ms even for short UE/gNB processing time. 
NR has agreed to support multiple bandwidth parts operation. Based on our analysis above and analysis in [4], the maximum number of HARQ processes itself has no impact on defining UE category. The maximum number of HARQ processes will only affect on the DCI size. Since the CORESET is defined per bandwidth parts, the number of HARQ processes can be defined per bandwidth part too. 
Based on these observations, we make the following proposals:
Proposal 2: The maximum number of DL HARQ processes per bandwidth part per carrier is 16 in NR. 
Proposal 3: The maximum number of UL HARQ processes per bandwidth part per carrier is 16 in NR. 
The required number of HARQ processes may vary with the numerologies and deployment scenarios. The network can decide the suitable number of HARQ processes based on all information, including UE HARQ processing capability, numerology and network deployment. The actual number of HARQ processes is up to gNB scheduling and thus included in DCI contents. To reduce the DCI overhead, the gNB can semi-statically configure UE a smaller number of HARQ processes than 16 per bandwidth part. 
Proposal 4: The gNB can semi-statically configure UE a smaller number of HARQ processes than 16 per bandwidth part to save DCI overhead.
4 HARQ timing indication 
Regarding K1 and K2, one main motivation for flexible HARQ timing is different UE capabilities. For a UE with higher processing capability, shorter values for HARQ timing will be configured. On the other hand, for a UE with lower processing capability, more processing time is needed and accordingly longer HARQ timing values will be configured. Therefore, the configured timing values should take UE capability into account, i.e., no less than the minimum timing value reported by UE. The minimum values of K1 and K2 may be different under various subcarrier spacing and TTI duration configurations. Since a UE can support multiple numerologies in one carrier, it is better to configure the sets of HARQ-ACK timing values separately for different numerologies from the perspective of DCI cost. For instance, assuming minimum K1=2 for 15kHz SCS, we can configure a set of 2 values {2, 3}; assuming minimum K1=4 for 60kHz SCS, we can configure a set of 2 values {4, 6}. Then just 1 bit is needed for K1 field in DCI. If a single set of four values were used, a 2-bit field for K1 would be needed.
Proposal 5: Sets of HARQ timing values (at least include K1 and K2) are separately configured for different subcarriers spaces and/or data transmission durations. 
In order to keep a low signaling overhead, the size of timing indication field should be minimized (e.g. 1~2 bits). Accordingly, the number of values within one set should be limited. To reduce the signaling overhead further, this field can be removed when the dynamic timing indication field is not necessary. However, the side effect will be extra indication or the increase of blind decodings for the existence of the HARQ timing indication field. As a result, this field should be always present. When the set of values for HARQ timing has not been configured or is reconfigured by higher layer, there is a period of time during which the set of values is unknown to UEs or the set of values is not the same from the gNB side and from the UE side. In this case, when the HARQ timing indication field exists in DCI, it will indicate nothing or indicate an unexpected HARQ timing from the gNB perspective (i.e. an ambiguity problem). Therefore, a default value of HARQ timing should be predefined or configured by system information to solve these problems. If the HARQ timing indication field is always present, the default value should be mapped to one of values. For example, if the HARQ timing indication field contains two bits, the value {‘00’} could be mapped to indicate the default value of HARQ timing. 
Proposal 6: The size of fields for K0, K1 and K2 indication by DCI should be minimized (e.g., 1~2bits) and this field should always present. 
· A default value can be configured by system information or predefined, and the default value is mapped to one of the values which are indicated by the HARQ timing indication field. 
5 HARQ-ACK multiplexing
In the RAN1#88bis meeting, support of HARQ-ACK multiplexing for multiple PDSCHs of one or more carriers was agreed. For the case of CBG-based re-transmission, HARQ-ACK multiplexing should also be supported. The motivation CBG-based re-transmission is improving spectrum efficiency for large TB or URLLC preemption case. The spectrum efficiency gain and necessity still holds when configured with one or more carriers or scheduled with multiple PDSCHs. Therefore, HARQ-ACK multiplexing for multiple PDSCHs with multiple CBGs of one or more carriers should be supported, especially when the total number of HARQ-ACK feedback bit does not exceed the upper limit of UCI payload. Besides, NR should strive for common mechanisms for HARQ-ACK multiplexing for all kinds of cases, such as TB-based and CBG-based HARQ operations, single-PDSCH and multiple-PDSCH operations and single-carrier and multiple-carrier operations
Proposal 7: The HARQ-ACK multiplexing within a UCI should support the following cases:

· CBG(s) in TB

· TB(s)/codeword(s) within a PDSCH

· TB(s)/CBG(s) of different PDSCHs in time domain including slot and mini-slot

· TB(s)/CBG(s) in multiple component carriers
In LTE, dynamic and semi-static HARQ-ACK codebook adaptation were supported for HARQ-ACK multiplexing. Semi-static HARQ-ACK codebook can be used because the DL/UL configuration and HARQ timing are fixed for each TDD configuration. Comparing to semi-static HARQ-ACK codebook, dynamic HARQ-ACK codebook adaptation can reduce the unnecessary HARQ-ACK feedback. Especially, a DAI mechanism is used to help UEs to discover PDCCH(s) missed detections with sufficient reliability. 
In NR, CBG-based (re)transmission and HARQ-ACK feedback can be configured by RRC to improve the spectrum efficiency. However, the number of CBG(s) of a TB may vary since TBS (MCS and number of scheduled PRBs) changes dynamically. To avoid misunderstanding on HARQ-ACK codebook size between gNB and UE due to DTX, the number of HARQ ACK bits for a TB can be equal to a value configured by higher layer signaling. Based on this assumption, DAI mechanism (counter DAI and total DAI is signaled/derived per PUCCH cell group) in LTE/LTE-A can work well, thus can be considered as a starting point. 
Proposal 8: For HARQ-ACK multiplexing across multiple PDSCHs, the number of CBG HARQ-ACK bits for a TB can be equal to a value configured by RRC signaling.

Proposal 9: For dynamic HARQ-ACK codebook determination, the DAI mechanism in LTE/LTE-A can be considered as a starting point.

· The codebook size  is decided by counter-DAI and total-DAI  value signaled in DL grant DCI 

· Counter-DAI and total-DAI values are derived per PUCCH cell group for CA case.

Regarding semi-static HARQ-ACK codebook determination, in addition to the number of configured CCs, size of bundling window or associated set is another factor determining the codebook size. Different from LTE, NR may not have fixed HARQ-ACK bundling window since flexible and dynamic HARQ-ACK timing indication are introduced. Therefore, the associated set (PDSCHs in different slots or carriers) should be further studied and defined. 
Proposal 10: For semi-static codebook, the associated set should be further studied.
6 HARQ-ACK bundling
HARQ-ACK bundling with binary “AND” operation of multiple HARQ-ACK bits can reduce the number of feedback bit for UEs. It is an efficient way to improve the coverage and capacity of UL control, especially for cell-edge UEs.

One disadvantage of HARQ-ACK bundling is the spectrum efficiency loss since the result of “AND” operation is NACK and all the data packets need to be retransmitted even if only 1 HARQ-ACK bit is NACK. Therefore, when HARQ-ACK bundling is discussed, correlation of the data packet or channel quality should be considered, i.e., bundling across data which suffers channel of high correlation is a better choice.
Based on proposal 7, multiple HARQ-ACK bits within a UCI can come from

· Multiple CBGs of a TB
· Multiple TBs/codewords within a PDSCH

· Multiple TBs of different PDSCHs in time domain

· Multiple TBs of different component carriers
Accordingly, there are following four HARQ-ACK bundling modes.
1) Bundling of HARQ-ACK across CBGs of a TB
Although multiple bit feedback per TB was agreed, obviously, bundling of HARQ-ACK across CBGs should be supported in NR. Firstly, bundling of HARQ-ACK across CBGs is equivalent to TB level feedback (1bit per TB), which is a baseline and has been agreed. Secondly, correlation of channel quality each CBG suffers is high since they are within a same TTI and same bandwidth except for the case with URLLC preemption. Note that “Bundling of HARQ-ACK across CBGs of a TB” is equivalent to existing TB-level feedback is supported in NR. Thus, “Bundling of HARQ-ACK across CBGs of a TB” means dynamic switching from CBG-based feedback to TB-based feedback.
2) Bundling of HARQ-ACK across multiple TBs/codewords within a PDSCH
Current agreement states that NR would support 1 codeword up to 4 layers, and 2 codewords for the case above 4 layers. This implies that UEs are able to transmit 2 codewords with MIMO simultaneously. Although the channel quality of different layers maybe different, from the perspective of UCI payload limitation (e.g., 1 or 2 bits for format 1 or 20 bits for format 3 of LTE case) or coverage consideration, spatial bundling of HARQ-ACK should be supported similarly to LTE. When spatial HARQ-ACK bundling is used for 2 codewords with more than 4 layers, the PUCCH overhead is equivalent to 1 codeword for above 4 layers
3) Bundling of HARQ-ACK across multiple TBs of different PDSCHs in time domain
Considering different TDD DL/UL resource partition patterns and dynamic TDD operation, HARQ-ACK bits of multiple TBs from different downlink transmissions can be transmitted in the same uplink transmission. Usually, the channel correlation of consecutive slots is high because the channel does not fluctuate greatly when Doppler effect is not too high. Besides, the TDD DL/UL resource partition can be cell-specific and thus UE in coverage limited scenarios is a common case in TDD system. For cell-edge UEs or the case UCI payload is limited, performing a logical AND operation per codeword across multiple downlink transmissions could be considered.
4) Bundling of HARQ-ACK across multiple TBs of different component carriers
From RAN1 specification perspective, the maximum number of NR carriers for CA and DC is 16 in NR. In certain scenarios, the number of CCs in uplink is asymmetric with downlink. Therefore, there may be cases where HARQ-ACK bits from multiple CCs are transmitted in the same uplink transmission. However, comparing to above other cases, the channel correlation of different CCs is lowest. With the same consideration that it is not supported in LTE, no need for enhancement in NR. Therefore, HARQ-ACK bundling of TBs from multiple component carriers is supported in NR if obvious gain is identified.

Based on the above observations, we have the following proposals:
Proposal 11: The HARQ-ACK bundling should support the following cases

· HARQ-ACK bundling of multiple CBGs of a TB
· Spatial HARQ-ACK bundling of 2 codewords within a PDSCH
· HARQ-ACK bundling per codeword across multiple downlink transmissions within a CC
Proposal 12: NR does not support HARQ-ACK bundling of TBs from multiple CC
There are two ways to trigger HARQ-ACK bundling. The first one is implicit or automatic approach. Considering aggregated HARQ-ACK feedback of multiple TBs and other UCI types (e.g., SR/RI(CRI)/PMI/CQI/BMI) in single UCI, the total payload may exceed the maximum payload size limitation of UCI (e.g., 1 or 2 bits for format 1 or 20 bits for format 3 of LTE case). For this case, similar to spatial bundling in LTE, automatically triggering HARQ-ACK bundling is a good choice. It would not cause inconsistency because the number of HARQ-ACK bits is known for both transmitter and receiver through DAI mechanism or semi-static codebook. Especially, considering the channel correlation, the priority can be “Bundling of HARQ-ACK across CBGs > Bundling of HARQ-ACK in spatial domain > Bundling of HARQ-ACK in temporal domain”. 
Another approach is explicit configuration through semi-static signal. In LTE, HARQ-ACK bundling is configured with tdd-AckNackFeedbackMode in PUCCH-ConfigDedicated. Therefore, from the perspective of flexibility, higher layer configuration of HARQ-ACK feedback modes can also be supported. 
Proposal 13: HARQ-ACK bundling can be achieved in the following manner:
· HARQ-ACK bundling is applied in semi-static manner based on RRC configuration 

· HARQ-ACK bundling is applied in dynamic manner according to the maximum payload size of UCI

7 Conclusions
In this contribution we discussed the HARQ timing, multiplexing and bundling aspects for NR. According to the above discussions, we have the following proposals:
Proposal 1: UE reports N1 and N2 under different conditions as UE capability.
Proposal 2: The maximum number of DL HARQ processes per bandwidth part per carrier is 16 in NR. 
Proposal 3: The maximum number of UL HARQ processes per bandwidth part per carrier is 16 in NR. 
Proposal 4: The gNB can semi-statically configure UE a smaller number of HARQ processes than 16 per bandwidth part to save DCI overhead.
Proposal 5: Sets of HARQ timing values (at least include K1 and K2) are separately configured for different subcarriers spaces and/or data transmission durations. 
Proposal 6: The size of fields for K0, K1 and K2 indication by DCI should be minimized (e.g., 1~2bits) and this field should always present. 
· A default value can be configured by system information or predefined, and the default value is mapped to one of the values which are indicated by the HARQ timing indication field. 
Proposal 7: The HARQ-ACK multiplexing within a UCI should support the following cases:

· CBG(s) in TB

· TB(s)/codeword(s) within a PDSCH

· TB(s)/CBG(s) of different PDSCHs in time domain including slot and mini-slot

· TB(s)/CBG(s) in multiple component carriers

Proposal 8: For HARQ-ACK multiplexing across multiple PDSCHs, the number of CBG HARQ-ACK bits for a TB can be equal to a value configured by RRC signaling.

Proposal 9: For dynamic HARQ-ACK codebook determination, the DAI mechanism in LTE/LTE-A can be considered as a starting point.

· The codebook size  is decided by counter-DAI and total-DAI  value signaled in DL grant DCI 

· Counter-DAI and total-DAI values are derived per PUCCH cell group for CA case.

Proposal 10: For semi-static codebook, the associated set should be further studied.
Proposal 11: The HARQ-ACK bundling should support the following cases

· HARQ-ACK bundling of multiple CBGs of a TB
· Spatial HARQ-ACK bundling of 2 codewords within a PDSCH

· HARQ-ACK bundling per codeword across multiple downlink transmissions within a CC

Proposal 12: NR does not support HARQ-ACK bundling of TBs from multiple CC
Proposal 13: HARQ-ACK bundling can be achieved in the following manner:

· HARQ-ACK bundling is applied in semi-static manner based on RRC configuration 

· HARQ-ACK bundling is applied in dynamic manner according to the maximum payload size of UCI
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