Page 1
3GPP TSG-RAN WG1 #89 	R1-1708628
May 15th – 19th, 2017
Hangzhou, China

Agenda item:	7.1.3.3.4
Source: 	Qualcomm Incorporated
Title: 	Number of HARQ processes
Document for:	Discussion/Decision
Background
In RAN1 #86, RAN1 #86bis, and RAN1 NR Adhoc meetings, the working group reached the following agreements regarding the number of HARQ processes that the NR UE needs to support [1,5,9].
· NR supports operation of more than one DL HARQ processes for a given UE
· NR supports operation of more than one UL HARQ processes for a given UE
· FFS: URLLC case

· NR supports operation of one DL HARQ process for some UEs
· NR supports operation of one UL HARQ process for some UEs
· FFS: Conditions on supporting above 2 bullets
· Note: This does not mean the gNB has to schedule back-to-back
· Note: This does not mean the UE has to support K1=0 and/or K2 = 0

· For slot-based scheduling, NR specification should support the following
· DL data reception in slot N and corresponding acknowledgment in slot N+K1
· All UEs should support K1≥1 with exact values for K1 FFS
· Some UEs may support K1=0 (FFS conditions)
· UL assignment in slot N and corresponding uplink data transmission in slot N+K2
· All UEs should support K2≥1 with exact values for K2 FFS
· Some UEs may support K2=0 (FFS conditions)


· Timing between DL assignment and corresponding DL data transmission is indicated by a field in the DCI from a set of values 
· The set of values is configured by higher layer
· Timing between UL assignment and corresponding UL data transmission is indicated by a field in the DCI from a set of values
· The set of values is configured by higher layer
· Timing between DL data reception and corresponding acknowledgement is indicated by a field in  the DCI from a set of values
· The set of values is configured by higher layer
· Timing(s) is (are) defined at least for the case where the timing(s) is (are) unknown to the UE
· FFS the value for the timing

The following are some agreed-upon terminology that will be used throughout this contribution:
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.
In [2,3,4], we provided inputs on the feasibility and need of self-contained slot structure, where the main benefits could be summarized as following:
· Forward compatibility
· Low complexity high throughput support
· UE/network power saving with compact Tx and Ux procedure
· Ultra-reliability low latency communication
· Dynamic TDD
· NR over unlicensed band
In [6,7], analysis is provided to define the condition for a UE to support different K1 and K2.

Introduction
In this contribution, we will discuss the maximum number HARQ processes that a UE needs to support in relationship to a set of parameters including K0, K1, K3, and more. The focus is on DL HARQ because this has a very direct impact on the requirements on LLR soft buffer storage on the UE, which translates to the cost of the NR modem. It is desirable to keep the storage requirement reasonably low while still satisfying other system constraints and performance requirements.
For discussions on DL data transmissions and DL HARQ processes, the total time of K0+K1 will be referred to as the UE HARQ delay, and K3 is generally referred to as the gNB HARQ delay. HARQ RTT (round-trip time) is generally the sum of UE HARQ delay and gNB HARQ delay; Intuitively, this is the time it takes for gNB to send a DL grant to the UE to the next earliest time it can signal in the DL grant for a potential retransmission.
If the gNB has to support back-to-back scheduling to the same UE, the number of HARQ processes would have to be equal to the HARQ RTT (defined in terms of number of slots). If the number of HARQ processes is fewer than the HARQ RTT, the gNB would not be able to schedule to the same UE during a number of slots that is equal to the difference between (HARQ RTT) and (number of HARQ processes), for every HARQ RTT period. In this contribution, the focus is on being able to support back-to-back scheduling to the same UE, because that gives the maximum flexibility to the scheduler and generally achieves the highest sustained throughput for a UE. It should be observed that extension of the discussion to non-back-to-back scheduling should be straight-forward.

Discussion
New Requirements and Motivations
For LTE, many parameters that may impact HARQ and the number of HARQ processes are fixed. For example, for FDD, K0=0, K1=4, K3=4, resulting in HARQ RTT of 8 and number of HARQ processes of 8. UE category defines the peak throughput (i.e. the max total TB size per TTI) in accordance to the number of MIMO streams, max MCS, and number of component carriers. For a particular UE category, given the max number of HARQ processes that needs to be supported, the LLR soft buffer size requirement can be derived.
For NR, it has already been agreed that the parameters K0, K1, K2 can be configurable (and signaled in DCI [9]). Also, flexible UE channel bandwidth can be supported. For example, the component carrier BW can be 100MHz but a particular UE may support only 20MHz and should still be able to operate within the component carrier. Moreover, a set of sub-carrier spacing may be supported, leading to different slot durations. Mini-slots also need to be supported. These have direct impact on the total TB size and TTI duration. The simple relationship in LTE between the max number of HARQ processes and soft buffer size requirement for a given UE category would no longer be adequate, and a more elaborate scheme would have to be considered for NR.
Observation: Key parameters including UE HARQ delay and gNB HARQ delay, network or UE channel BW, TTI duration are deterministic in LTE but can be flexible in NR. These parameters have an impact to HARQ.

[bookmark: _Ref478143721]Parameters Affecting HARQ Storage Requirement
Besides the impact to latency, gNB scheduling flexibility, and so on, one important consideration of HARQ is the need for LLR soft buffer on the UE. The soft buffer involves storage, and regardless of on-chip or off-chip, it presents either chip-area cost or BOM (bill of material) cost or power consumption cost. As the peak data rate for NR scales up significantly compared to LTE, there is a desire to curb the growth of the amount of storage. It is important to make sure that the number of HARQ processes does not unnecessarily drive up soft buffer size requirement. As long as the UE and gNB processing time requirements are still being met, the number of HARQ processes can be determined with several tradeoffs, which will be explored in the following paragraphs.
Generally, LLR soft buffer storage is proportional to (peak throughput) * (HARQ span), where
HARQ span = number of HARQ processes * TTI duration
Peak throughput is a function of UE channel BW, max number of TB and bits per TB, and max number of spatial layers. HARQ span is a term that accounts for the time footprint of all of the HARQ processes in use. To support back-to-back scheduling to the same UE, HARQ span has to be equal to HARQ RTT; Subsequently, the two terms are used interchangeably. For simplicity, we do not consider taking the dynamic parameters as input, for example, RB allocation, MCS, and number of layers. If we start with a given LLR soft buffer size, the max number of HARQ processes supported can be derived based on the other parameters. For example, if peak throughput is halved, HARQ span can double and still maintain the same LLR storage requirement. If TTI duration is fixed, this means the number of HARQ processes can double. 
It should be noted that in this contribution, the discussion on LLR soft buffer storage is in the logical sense, not in the physical sense (as in absolute number of bits or bytes). How many bits to assign to an LLR, the companding scheme, whether the HARQ storage is partitioned equally between processes or not, are considered 2nd order details or UE implementation specific. Also, the discussion is focused on a single component carrier, but the concept can scale to multiple carriers. The details are FFS as the definition of CA for NR is taking shape. This contribution tries to address the bigger picture of the fundamental tradeoffs pertaining to HARQ.
In the following, scenarios that may affect the number of HARQ processes are discussed.
· Wider UE bandwidth
· Higher peak throughput, and HARQ span should reduce accordingly in order to keep soft buffer size requirement constant. At the same TTI duration, the number of HARQ processes should reduce. This is one of the reasons that motivates fewer number of HARQ processes for wide bandwidth peak throughput scenarios. 
· Larger K0,K1,K3
· This drives the HARQ RTT and may result in more HARQ processes. At the same TTI duration, this means peak throughput needs to scale down accordingly to maintain the same soft buffer size requirement.
· K0+K1+K3 is equal to HARQ RTT, and generally, the number of HARQ processes is equal to the HARQ RTT
· Different SCS and TTI duration
· If SCS is doubled, TTI duration is halved. At the same bandwidth, peak throughput remains constant. This means the number of HARQ processes can double while keeping the same soft buffer size requirement.
· Mini-slot (same SCS)
· Smaller TTI duration while keeping the same peak throughput, means the number of HARQ processes can increase accordingly while still keeping the same soft buffer size requirement.

Proposal 1: The maximum number of HARQ processes should be determined based on the configured system or UE parameters including the UE HARQ delay, gNB HARQ delay, UE channel BW, peak throughput (a function of max number of TBs and bits per TB, max number of spatial layers), TTI duration.

If a “one-size-fits-all” type of value is used for the maximum number of HARQ processes, it can be easily seen that inefficiency of soft buffer usage would result. For example, across different SCS, the TTI duration could vary widely from 0.25ms (60kHz SCS) to 1ms (15kHz SCS). If the maximum number of HARQ processes is fixed to 8, and the peak throughput is also fixed, the amount of soft buffer storage required for 1ms TTI would be 4 times that of 0.25ms TTI. The former would drive the storage capacity that needs to be implemented, but for the latter configuration, 3/4th of the storage resource may not be utilized.
It is clear that UE capability framework should be more flexible to consider a set of permissible values for each of the above parameters, with the general goal of keeping the overall soft buffer size requirement constant across configurations. The motivation is to eliminate soft buffer wastage (or over-specification) as illustrated in the example.

Proposal 2: UE category definition should include a number of permissible configurations (i.e. combination of HARQ-related parameters) that result in similar soft buffer size requirements.

UE HARQ Delay Reduction
Generally, the number of HARQ processes should be same as HARQ RTT in order to give gNB scheduler maximum flexibility in scheduling and to support back-to-back scheduling to the same user. For DL, HARQ RTT is the total time of UE HARQ delay (K0+K1) and gNB HARQ delay (K3).
Suppose HARQ RTT is denoted as N and it starts off as K0+K1+K3, where K0+K1 is non-zero. Note that K0 is typically zero (as in the case of LTE) and non-zero only if cross-slot scheduling is configured. If UE HARQ delay can be reduced due to operation of the self-contained slot structure, for which K0’ = K1’ = 0, there are two options to account for this change in HARQ:
1. Increase K3 by K0+K1 to keep the same N
2. Reduce N by K0+K1, while keeping K3 unchanged

It does not seem justifiable to implement Option (1) because there seems to be no reason for gNB to gain HARQ delay budget because UE is able to optimize its HARQ delay. Instead, (2) is more reasonable and more efficient system-wide.
If UE HARQ delay is reduced due to UE-side optimization, gNB HARQ delay should not be allowed to grow to inflate the HARQ RTT to maintain the same max number of HARQ processes.
In principle, for HARQ RTT determination it is recommended to assume a relatively small gNB HARQ delay which can be considered typical. UE soft buffer size requirement should be based on a typical HARQ RTT. For deployment scenarios where the cell size is very large or if the front-haul/back-haul setup requires a larger gNB HARQ delay, the required HARQ RTT becomes larger and the number of HARQ processes may increase, but at the expense of reducing the supported throughput, while still staying below the same UE soft buffer size requirement derived from the typical scenario

Proposal 3: In determining the max number of HARQ processes, gNB HARQ delay should be determined based on typical processing and latency requirements on the gNB, independent of the UE HARQ delay.

Baseline for NR
It has been proposed in several contributions [10][11] in RAN1 #88 that the number of HARQ processes of LTE (8 for FDD and 16 for TDD) should be adopted as the starting point for NR, at least for 15kHz SCS.
For LTE, maximum number of HARQ processes is set to 16 because of the limitations on the U/D patterns. Using DL as an example, in some configurations, the latency to the next available uplink subframe could be close to the frame duration, resulting in potentially higher HARQ RTT and consequently, higher number of HARQ processes required. For NR, one important difference is the support for more ACK/NAK feedback opportunities with a frame (potentially in every slot). Using 16 as the maximum number of HARQ processes appears to be excessive and should not be automatically assumed to be the starting point for NR.
[bookmark: _Ref481768733]Lower Limits on the Number of HARQ Processes for DL-Centric or UL-Centric Slots
As discussed in [8], if the gNB HARQ delay is 2 (i.e. receiving ACK/NAK in Slot N and Re-Tx in N+2) and the UE HARQ delay is 1 (K0=0, K1=1, i.e. receiving PDCCH and PDSCH in Slot N-1 and sending ACK/NAK in Slot N), the HARQ RTT would be the sum which is 3. For this case, the number of HARQ processes needed could be as low as 3. 


Figure 1. HARQ processes supported for DL slot-based scheduling with K1=1, K3=2

Note that operation with K1=1 has been considered for enhanced performance at high Doppler, where a UE could take advantage of the relaxed ACK/NAK feedback latency by performing non-causal channel/interference estimation. Further relaxation of K1 has diminishing return in performance at the cost of higher latency.
If the UE is operating with self-contained slot with K1=0, in theory, the number of HARQ processes needed could be as low as 2. This offers the benefits of lower latency and low soft buffer size requirement on the UE.


Figure 2. HARQ processes supported for DL slot-based scheduling with K1=0, K3=2

If gNB is capable of supporting K3=1 (i.e. receiving ACK/NAK in Slot N and Re-Tx in Slot N+1), in theory, the number of HARQ processes required would be one. However, the timing requirement for processing the ACK/NAK and turning around to Re-Tx is extremely tight and may not be practical unless other enhancements are incorporated.


Figure 3. HARQ processes supported for DL slot-based scheduling with K1=0, K3=1

In summary, Table 1 summarizes the lower limits on the number of HARQ processes for slot-based DL scheduling in TDD. 
Table 1 NR supported HARQ Processes on DL in TDD
	Delay (slot)
	gNB ReTx ACK+1 (K3=1)
	gNB ReTx ACK+2 (K3=2)
	gNB ReTx ACK>2 (K3>2)

	UE ACK K1 = 0
	1
	2
	FFS

	UE ACK K1 = 1
	2
	3
	FFS

	UE ACK K1 > 1 
	FFS
	FFS
	FFS


Similarly, NR supported HARQ processes on UL could also be derived from UL grant to data delay K2 and gNB grant delay. Table 2 captures the lower limits on the number of UL HARQ processes in TDD.
Table 2 NR supported HARQ Processes on UL in TDD
	Delay (slot)
	gNB Grant Data+1
	gNB Grant Data+2
	gNB Grant Data>2

	UE Data K2 = 0
	1
	2
	FFS

	UE Data K2 = 1
	2
	3
	FFS

	UE Data K2 > 1 
	FFS
	FFS
	FFS




Practical Recommendations
From the perspective of UE soft buffer size requirement as discussed in Section 3.2, the following recommendation on the maximum number of HARQ processes can be derived.
LTE TDD baseline is 20MHz CC BW, 16 HARQ processes, with TTI duration of 1ms (for 15kHz SCS).
Let’s consider NR TDD baseline of 100MHz CC BW (assume UE channel BW is configured to be same as the CC BW), TTI duration of 0.5ms (for 30kHz SCS), what should be the max number of HARQ processes in order to keep the soft buffer size requirement roughly the same?
For peak throughput, assuming same number of layers and MCS, the NR baseline should have a peak throughput that is about 5x of the LTE baseline. Recall the relationship that the soft buffer size is proportional to 
[bookmark: _GoBack](peak throughput) * (number of HARQ processes) * (TTI duration)
Given that TTI duration is halved, the number of HARQ processes should be scaled by 2/5 from the LTE baseline to maintain a similar absolute soft buffer size requirement. This calls for support for max number of HARQ processes less than or equal to 6. It is usually more efficient to pick a power of two number (for HARQ process signalling), 4 would be a reasonable number. In terms of absolute HARQ RTT, it is confined to 2ms, which helps drive down latency. In the following discussion, HARQ RTT is defined in terms of absolute time, for example, in units of milliseconds.
If NR UE will be configured with HARQ delay in the range of 0 to 2 (through combinations of K0 and K1), gNB HARQ delay can still be 2. This means gNB has at least one full TTI of time to schedule a potential retransmission. This can be supported with an architecture where the scheduler runs in Slot N to determine the grant for Slot N+1, which should be practical for gNB implementation. In a loaded system, in the worst case if the gNB cannot schedule to the same UE for Re-Tx because all resources are scheduled for other UEs, it can always defer the Re-Tx and not transmit new data to that same UE to avoid incurring an additional HARQ process, if that becomes limiting.
As discussed in Section 3.2, soft buffer size requirement is dependent on the peak throughput and HARQ RTT, and is generally independent of the TTI duration and SCS. For a particular UE, its capability definition should contain a peak throughput target (sometimes simply referred to as the “peak rate”) that can be supported. If the limit on HARQ RTT that needs to be supported for this peak throughput target can be agreed, the soft buffer size can be determined. Defining HARQ capability in terms of the HARQ RTT limit associated with the peak throughput target is more fundamental than defining it in terms of the max number of HARQ processes because the latter needs to be different depending on other parameters such as the TTI duration.
One of the 5G NR goals is to reduce the latency significantly with respect to LTE. Given that LTE has a HARQ RTT of 8ms, it is reasonable to target 2ms for 5G NR (a factor of 4 reduction). The max number of HARQ processes required is simply the number of slots spanned by the HARQ RTT. If the slot duration is short, e.g. 0.25ms for 60kHz SCS, 8 HARQ processes would be required, at the same peak throughput target. HARQ process management carries implementation complexity. It would be reasonable to put an upper bound on the number of HARQ processes as well, rather than letting it possibly grow to a very large number.
For 15kHz SCS with slot duration of 1ms, with 2ms as the HARQ RTT limit, only 2 HARQ processes would be required. While this is feasible with self-contained slot structure (as illustrated in Section 3.4.1), for defining the maximum number of HARQ processes some more flexibility would be needed, especially considering LTE-NR co-existence considerations [12].
Given the above considerations, we have the following proposals.

Proposal 4: 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.
Proposal 5: The peak throughput target should be supported with HARQ RTT of no more than 2 milliseconds. If a larger HARQ RTT is required for a particular system configuration, the supported throughput should scale down accordingly from the peak throughput target, such that the same overall UE soft buffer size requirement can be maintained.

Effects of Large Timing Advance
Timing advance (TA) is accommodated within the guard period between the DL-to-UL transition on the UE. If TA is large, more guard period may be needed, leading to higher overhead. There are some ways by which large TA could affect HARQ:
1. For self-contained slot for which K1=0, the DL-to-UL gap also accommodates DL data (PDSCH) processing before an ACK/NAK is transmitted after the gap. If TA takes up too much of the gap, there may not be enough time for processing and ACK/NAK has to be sent in the next slot (i.e. K1=1). The slot would no longer be self-contained.
2. If TA is so large such that a significant number of guard symbols is needed to accommodate it, overhead could be too large and aggregated slots may be a solution to amortize the overhead. For example, two slots can be aggregated: First one being DL-only, and the second one is DL-centric with bundled ACK/NAK at the end for data received in both slots.

Case 1 can be handled normally as a configuration with a larger K1 value. Case 2 can be handled with slight variation of the proposed framework.


Figure 4. Example of HARQ timeline for 2-aggregated DL slots
The number of HARQ processes required in this example is 4. In general, support for aggregated slots and the number of HARQ processes required can be incorporated in the proposed UE category definition.

[bookmark: _Ref378529477]Conclusions
In this contribution, we analysed the maximum number of HARQ processes that NR should support in relationship a number of system and UE parameters. Based on the analysis, we recommend the working group to consider following proposals:
Observation: Key parameters including UE HARQ delay and gNB HARQ delay, network or UE channel BW, TTI duration are deterministic in LTE but can be flexible in NR. These parameters have an impact to HARQ.
Proposal 1: The maximum number of HARQ processes should be determined based on the configured system or UE parameters including the UE HARQ delay, gNB HARQ delay, UE channel BW, peak throughput (a function of max number of TBs and bits per TB, max number of spatial layers), TTI duration.
Proposal 2: UE category definition should include a number of permissible configurations (i.e. combination of HARQ-related parameters) that result in similar soft buffer size requirements.
Proposal 3: In determining the max number of HARQ processes, gNB HARQ delay should be determined based on typical processing and latency requirements on the gNB, independent of the UE HARQ delay.
Proposal 4: 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.
Proposal 5: The peak throughput target should be supported with HARQ RTT of no more than 2 milliseconds. If a larger HARQ RTT is required for a particular system configuration, the supported throughput should scale down accordingly from the peak throughput target, such that the same overall UE soft buffer size requirement can be maintained.
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