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Description
From RAN1 #88bis meeting, the following email discussion [88b-14] was agreed to help further the understanding on the specification impacts related to number of HARQ processes.
Consider further following two aspects for the number of HARQ processes:
1. Maximum number of HARQ processes per carrier
2. Soft-buffer size/dimensioning/partitioning

Open questions:
· What RAN1 specification impacts the above two aspects will have?
· What factors impacts on each of the aspects, and how much?
· For which types of UEs the peak data rate is desirable?
· What is the relation between these two aspects and flexible scheduling/HARQ-ACK feedback timings?
· How/whether different between downlink and uplink?

In order to facilitate the discussion, we have provided these questions below with a few more details and clarifications for discussion. Additionally, other comments are welcome at the end.
The following are some agreed-upon terminology that will be used throughout this document:
· K0: Delay between DL grant and corresponding DL data (PDSCH) reception
· K1: Delay between DL data (PDSCH) reception and corresponding acknowledgement transmission on UL
· K2: Delay between UL grant reception in DL and UL data (PUSCH) transmission
· K3: Delay between ACK/NAK reception in UL and corresponding retransmission of data (PDSCH) on DL
Note that all delay above are defined in units of slots.

The email discussion was initiated with Preliminary Questions (see Section 3) which ended on April 20th. A short summary is of this discussion provided below, with an additional set of follow up questions for clarification. 
Note that this email discussion has been extended to May 10th, and subsequent revisions may follow. Additional feedback can be sent on the email reflector thread to directed to jsoriaga@qti.qualcomm.com.

Summary Observations
The following are a set of observations from the discussion in Section 3.
On maximum number of HARQ processes
· Processing delay (e.g., scheduling, decoding, transmission, fronthaul/backhaul delays), scheduling granularity (e.g., numerology, slot length), and peak rate will nominally determine the maximum number of HARQ processes.
· More HARQ processes can allow the network to handle larger processing delays without necessarily sacrificing peak throughput at the physical layer, but potentially at a cost of increased buffering depending on performance requirements
· The HARQ process ID field in DCI would need to be large enough to accommodate the maximum number of HARQ processes.
· The timing requirements such as K0, …, K3 are also specification aspects that are closely related to the max # HARQ processes.
· The number of HARQ processes needed by the uplink and downlink could be different.

On soft buffer size aspects, including dimensioning and partitioning
· Generally, soft buffer size may not necessarily have a linear relationship to the number of HARQ processes. However, some notion of soft buffer dimensioning/partitioning can have an impact to the minimum code rate supported on each HARQ process when operating at peak rate.
· There are several solutions for managing the buffer size to meet the peak rate under the required number of HARQ processes, for which there are various tradeoffs in energy efficiency, latency, and hardware complexity.
· [bookmark: _GoBack]If the time span over the HARQ processes which are needed to sustain the peak rate can be reduced (e.g., by improving the RTT, such as through faster processing or reduced propagation delay), then implementations for the overall HARQ buffer can benefit. 
· The soft buffer size requirements would nominally be associated with UE capability and should reflect some target configuration (e.g., numerology, RTT, peak rate).


Follow up questions and proposals from earlier discussion
UE-specific number of HARQ processes
Several companies had suggested or considered allowing the number of HARQ processes to be UE specific. This could even be commensurate with HARQ timing capability which could also be UE specific.
· Can NR allow the max # of HARQ processes be UE-specific? 
· If so, under what conditions and what values?  What is the mechanism for this (e.g., limit the DCI bit width)?
· If not, what are concerns and what values are intended?

Proposal 1. The maximum number of HARQ processes in NR specification is 8, but should also be configurable to a lower number for each UE depending on other aspects such as RTT, bandwidth, and throughput configurations.

Performance requirements with large delays
There was discussion on network having flexibility to accommodate for larger delays, however there were differences on the performance requirements under these larger delays.

It should also be clarified that “peak rate” in the context of this discussion refers to the theoretical highest throughput scenario that the UE can support, which typically corresponds to the configuration involving the largest bandwidth, maximum resource allocation, highest MCS with maximum MIMO layers.
· Can it be agreed that the peak rate is not meant for the largest RTT allowable?

Proposal 2. The NR specification should target operating peak rates only at smaller RTT, and not the worst-case RTT supported by NR.

[bookmark: _Ref481109080]Preliminary Questions
What RAN1 specification impacts will the above two aspects have?
Some aspects discussed were DCI format, HARQ process addressing, and details with respect to soft-buffer size.
	Company
	Response

	Qualcomm
	Within a component carrier, one specification impact is that the DCI format will need to account for the HARQ process ID. It is also desirable that specification allow a configurable UE-specific maximum number of HARQ processes, for cases where UE processing time can bereduced, e.g., to support self-contained subframe operation.By allowing for a reduced number of HARQ processes, the buffering requirements for the UE at peak can be reduced. If the specification also provides an overall reduction in latency on both the UE and gNB side processing, then this can lead to further reduce in number of HARQ processes and buffering requirements. 
With respect to slot aggregation and mini-slots, the number of HARQ processes could be larger subject to the data rates being used. See later comments with regard to HARQ buffer span.
It is important to note that limiting the number of HARQ processes per component carrier also leads to a reduced complexity and lower overhead when scaling up to multicarrier. 

	Sony
	· Maximum number of HARQ processesDCI format needs to account for the HARQ process ID

Soft-buffer size/dimensioning/partitioning
· Rate matching (PDSCH and PUSCH) specification affected (cf circular rate matching buffer in LTE)
· RV cycling functionality affected by partitioning of soft buffer (which RVs are cycled if the number of partitions is different to the maximum number of HARQ processes?). 


	VIVO
	The HARQ process number will impact the DCI format design. UE-specific HARQ process number is expected. Therefore, the size of ‘harq process number’ filed could be different for each UE.
In principle, there will be three kind of HARQ process round trip time (RTT), high RTT (RTT1), low RTT (RTT2) and ultra-high RTT (RTT3) respectively. The RTT1 corresponds to eMBB services, RTT2 corresponds to time-critical services and RTT3 corresponds to slot aggregation. 
For future proof, if URLLC adopts a different HARQ entity, the size of ‘harq process number’ filed for URLLC may be different from eMBB.
Maximum HARQ process number is related to the soft buffer size, UE/gNB processing time. It is expected to have the following alternatives,
· Alt 1: one UE capability which supports RTT1 and RTT2, additional UE capability signalling to indicate RTT3
· Alt 2: separate UE capability to support RTT1 and RTT2, additional UE capability signalling to indicate RTT3
· Alt 3: one UE capability which supports RTT1, RTT2 and RTT3.

Further discussion is needed to take buffer size, UE/gNB processing time into account.

	NTT DOCOMO
	The number of HARQ processes impacts the DCI format payload since it would include HARQ process ID indication field. Besides, the soft-buffer size definition may be impacted by the number of DL HARQ processes, while the size may not be linearly increased with increased number of DL HARQ processes. 

	MediaTek
	There could be RAN1 specification impacts shown as follows and they may change with subcarrier spacing and slot length (e.g. slot, mini-slot, slot aggregation).
1. Bit number of HARQ process ID in DCI formats
2. HARQ-ACK timing & HARQ retransmission timing
3. Coding chain rate matching
4. Soft buffer size for UE capability

	Nokia, ASB
	It is desirable to allow configurable number of HARQ processes per UE for each carrier, in order to accommodate versatile deployment scenarios with wide range of RTT values. From RAN1 specification point of view, the maximum number of HARQ processes needs to be defined. The size of the corresponding DCI field may be determined based on either the maximum or the configured number of HARQ processes, which can be discussed later.
However, the UE soft buffer size does not necessarily need to be dimensioned based on the maximum number of HARQ processes.
The number of HARQ processes would affect the soft buffer size for each process assuming a fixed, static split of the total soft buffer size, but some more smart and dynamic soft-buffer usage may be considered for NR UEs. In any case, it is not expected that the actual value of number of HARQ processes would affect the mechanism for soft buffer management. In this sense, the value may not have immediate impact on the RAN1 specifications beyond the DCI field size.
Soft buffer size can be discussed as part of UE capability/category in a later stage, but it does not need to have a direct link to the number of supported HARQ processes.
In addition, it needs to be considered whether to have separate pools of HARQ processes for data transmissions with different durations (e.g. slot, mini-slot, aggregated slots).

	Fujitsu
	Some foreseeable direct impacts on RAN1 specifications are:-
· DCI payload size (e.g. number of bits needed to signal the HARQ process ID for scheduled transmissions, with the possibility of different numbers of bits for different use cases)
· Determination of HARQ process ID for “non-scheduled” transmissions (e.g. grant-free UL)
· Configurability of maximum number of HARQ processes for different use cases, and different device capabilities
· Possibly some details of RV management (e.g.  number of bits in DCI payload for RV indication)  
· Possibly some details of soft-buffer management (e.g. as a function of number of HARQ processes configured and total soft buffer size, including details for multi-carrier cases)
There will be significant impact on details of UE capabilities (including supported soft buffer sizes, max/min number of HARQ processes, values of K0, K1,K2, K3, if defined), but in this response to the question these are assumed to be mainly specified outside RAN1

	Apple
	The max number of HARQ process will impact DCI format directly. 
In general, the max number of HARQ processes will be dependent on numerology and slot type (aggregation or mini slot), and expected to be also UE dependent.
Small K0 requires fast control decoding. As the number of CC increases in NR, it may be beneficial to limit the total number of blind decoding hypotheses across CC’s
The larger impact could be on UE category definition and capability indication, considering NR flexible numerologies and slot types. But this goes beyond RAN1 spec.

	Panasonic
	Soft-buffer size
This is related to something equivalent to "total number of soft channel bits" for DL and "Total number of soft channel bits" for UL in TS36.306. Not to define these numbers but purely up to UE implementation with performance requirement defined in RAN4 is one approach to be discussed in RAN1 but we think at least starting point of these numbers needs to be agreed for the discussion.
Soft-buffer dimensioning
This is the conditions where above soft-buffer size is calculated. Soft buffer size is dimensioned by the number of soft buffer size for each HARQ process, the number of HARQ process. In this question, we address the number of HARQ process. We see the need of the operation with larger network delay depending on the front-haul delay. On the other hand, to design maximum peak-rate for such case increases the UE complexity because of many HARQ process of the corresponding delay. Therefore, our thinking is soft buffer dimensioning is realized at the case of potentially shortest realistic network processing time. Then depending on the network front haul delay and other conditions, the soft buffer size for each HARQ process can be reduced by increasing the number of HARQ process. Assuming certain BLER operation like 10%, to support larger number of HARQ process without increasing the actual soft buffer size is possible similar to CA/TDD operation in LTE. But for the discussion of soft buffer dimensioning, we propose not to assume such operation.
Soft-buffer partitioning
For rate matching purpose, soft-buffer assumption need to be decided (assuming similar to LTE rate matching parameter). For this purpose, soft-buffer needs to be partitioned. The total size of all HARQ process based on this partitioning may exceed soft-buffer size because this takes into account certain BLER operation of dynamic reuse of soft buffer between HARQ processes similar to LTE CA.
Maximum number of HARQ process per carrier
This is related to DCI field size of HARQ process ID. Depending on the network delay and/or certain operating conditions, this field size may be semi-statically adjusted.

Similar to LTE, Soft-buffer size/dimensioning/partitioning considers only unicast traffic as the first step. How to share or not to share it with MBSFN and/or system information and/or group common channel is separate discussion.
How/whether eMBB soft buffer and URLLC soft buffer (or how/whether slot and mini-slot soft buffer) are separately discussed based on the agreement of eMBB soft buffer slot decision.
Whether URLLC only (or mini-slot only) capable UE is specified or not needs the discussion.

	CATT
	RAN1 specs would capture soft buffer calculation and procedures of NR-PDSCH, NR-PUSCH, and HARQ operation.  The number of HARQ processes could be defined differently for each UE category.  The soft buffer size would be computed based on the supported number of HARQ processes.  The rate matching could also be impacted along with the decision on the soft buffer size to see whether limited buffer or full buffer rate matching is used. The operational procedures of NR-PDSCH, NR-PUSCH, and HARQ would identify the processing delay Ki, which includes the required minimum processing delay time ni and dynamic assignment delay time  di (Ki = ni +di). The impact on DCI would be not only due to the number of HARQ processes but also the flexible timing of K1 and K2.  

	Samsung
	The number of DCI format bits for indicating the HARQ process number should be configurable. This number then determines the maximum number of HARQ processes. A smaller number than the maximum one does not need to be explicitly configured to the UE as it will restrict scheduler operation and can be handled by UE implementation. 
What can be useful for UE implementation to improve use of the soft buffer, in case of CA or DC, is for the gNB to indicate the UE soft buffer partitioning per cell as different data rates can exist per cell (e.g. macro vs. small cell or below-6 vs. above 6) even though the number of actually used HARQ processes can be similar/same. 
For the maximum number of HARQ processes, the following issues should also be considered. 
· Whether to support HARQ process sharing among carriers for CA scenario
· Whether to support HARQ process sharing among different numerologies

	Intel
	Maximum number of addressable HARQ processes per carrier would impact the DCI design via the HARQ process index field. The maximum number of HARQ processes can be different for different UEs, depending on their capabilities, as well as factors discussed in response to Question 2.2 (e.g., numerology, scheduling delays, data channel duration (and BW), HARQ timing relationships, UE and network processing times, etc.). These should be considered to determine whether and how the maximum number of HARQ processes may vary – across UEs, and across different configurations for UE and network.
Soft-buffer size can be expected to impact the UE categorization and capability considerations (to be captured in RAN2 specifications in TS 38.306), as well as the rate-matching behaviour. 
However, as also pointed out by others, the soft-buffer size should not be determined based on the maximum number of HARQ process, but rather, based on a suitable reference configuration for the corresponding UE category, wherein such a configuration can include assumptions on numerology, slot duration (assuming slot-based scheduling), achievable peak data rates for the assumed numerology, HARQ RTT, etc.

	Ericsson
	The number of HARQ processes impact the DCI size (the number of bits to indicate the HARQ processes, e.g. 3 bits). At any scheduling point, the gNB can address select which HARQ process to address. A configurable number of HARQ processes per carrier can be considered, but first we should agree how the UE could use this information. For example, does knowing the number of HARQ processes the gNB can address help the UE soft buffer memory management or not, especially if we (preferably) leave some freedom to the UE on how to split the soft buffer memory across transmissions? For the sole purpose of handling different RTT times (e.g. due to different backhaul delays) there seems to be limited need for a configurable nuber of HARQ processes.
The soft buffer size for different UE categories is independent of the number of HARQ processes and at least not dimensioned based on the maximum number of HARQ processes. If the gNodeB uses more processes, the UE may not be able to buffer all the soft bits in case of a negative acknowledgement. 

	LG
	In RAN1 specification point of view, at least DCI format payload size (in terms of bit width for HARQ process ID field in the DCI format) would be impacted by the maximum number of HARQ processes. 
Besides, at least data coding chain/processing (in terms of limited/circular buffer rate-matching for the data) would be impacted by both the maximum HARQ process number and the soft buffer size which is differently defined according to UE category or peak data rate. 

	Huawei, HiSilicon
	Potential specification impacts related to the maximum number of HARQ processes include DCI size, soft buffer size, processing times (K0, K1, K2), shared/independent HARQ processes among carriers or among bandwidth parts of different numerologies. 
Potential specification impacts related to UE soft buffer include rate matching, UE soft buffer partition and management, soft buffer size. 

	ZTE
	The maximum number of HARQ process should be decided for  DCI size determination. For different frequencies, cell sizes and SCSs, the required maximum number of process could be different. However, we can start for typical sub6 bands.
On soft buffer dimensioning/partitioning, the specification of 38.306 is expected to capture the processing with certain coding process defined. The scheme may be different considering we have different requirement of CA/DC than LTE. For single carrier case, maximum number of process should be able to used for dimensioning/partitioning. 


What factors impact each of the aspects, and how much?
As discussed, implementation factors may include fronthaul/backhaul delays, processing delays (gNB and UE), scheduling. Specification factors may include slot SCS/slots/mini-slots, and support of scalable numerologies.
	Company
	Response

	Qualcomm
	On the UE side, we believe the processing delay associated with both the demodulation of the received control and/or data, as well as the transmit processing for response, are important aspects impacting the number of HARQ processes. Physical channel design as well as proper implementation may allow the value of K1=4 from LTE to be reduced to K1=0 or 1 for NR. Given the LTE FDD reference point K3=4, changing this value of K1 to 0 could reduce the number of DL HARQ processes to 4. Similarly, improvements can be made toward the grant and uplink transmission so that the processing time K2 might be reduced to 0 or 1 for NR.
We generally expect some deployments to allow faster turnaround on the network side, thereby reducing K2 and K3. However, it is understood there may be cases where there are exceptions.

	Sony
	Max number of HARQ processes
Impacted by:
· Max round trip time (maximum since K0, K1 and K3 may be variable)
· transmission time of PDSCH (or PUSCH) of one HARQ process
· whether there is a requirement to decode a HARQ process in every slot

Soft-buffer size/dimensioning/partitioning
Soft buffer size/dimensioning impacted by:
· sustained peak data rate
· mother code rate
· round trip time, which should account for
· realistic UE processing delay (K0, K1). Affected by both transport block size, physical resource size and search space size
· realistic gNB processing and scheduling delay (K3). We think that this can be reduced compared to LTE

Soft buffer partitioning impacted by
· soft buffer size (see above)
· maximum number of transport bits per transmission time
· transmission time of PDSCH (or PUSCH) of one HARQ process
· partition sizes are smaller for mini-slots, number of partitions is larger
· partition sizes are smaller higher SCS, for the same system BW

	VIVO
	For TDD deployment, our view is that slot direction restriction with LTE-TDD on adjacent carriershall be taken into account (proposed in R1-1704498).Some slot(s) can only be scheduled with certain transmission direction. Otherwise NR-TDD may cause interference to LTE TDD.
For example, in LTE TDD, 
· Subframe 2 is always uplink. Therefore, NR shall avoid any downlink transmission when considering maximum HARQ process time, i.e., only UL only slot is used. 
· Subframe 1 is always special subframe. Therefore, NR shall avoid any DL only or UL only transmission when considering HARQ process time. 
When considering maximum HARQ process number, the above aspect need to be taken into account.

	NTT DOCOMO
	At the gNB side, following factors will impact the necessary HARQ processing time for downlink:
· HARQ-ACK feedback reception
· Received HARQ-ACK processing
· This delay has dependency on TTI duration of HARQ-ACK feedback channel and its channel structure. Shorter TTI and/or channel structure enabling pipeline processing may enable shortening the processing time.
· DL user scheduling
· This is totally up to gNB scheduler implementation. In general, fine-tuned time/frequency multiple user scheduling requires larger delay since the scheduler needs to take into account various aspects. In time-domain, it is not always true that the scheduler works per TTI basis; for example, when the TTI duration is quite short, or the SCS of data is higher, the scheduler decision may be per multiple TTIs. 
· L2 processing for DL data channel
· This is relatively less related to the data channelstructure/duration.
· L1 processing for DL data channel
· This delay has dependency on DL data channel duration/structure. Shorter duration and/or channel structure enabling pipeline processing may enable shortening the processing time.
· Fronthaul/backhaul delays
· This is up to propagation delay; it is 5us/km in case of fiber, and is not related to TTI duration. From operator’s point of view, supporting sufficiently long distance for fronthaul/backhaul is essential to ensure NR deployment flexibility.
· DL control and data transmission

For uplink at the gNB side, following factors impact on gNB processing time for UL data transmission:
· UL data reception
· L1 processing for UL data channel
· This delay has dependency on UL data channel duration/structure. Shorter TTI and/or channel structure enabling pipeline processing may enable shortening the processing time. Compared to HARQ-ACK feedback reception, this may require longer processing time or higher processing burden due to MIMO demultiplexing, LDPC decoding, HARQ combining etc.
· L2 processing for UL data channel
· This is less related to the data channelstructure/duration.
· UL user scheduling
· This is totally up to gNB scheduler implementation. In general, fine-tuned time/frequency multiple user scheduling requires larger delay since the scheduler needs to take into account various aspects. In time-domain, it is not always true that the scheduler works per TTI basis; for example, when the TTI duration is quite short, or the SCS of data is higher, the scheduler decision may be per multiple TTIs. 
· L1 processing for DL control channel
· This delay has dependency on DL control channel duration/structure. Shorter TTI and/or channel structure enabling pipeline processing may enable shortening the processing time.
· Fronthaul/backhaul delays
· This delay is up to propagation delay in the cable; 5us/km, and is not related to TTI duration. From our point of view, supporting sufficiently long distance for fronthaul/backhaul is essential to ensure NR deployment flexibility.
· UL grant transmission

At the UE side, following factors will impact the necessary HARQ processing time for downlink:
· DL control channel reception
· L1 processing for DL control channel
· This delay has dependency on DL control channel duration/structure. Shorter TTI and/or channel structure enabling pipeline processing can shorten the processing time.
· DL data channel reception
· L1 processing for DL data channel
· This delay has dependency on DL data channel duration/structure. Shorter TTI and/or channel structure enabling pipeline processing can shorten the processing time.
· L2 processing for DL data channel
· This is less related to the data channelstructure/duration.
· L1 processing for HARQ-ACK feedback

For uplink at the UE side, following factors impact on UE processing time for UL data transmission:
· DL control channel reception 
· L1 processing for DL control channel
· This delay has dependency on DL control channel duration/structure. Shorter TTI and/or channel structure enabling pipeline processing can shorten the processing time.
· L2 processing for UL data channel
· This is less related to the data channelstructure/duration.
· L1 processing for UL data channel
· This delay has dependency on UL data channel duration/structure. Shorter TTI and/or channel structure enabling pipeline processing can shorten the processing time.
· UL data channel transmission

As seen above, compared to UE, gNB has more factors that cannot be shortened by shortening TTI or enabling L1 pipeline processing. 

	MediaTek
	From UE implementation perspective, it’s a trade-off between the hardware cost of soft buffer and hardware cost of processing capability.
· For DL HARQ, the processing capability includes DL control processing, DL data processing & UL control encoding.  
· For UL HARQ, the processing capability includes DL control processing & UL data processing.  
· When maximal number of HARQ processes reduces, hardware cost of soft buffer reduces but hardware cost of processing capability increases.  
· Therefore, from our views, in addition to the hardware cost of soft buffer, hardware cost of processing capability should be considered to provide the best hardware cost balance.
For high peak data rate, soft buffer is usually implemented in external memory (e.g. DRAM) because it’s already too large to be implemented in internal memory so the hardware cost of soft buffer is less significant than hardware cost of processing capability.  
· Considering the worst case with aggregation of 16 carriers and 7/14-symbol NR-PUCCH, K1 = 3 should be considered for 15KHz subcarrier spacingdue to larger DL control blind decoding complexity & reduced processing time.  
· Larger values for K1 shouldbe considered for subcarrier spacing larger than 15KHz because the complexity of DL control blind decoding is a constant for all subcarrier spacings.  
· Same situation applies to UL so K2 = 3 should be considered for 15KHz subcarrier spacing and larger values should be considered for subcarrier spacings larger than 15KHz.

	Nokia, ASB
	The maximum number of HARQ processes should be determined based on the UE processing time, the gNB processing time, data transmission duration, propagation delay, fronthaul/backhaul delay, etc. The value should be able to cover all the use cases with the possible exception of some extreme use cases.
Soft buffer size/dimensioning at the UE should be part of the UE capability/category discussion. Soft buffer management/partitioning mechanism can be discussed independent of the actual number of HARQ processes and the soft buffer size.

	Fujitsu
	As observed by other companies there are trade-offs between many factors, such as cost of soft buffer and peak processing power. 
An additional factor to consider is the radio propagation time, which could be significant for large cell sizes, which would become relevant when NR is deployed in lower frequency bands. The possibility of large distances between central and distributed parts on the network side also needs to be considered. 
Therefore for forwards compatibility the specification should be flexible enough to support “worst case” assumptions leading to a large number of HARQ processes being required, as well as “best case” with only a small number of HARQ processes configured to simplify soft buffer management. 

	Apple
	The number of HARQ processes will be dependent on numerology, UE’s processing delay for both control and data, base station processing delay, throughput, and soft buffer size, as well as service delay requirements. 
It is known that existing modem architecture supports HARQ buffer off-loading, but there is also potential cost associated with it (e.g. extra power consumption). Therefore, considering soft buffer limit, it is desirable that peak throughput is supported with smaller number of HARQ processes, while larger number HARQ processes can be supported with potentially lower throughput (assuming with the same numerology).

	Panasonic
	We see followingthree steps discussions are required.
Step 1:What types of UE categories are going to be specified needs to be at least roughly agreed.
Step 2: For the discussion of soft-buffer size/dimensioning, mainly UE side processing delay is taken into account. The best (or certain good condition of) network delay is also taken into account for this discussion.
Step 3: For the discussion of soft-buffer partitioning and maximum number of HARQ processes per carrier, what is the specification support of the network delay is taken into account. The soft buffer size itself is not modified by this discussion. Therefore, more delay of the network, less soft buffer size for each HARQ process.


	CATT
	Realistic processing delays at least at the UE need to be discussed as this has a strong impact on number of HARQ processes. Soft buffer size can be discussed as part of UE categorization or capability handling. Minimum processing delay should take into consideration NR code block segmentation and mapping to physical resources.   Minimum processing delays could also be specific for each UE category.   

	Samsung
	The minimum processing delay depends on the UE capability. This also affects the required soft buffer size for a UE. Although the LTE value of K1=4 can be reduced, it is preferable to not mandate such reduction for all UE categories in Phase I. The network can account for other delays such as fronthaul/backhaul, propagation, etc.  
Whether to support HARQ process sharing among carriers for CA scenario or among numerologies impacts the maximum number of HARQ processes per carrier.

	Intel
	The factors impacting the maximum number of HARQ processes include:
· UE and gNB processing times for data channels
· UE processing time for DL control channel decoding
· Relates to DL control channel monitoring occasions, overall PDCCH blind decoding load, relationship between PDCCH and scheduled PDSCH (i.e., if the PDCCH needs to be decoded in order to receive the PDSCH)
· UE processing time for preparation of UL transmission
· Operation point w.r.t. throughput. For instance, the maximum number of HARQ processes may only correspond to peak data rate operation in certain configurations. The relationship to throughput/data rates, in turn, influenced by:
· Maximum TBS sizes
· HARQ RTT (incorporating data channel duration and scheduling/HARQ delays)
· Numerology
· Propagation delays and backhaul/fronthaul delays (i.e., dependency on deployments)

Regarding soft-buffer requirements, this should be guided primarily by UE categories and capabilities based on suitable selection of reference configuration (SCS, slot duration (assuming slot-based scheduling), achievable peak data rates, HARQ RTT, etc.) that is determined independent of the maximum number of addressable HARQ processes.

	LG
	The maximum number of HARQ processes would be impacted by the following factors:
· gNB processing time (in terms of data (retransmission) scheduling preparation, DL/UL control/data encoding/decoding, etc.)
· UE HARQ delay (e.g. DL data to HARQ-ACK, UL grant to UL data) configured based on the minimum UE processing time
· HARQ RTT based on the gNB processing time and the UE HARQ delay
· SCS size or TTI length
· Propagation/fronthaul/backhaul delays
Besides, the soft buffer size and its dimensioning (in determining the minimum soft bits to be stored per data) would be impacted by the following factors:
· UE category or peak data rate (in terms of total soft buffer size for the UE)
· gNB processing time 
· Minimum UE processing time
· SCS size or TTI length
· Maximum number of HARQ processes configured for the UE
Furthermore (similarly with other companies’ view), considering UE implementation and performance aspect, the UE soft buffer does not necessarily require to be dimensioned according to the maximum number of HARQ processes.

	Huawei, HiSilicon
	For the processing latencies:
· The minimum value of K0 is 0.
· The minimum value of K1 is a UE capability. The minimum value of K1 is defined per combination of (SCS, TTI), assuming UE Rx BW capability is known by the gNB
· The minimum value of K2 is a UE capability. The minimum value of K2 is defined per combination of (SCS, TTI), assuming UE Tx BW capability is known by the gNB
· The minimum value of K3 is not specified. 

For the maximum number of DL/UL HARQ processes:
· The maximum number of DL/UL HARQ processes is also a UE capability, defined per combination of (SCS, TTI), assuming UE Tx/Rx BW capability is known by the gNB. 
· The value of maximum number of HARQ processes should allow sufficient freedom to address different deployment options (e.g. cell radius, gNB internal latency, etc.) and achieve peak data rate. 

	ZTE
	The maximum will depend on the k1~k4 factors. We also notice those k values does not taken into account propagation delay, which was typically less than 10us(3km). Considering we don’t need to support peak data rate in extreme long distance case. That value of propagation delay should be reasonable.
Since we had agreements using some of the K values, they are used in number of slots here for convenience.Now k1&k3 do not including the propagation delay which was estimated close to 0.5 ms to support 120km cells in LTE. Now it is possible to reduce the K3 to 3 or even 2 to make make less maximum process number. We agree with others that some pending factors like PDSCH/PUSH mapping schemes, RS etc. should also be taken into account. But is still possible to have a small number of K3 at least for gNB side. 
Other consideration for gNB side for K3 as example:
The fronthaul delay should be considered with a decent value, e.g. 50us.
Ack/NACK, should be shorter since we are using coding scheme with faster processing
Reschedule: Depends on implementation
L2: Could be L2 simplification for shorter processing time
L1: Pipeline processing should be ensured.
 For UE side, we can allow the different possibility of  k1 and make it based on possible UE categories. UE vendors may provide UE in different directions: Faster processing, reasonable decoding performance  and less soft buffer/processes vs. Slower processing, optimal decoding performance  and more soft buffer/processes.
For other K values same considerations are applicable. 



How is the UE peak rate and bandwidth related to the above two aspects?
Some additional discussion points are as follows:
· Is it assumed the UE peak rate and/or maximum bandwidth will be supported by max # HARQ processes? Is this true for all SCS/slots/mini-slots? 
·  Is #HARQ processes assumed to be the same for all data rates?
· Any other additional considerations (e.g., UE categories, LTE-NR concurrency and coexistence)?

	Company
	Response

	Qualcomm
	Given the support for scalable numerology and transmission durations (slots and mini-slots) in NR, we would like the specification to target a relationship between the UE peak rate (and/or bandwidth) and the max# of HARQ processes which can result in comparable buffering requirements, e.g., given considerations on HARQ time span.
For instance, if the peak rate is maintained at two SCS, e.g., mmW and sub6, it should be the case that the sub6 have less HARQ processes since the slot durations are nominally longer. 
Similarly, if the data rate requirements are substantially lower than the peak rate, it is reasonable to consider allowing more HARQ processes.
In order to have a power-efficient and low complexity implementation which can accommodate a scalable numerology, it is important for the specification to address this.

	Sony
	Sustained peak rate directly impacts the soft buffer size (soft buffer size is related to the product of the peak rate and the transmission time of PDSCH / PUSCH).
Bandwidth could impact the max number of HARQ processes, since physical channel processing of a wider bandwidth may take longer, increasing K0 and / or K1


	VIVO
	The number of HARQ process number could be different for different data rates to fully utilize the soft buffers. By combining more soft information from the soft buffer, it is expected that the performance could be improved.

	NTT DOCOMO
	AchievingUE peak rate and bandwidth are important to make sure that NR is an attractive RAT to achieve high data rate. Ideally, it is preferable to keep less number of HARQ processes to avoid having unnecessarily large soft-buffer. On the other hand, considering the necessary HARQ processing delay, it is not possible in some cases to achieve peak data rate if the number of HARQ processes is small due to, e.g., extra delay for multiple-user scheduling, information exchange between baseband components within a gNB, fronthaul/backhaul propagation, etc, cannot be reduced enough. Therefore, the number of HARQ processes configurable to a UE should not be too much restrictive.
Following are the answers to the listed questions:
Q: Is it assumed the UE peak rate and/or maximum bandwidth will be supported by max # HARQ processes? Is this true for all SCS/slots/mini-slots? 
A: It is important to enable UE peak rate and/or maximum bandwidth with typical SCS/slot/mini-slots. The necessary number of HARQ processes to enable UE peak rate with reasonable HARQ RTT should be carefully considered. For a certain SCS/slots/mini-slots, UE peak rate may not be achievable.
Q: Is #HARQ processes assumed to be the same for all data rates?
A: Support of large number of HARQ processes for high data rate requires large amount of soft-buffer in general. Necessary amount of soft-buffer size may not necessarily be linearly scaled with the number of HARQ processes. However, this discussion is more related to the soft-buffer size and partitioning, and may be able to be decoupled from the discussion of the necessary number of HARQ processes.

	MediaTek
	Q1: We assume the specified max number of HARQ processes is targeted to support NR peak rate and/or maximum bandwidth achieved by either single-carrier or multiple-carrier operation.  For multiple-carrier operation, higher DL control blind decoding complexity is expected and it should be considered for the specified max number of HARQ processes.
Q2: After defining max number of HARQ processes in RAN1 specification, the actual number of HARQ processes supported by a UE can be equal to or smaller than the specified max number of HARQ processes and could depend on the peak data rate UE can supported and UE processing capability.

	Nokia, ASB
	Maximum supported bandwidth is expected to a UE capability. It is reasonable to expect the UE to achieve peak rate (with the maximum supported bandwidth) at least in typical deployment scenarios with a sufficient number of HARQ processes. The number of HARQ processes would need to take into account the UE processing time, the gNB processing time, data transmission duration, propagation delay, fronthaul/backhaul delay, etc.
The soft-buffer dimensioning needs to take the peak data rate and the sufficient number of HARQ processes into account but there is no need to provide full soft-buffer memory for all HARQ processes (i.e. some type of soft-buffer overbooking can be assumed; no need for a linear relationship between peak data rate, number of HARQ processes and required soft-buffer memory). 
The number of HARQ processes should be configurable per UE, independently from the soft buffer size dimensioning.

	Fujitsu
	We broadly agree with the comments from Mediatek
For LTE the peak data rate at the UE (for a given bandwidth on a single carrier) is achieved without retransmissions. If the same applies in NR, then strictly the peak data rate does not depend on the number of HARQ processes available or configured. 
In general achievable throughput per UE will be maximised by providing enough HARQ processes, and throughput increases with soft-buffer size, up to a limit (but as indicated by Nokia it is not necessarily required to buffer the maximum redundancy for all the active HARQ processes).

	Apple
	Similar as comments in earlier questions, the supportable number of HARQ processes should be dependent on numerology, slot types, data throughput, as well as UE capability. 
In general, it should not be required that peak throughput is also achieved at max number of HARQ processes if there is soft buffer size limitation.

	Panasonic
	For the discussion of UE category, soft-buffer dimensioning, certain condition of peak rate and bandwidth are required. The slot length is also required for the discussion. Therefore, what conditions are mainly used for soft buffer dimensioning needs to be concluded.In order to avoid to optimize only specific condition only, several conditions need to be checked. For this discussion, peak rate is common to all HARQ process. In order to address multiple UE categories, multiple conditions of peak rate and bandwidth are taken into account.
When number of HARQ process per carrier is increased by the network delay reason and so on, peak rate is reduced and/or HARQ buffer size for each process can be reduced.

	CATT
	UE peak data rate would be determined by the maximum system BW supported, the supported number of carriers for aggregation, highest MCS and highest number of MIMO spatial multiplexing layers for each UE category. The soft buffer size should not necessarily increase in proportion to the supported BW as this is a major cost factor for the UE.  

	Samsung
	UE peak rate/maximum bandwidth may affect the minimum processing time, which leads to different required number of HARQ processes. It is because the number of bits required to be processed will vary according to UE peak rate/maximum bandwidth. 
The number of DCI bits for the HARQ process number can be configured separately per numerology.

	Intel
	UE peak rate need not always be supported for maximum and for large number of HARQ processes.
Further, the number of HARQ processes and peak data rates can be different depending on numerology and timing relationships.
Peak data rates and maximum supported BW can be expected to be related (via UE capabilities/categories) and the soft-buffer requirements may be reflected accordingly. 

	Ericsson
	Depend how peak rate is defined and what HARQ retransmission probability that is assumed. In general higher ‘typical peak rates’ may be achievable for a ‘typical’n umber of HARQ processes than the maximum one.

	LG
	Similar view with CATT. UE peak date rate would be determined based on the maximum supportable BW and the transmission parameters (e.g. in terms of MIMO, CA, etc.) supported by the UE (its category), and then the soft buffer size for the UE would be determined according to the peak data rate. 

	Huawei, HiSilicon
	As stated in section 2.2, the maximum number of DL/UL HARQ processes is a UE capability, defined per combination of (SCS, TTI), assuming UE Tx/Rx BW capability is known by the gNB. 
· UE peak data rate should be achieved at least with one combination of (SCS, TTI) and its corresponding maximum number of HARQ processes. 
· It should not be mandated that UE peak data rate is achieved with each combination of (SCS, TTI) and its corresponding maximum number of DL/UL HARQ processes.

It is not necessary to have UE soft buffer size scale linearly with the maximum number of HARQ processes.

	ZTE
	UE peak data rate may not be supported by maximum number of HARQ processes. It will depends on other factors and will be decided by UE category.
HARQ processes may not be same as for all data rates. 



What is the relation between these two aspects and flexible scheduling/HARQ-ACK feedback timings?
Some additional discussion points are as follows:
· What are maximum K0,K1,K2,K3 timing desired for specification? 
· How do these relate to SCS/slots/mini-slots in scalable numerology?

	Company
	Response

	Qualcomm
	As mentioned earlier,with regard to the UE processing time it may possible that the response time between PDSCH demodulation and ACK could be reduced, specifically to as low as 2 symbols for an SCS of 30kHz. Similarly, the response time between grant demodulation and PUSCH transmission could be 2 symbols as well for SCS of 30kHz.
Subsequently, then lower values of K1 and K2 should be supportable at 30kHz, such as 0 or 1.Larger gaps for processing time relaxation may be introduced, for example as a category for the UE. It is important to note that K2=0 would be required to enable fully flexible scheduling (e.g., to enable UL/DL switching in dynamic TDD case) and fully flexible forward compatibility.

	Sony
	We understand the question to concern impacts on number of HARQ processes / soft buffer sizes and not to concern the values of K0, K1, K2, K3.
Max number of HARQ processes / soft buffer size should account for the largest reasonable timings. We have stated above (2.2) that the number of HARQ processes / soft buffer size should relate to the round trip time. However UEs should not be required to implement excessive soft buffer memory to accommodate gNBs with excessive scheduling flexibility / decoding times (and vice versa).

	VIVO
	Kx shall be determined by considering the fowling principles,
(1) The maximum soft buffer size determines maximum HARQ process number as well as Kx. And the soft buffer size shall be keep in a comparable size to LTE terminal, e.g., LTE cat 12?.
(2) UE processing time shall be less than LTE assumption at least for sub6GHz case. Note in LTE the following is assumed,
Note: 
To determine the DL maximum number of DL/UL HARQ process:
· 3ms processing time in the eNodeB and 3ms minus the roundtrip propagation time in the UE.
To determine the UL maximum number of DL/UL HARQ process:
· 3ms processing time in the UE and 3ms minus the roundtrip propagation time in the eNodeB.


	NTT DOCOMO
	For UE, as long as the channel is sufficiently shorter and/or the channel structure ensures pipeline processing, many of the processing can be carried out with short delay. On the other hand, gNB cannot shorten processing time of some components. Therefore, K0, K1, and K2 can be small value if the channel duration/structure enables pipeline processing, while large value of K3 should be allowed. 

	MediaTek
	There is a trade-off between the hardware cost of soft buffer and hardware cost of processing capability.  From our views, hardware cost of soft buffer is less significant than hardware cost of processing capability because soft buffer is usually implemented in external memory (e.g. DRAM).  Therefore, allowing sufficient processing time for control processing & data processing is more important to UE hardware cost.
Q1: From UE perspective, for 15KHz subcarrier spacing, max K1 = 3; max K2 = 3.
Q2: Larger values for K1 & K2 should considered for subcarrier spacing larger than 15KHz & mini-slot because the complexity of DL control blind decoding is a constant for all subcarrier spacings.

	Nokia, ASB
	It is generally expected that there will be UEs with different capabilities in processing time. K0 can be assumed to be 0 for dimensioning purpose. The maximum values of K1 and K2 should certainly be lower than that of LTE when the same numerology is used. Given the extensive pipelining consideration in both the structure design and coding design, it may be reasonable to target for K1 = K2 = 1 as the maximum value, but this will need more discussion.
We don’t see the need to define the value of K3 in the specifications. But it is understood that some value should be assumed to derive the maximum number of HARQ processes for dimensioning purpose. We would suggest using the LTE eNB processing time as the starting point for gNB and further investigate whether and/or how much this can be reduced, but additionally factoring in front-haul delay not considered when LTE processing times were decided.
The dependency of the maximum values of K1, K2, K3 on the SCS and UE/carrier bandwidth should also be investigated.
Different TTI durations may need to be considered separately, e.g. by having separate HARQ process pool. The soft buffer required for HARQ processes with different TTI durations (of a given carrier bandwidth and SCS) can be significantly different.

	Fujitsu
	As MediaTek observed, achieving short processing time is likely to be the most challenging aspect for cost-effective hardware implementation
For forwards compatibility the specification should be flexible enough to cover at least some extreme cases, e.g. considering some combinations of large cell sizes, large fronthaul delays, short slot durations, and TDD. 

	Apple
	Again, the values of Kx depends on numerologies and slot types (aggregation, mini-slot). In general, NR should achieve shorter RTT time than LTE.

	Panasonic
	For the discussion of Soft-buffer dimensioning, certain realistic value of K0,K1,K2 and K3 are decided and assumed. 
For the other condition of K0,K1,K2 and K3, to keep the same soft buffer size but other factor like peak rate, soft buffer size for each process are influenced.

	CATT
	The operational procedures of NR-PDSCH, NR-PUSCH, and HARQ would identify the processing delay Ki, which includes the required minimum processing delay time ni and dynamic assignment delay time  di (Ki = ni +di). As mentioned earlier we believe realistic values for Ki should be used for dimensioning.  

	Samsung
	There may be UE capability about the minimum processing time of K0, K1, K2, K3. The important issue is that which maximum value in NR is supported in specification point of view regarding the minimum processing time UEs support, i.e., the maximum of UE-capable minimum processing time. 
The baseline for Phase 1 can be the timing of LTE.

	Intel
	The supported ranges of values of scheduling and HARQ timing (at least K0, K1, and K2) are expected to be related to the minimum HARQ processing time for UEs [RAN1 #88], numerology, bandwidth, data channel duration, relationship between PDCCH and scheduled PDSCH, scheduling flexibility necessary to support the necessary levels of QoS across UEs, and some of the other factors listed in response to Question 2.2. 
To determine the maximum number of HARQ processes, it may be natural to consider the maximum possible HARQ RTT configuration. However, a reasonable balance is necessary between the resulting UE complexity, gNB scheduling flexibility, and expected performance (e.g., achievable data rates) in determining suitable combination(s) for the values of K0 through K3 that may be used to guide the maximum number of HARQ processes.
Whether we can safely assume lower values for the maximum values for K1 and K2 compared to LTE (and by what margin)merits further discussions in RAN1 in relation to flexible scheduling and HARQ timing discussions. This is owing to the fact that even for the same numerology assumption (w.r.t. LTE), details regarding data channel duration, DL control channel monitoring, and UE behaviour in receiving PDSCH can be significantly different from that in LTE.

	Ericsson
	It is important to have the possibility for ‘same slot’ ACK and grant, i.e. K1=0, K2=0. Some (low-end) UEs may support a minimum of e.g. K1=1 and K2=1; the values should at least be significantly smaller than LTE to get a latency gain. Note that, even if the UE is capable of transmitting data or ACK after K1=1/K2=1, theer might be reasons, e.g. coexistence with TD-LTE, when the NW wants the ACK at a later time instant.
K0=0 should be supported by all UEs. K0=1 can be useful for e.g. opening up the UE Rx BW.
We see no need to specify K3 in the specifications. 

	LG
	As answered in the above 2.2, the maximum number of HARQ processes might need to be determined based on the HARQ RTT derived by using the actual UE HARQ delay (e.g. DL data to HARQ-ACK, UL grant to UL data) configured by gNB (rather than the minimum UE processing time), with consideration of compact HARQ interlacing between transmission and retransmission for a same data (HARQ process). 
Regarding soft buffer size (and dimensioning), it might be somewhat impacted by the maximum number of HARQ processes determined based on the configured UE HARQ delay, but not in all the cases (as mentioned in 2.2).

	Huawei, HiSilicon
	As stated in section 2.2, 
· The minimum value of K0 is 0.
· The minimum value of K1 is a UE capability. The minimum value of K1 is defined per combination of (SCS, TTI), assuming UE Rx BW capability is known by the gNB
· The minimum value of K2 is a UE capability. The minimum value of K2 is defined per combination of (SCS, TTI), assuming UE Tx BW capability is known by the gNB
· The minimum value of K3 is not specified. 
· The maximum number of DL/UL HARQ processes is also a UE capability, defined per combination of (SCS, TTI), assuming UE Tx/Rx BW capability is known by the gNB. 

Given the support of flexible scheduling/HARQ timing, the maximum value of K0, K1, and K2 should also be specified. The maximum values of K0, K1, and K2 can also be defined per combination of (SCS, TTI). For (SCS=15kHz, TTI=1ms), the maximum value of K1 is larger than or equal to 4; the maximum value of K2 is larger than or equal to 4.

	ZTE
	There will be determination of partitioning of soft buffer base on the configured maximum number of HARQ process number for a UE. It will be the basis of flexible scheduling for our point of view. The maximum HARQ process number implicitly determine the minimum timings. The flexible timing can increase the timing distances.
The minimum timing of  k3 could be 2 for some cases when you have low latency fronthual/propagation. K1 and k2 could depend on UE category. K0>0 to provide some flexibility for Schelling, but we think K0=0 should be supported. 



How/whether different between downlink and uplink?
	Company
	Response

	Qualcomm
	It should be fine to allow different number of HARQ processes between the uplink and downlink, reflecting possible differences in the processing timelines across these links. As mentioned above, the UE processing time could potentially be improved to reduce the number of HARQ processes in both cases. 

	Sony
	Soft buffer sizes / number of HARQ processes can be different in DL and UL to account for different capabilities of UE and gNB.

	VIVO
	Could be different for DL and UL

	NTT DOCOMO
	Yes, can be different.

	MediaTek
	No strong preference to have the same or different number of HARQ processes for DL & UL though different number of HARQ processes for DL & UL could be required in TDD.

	Nokia, ASB
	The number of HARQ processes should be configurable separately for DL and UL. The possible limitations in the maximum number of HARQ processes are more stringent for DL compared to UL, as for UL HARQ the UE soft-buffer memory is not an issue.

	Fujitsu
	There is no need to require the same number of HARQ process in UL and DL.

	Apple
	UL and DL have different design trade-offs, and the number of HARQ processes can be decoupled.

	Panasonic
	DL and UL are separately discussed. It is not required to have the same number of soft buffer size/dimension/maximum number of HARQ process between DL and UL. On the other hand, the condition to discuss soft buffer dimensioning need to be the case that DL and UL can be operated jointly.

	CATT
	The number of HARQ processes, the soft buffer size, the spatial multiplexing capability, and the minimum processing time could be different between uplink and downlink.  

	Samsung
	The number of CWs in PDSCH/PUSCH and 1/2 CW per HARQ process need to be considered since these aspects may be different between DL/UL. For example, when the UE is configured to transmit or receive up to 4 layers, 1 CW per HARQ process is used. When the UE is configured receive up to 8 layers, 2-CW per HARQ process is used (note: at this point the maximum number of layers is 8 for DL and 4 for UL).
The number of DCI format bits for the HARQ process number can be separately configured for DL and UL. 

	Intel
	At this stage, it is reasonable to consider that the number of maximum HARQ processes may be different between DL and UL.

	Ericsson
	The soft buffer size in the gNodeB is an implementation aspect and not visible in the spec. Although the same number of processes in UL and DL may be a typical case, there is no reason at the moment ot mandate that.

	LG
	Similar view with other companies. HARQ process number for DL and UL could probably be different due to potential DL/UL asymmetry in terms of HARQ processing delay. 

	Huawei, HiSilicon
	The maximum number of HARQ processes may be different for DL and UL.

	ZTE
	We think it could be depends on discussion results. Different processes number of UL/DL don’t have much drawback. The Asychronous HARQ for both UL/DL can avoid scheduling conflict. 



Are there any other aspects for consideration?
	Company
	Response

	VIVO 
	Further discussion need to take NR LAA into account.

	Huawei, HiSilicon
	The minimum and maximum values of K1, K2, K3, and the maximum number of HARQ processes per combination of (SCS, TTI) is duplex mode agnostic.
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