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1. Introduction
In previous RAN1 meeting, following was agreed with respect to the soft buffer dimensioning.
Agreements:
· NR specification should decouple the transmit (or RV) buffer from soft buffer size of the UE receiver.
· Note: transmit (or RV) buffer refers to the PDSCH rate-matching buffer
RAN1 further concluded the following in NR#AH3. 
Conclusion:
· RAN1 aims to finalize details of transmit buffer rate-matching (for PDSCH/PUSCH) in RAN1#90bis
· FFS UE soft buffer dimensioning especially in relation to UE capability/category
· FFS NR soft buffer management
· FFS LTE-NR soft buffer dimensioning and management, especially in relation of UE capability/category
In this contribution, we discuss the following. 
· Transmit buffer rate-matching (for PDSCH/PUSCH) 
· UE soft buffer dimensioning in relation to UE capability/category (also for LTE-NR DC)
· Soft buffer management
2. Transmit buffer rate-matching in NR 
Limited buffer rate-matching support for LDPC has been considered since the NR SI, including the discussions related to Area/throughput comparisons, decoding latency, etc. In particular the LDPC matrix design, including the base graph structure, took into account the decoding latency savings by enabling base matrix design composed of single-parity-check based extension for supported of lower code rates. This structure enables a LDPC decoder to operate on a smaller base graph at higher code rates, thereby reducing latency, which is important for cases such as peak throughput where typically the UE is operating at relatively high MCS at initial transmissions. Some of the relevant agreements for LBRM from NR are shown below. 

In RAN1#AH1 (Jan 2017), it was agreed to support LBRM in LDPC code rate matching. 
· Limited buffer rate matching (LBRM) is supported
In RAN1#88, the following was concluded with respect to LDPC code design. 
Conclusion for some code design targets:
· At least support 20Gbps decoder information throughput with code rate 8/9
· Also aim for good throughput performance at lower code rate(s)
· FFS the details of how to assess throughput performance at lower code rates, including whether the assessment is relative or absolute, and other constraints (e.g. complexity)
In RAN1#90, for LDPC rate-matching, the starting positions of RVs for LBRM was agreed
· The starting positions of RVs for limited buffer should be approximately scaled from the full buffer positions, while remaining integer multiples of Z.

LBRM can be handled by limiting the circular buffer size corresponding to code blocks that belong to a large transport block. 
The details of the UE soft buffer dimensioning are still under discussion in the HARQ/scheduling, and we think that the LBRM and its association with UE category and soft buffer should be considered together. In particular, soft buffer requirements should be guided primarily by UE category definition. We think the LBRM is an important factor that not only affects the UE complexity (from soft buffer perspective), but also facilitates latency reduction and would be an important consideration as RAN1 progresses on the UE processing times (N1/N2). 
For the downlink, LDPC decoding latency depends on the number of edges in the base graph – therefore, applying LBRM by simultaneously reducing both UE buffer complexity, as well as the decoding latency at peak data rates. See Figure 1, where we show the relative latency based on the coding rate, where the number of edges in a BG corresponding to rate-1/3 is 2x larger than the number of edges in BG corresponding to rate-2/3. Note we assume same #iterations for different code rates here, but typically lower rates can take more iterations to converge. Figure shows that if the transmit rate-matching is limited to a higher rate than 1/3, it also helps the UE with the decoding latency, or in other words it allows the decoder throughput to be not optimized for the worst case always (i.e. max TBS decoded at lowest coding rate). 
[image: Bg1_latency_figures]
Figure 1. Figure illustrating the latency per iteration for LDPC BG1 as a function of Coding Rate.
While the decision to decouple the transmit (or RV) buffer from soft buffer size of the UE receiver is acknowledged, in our view, it is essential to not decouple the transmit buffer (or RV) buffer from the UE’s instantaneous receive buffer size that is input to the LDPC decoder. If the UE’s instantaneous buffer is required to be processed at the lowest coding rate for the maximum transport block size (max TBS), this would lead to increased hardware complexity at the UE side (e.g. requiring support of 20 Gbps at rate 1/3, which would not be consistent with conclusions from RAN1#88). 
Proposal 1: For downlink, the UE’s instantaneous receive buffer is not required to be processed at lowest mother coding rate of LDPC for largest transport block schedulable for the UE. 
Thus, we think the UE’s instantaneous receive buffer should allow higher LDPC decoder throughputs at relatively higher coding rate. This is consistent with the conclusion form RAN1#88. 
Proposal 2: For downlink, the UE’s instantaneous receive buffer is dimensioned such that the largest transport block schedulable for the UE is processed at a rate no lower than a reference minimum coding rate.
Similar to [3] and [4], we propose that for downlink a limitation on the buffer should be explicitly captured as part of the transmit buffer rate-matching for downlink.  This can be done by applying a limitation for rate-matching on the circular buffer based on e.g. a reference minimum coding rate (2/3) for the largest transport block size schedulable for the UE (based on maximum TBS determined either by reference configuration in spec or by using band/band combination signalling from the gNB based on UE capability). An example to determine the maximum TBS is shown below.
· SCS of 30 kHz, BW of 100 MHz, 1 symbol for control, 1 symbol for DMRS, and single CW with 4-layers, and 96% BW occupancy, max Qm = 8, and max R = 94/100 
· Max TBS ~  (8 x 94/100) x (12 x 0.96 x 3300)x 4 = 1,143,520  ~ 135 code blocks with BG1 (max CBS of 8448)
Proposal 3: For the downlink transmission, limitation on the circular buffer is applied based on a reference minimum coding rate for the largest transport block schedulable for the UE.
The largest transport block schedulable for the UE can be determined from reference configuration in the spec, or from the signaled peak data rate or calculated data rate, based on band combinations and/or baseband capabilities. 
For uplink the gNB can make use of LBRM for same reasons as described above for the downlink. However, this is a feature that can be left up the gNB vendor and can be considered if this can provide benefits in gNB processing, especially for fa processing time for uplink transmissions. 
3. Discussion on defining soft buffer requirements in NR 
In previous meetings, it was agreed to support soft buffer dimensioning based on reference data rate and HARQ RTT. An example calculation for this is shown in Figure 1 - it assumes a processing time of two slots (at UE) with SCS 30kHz, with 100 MHz, 4-layers, and slot duration of 0.5ms, and a 50% LBRM => four HARQ processes for ~2 Gbps peak rate, and a soft buffer of ~6,593364 locations. Now, for various reasons (e.g. gNB scheduling, etc), if UE has to support more HARQ processes, then techniques to manage UE buffer such as overbooking should be allowed. 
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Figure 2. Figure showing approximate LTE numbers and an example NR reference configuration, and soft buffer computation based on the reference configuration, assuming n/n+2 processing time at the UE side. Note: Simplified overhead numbers.
While the above table illustrates the soft buffer dimensioning with 50% buffer reduction due to LBRM (relative to mother code rate of 1/3 as in LTE), an even more aggressive buffer reduction (62.5 % buffer reduction) as proposed in [3] can also be considered to further reduce buffer complexity.
UE soft buffer management
HARQ buffers are only needed when the UE needs to perform combining of the multiple received transmissions to improve decoding performance. When the system is operating with appropriate target BLER and link adaptation techniques, the HARQ buffer may not be fully occupied at the UE. For efficient use of HARQ buffers at the UE, pooling the HARQ buffers (e.g. among all component carriers in carrier aggregation) may simplify UE implementation. This would also allow the network to cope with varying loads of component carrier and allow flexible utilization of resources by shifting HARQ resources of one UE from one component carrier to another dynamically. Providing flexibility on the UE side to manage its HARQ buffer efficiently can lead to simplified and scalable design rather than specifying hard buffer splits that can complicate UE implementations. As such, overbooking techniques should be allowed on the UE side. 
In some cases the network may require some buffer information from the UE that would allow the network to intelligently determine scheduling decisions, e.g. transmission timing, HARQ-ACK timing, redundancy version, etc. For this purpose, we should consider further UE reporting of HARQ buffer loading status or similar information. Buffer information can be used by network for RV selection. For example, if the buffer occupancy is high, base station should use same RV for re-transmission, i.e. use chase combining instead of incremental redundancy, which requires less memory for storing the received bits. The information can be also used to adaptive HARQ. For example, if the buffer occupancy is high, the retransmission could be more aggressive in terms of reliability to achieve successful reception to free buffer resources.
Proposal:
· Soft buffer requirements 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.
· NR should support dynamic pooling of HARQ buffer across component carriers in carrier aggregation of NR carriers. 
· Soft buffer management for NR should left up to UE implementation to allow some flexibility 
· NR supports HARQ buffer loading status reporting from the UE.
Discussion on UE category definition 
In LTE, the UE category was defined (in 36.306) based on multiple factors, including “Maximum number of DL-SCH transport block bits received within a TTI”. Since LTE used a single numerology (15 kHz SCS) and a single TTI duration (1 ms), the number of transport block bits could be directly translated to a peak data rate. In NR, given TTI may not be defined (or not defined yet), an easy of associating a UE category with a peak data rate may be needed. One option is to follow the LTE method, defining a maximum TBS based on reference time interval of 1ms, but it may be much more straightforward if the UE category is directly defined based on a data rate – since the soft buffer is already dimensioned based on a reference parameter set that includes data rate, the same concept can easily be extended for defining other parts of UE category. Then, the following options are possible, 
Option 1: “Maximum number of DL-SCH transport block bits received within a slot for a given reference SCS”
Option 2: “Maximum peak data rate”
A nice benefit of defining UE category based on Option 1 or Option 2 is that the peak rate (calculated implicitly in option 1 or indicated explicitly in option 2) can be used in conjunction with a given configuration (e.g. slot duration for a given numerology) to determine the maximum transport block schedulable for that configuration. The same principle also allows scaling down to other cases such as mini-slot.
Proposal: 
· RAN1 should consider if UE category definition can include a peak data rate field instead of reusing the corresponding field from LTE (“Maximum number of DL-SCH transport block bits received within a TTI”).
4. Discussion on LTE-NR UE Category and soft buffer handling
UE category specifies peak data rate supported by the UE, and a few other UE parameters such as offered soft buffer. It could also indirectly indicate some of UE’s processing capabilities such as those required to achieve the maximum peak data rate. Most of the UE’s processing capabilities are indicated via UE capability signaling (such as RF and baseband capability e.g. band, band combinations, CA, MIMO layers, etc). For LTE, the UE category defines a maximum data rate, maximum bits of a transport block per TTI for a particular capability (e.g. 195816 for 4-layers, 256-QAM), soft buffer or total number of soft channel bits and a maximum number of supported layers (which was later incorporated into capability signaling). For NR, the detailed discussion on parameters to be defined as part of UE category is under discussion in WGs including RAN1 and RAN2. 
From our perspective, UE categories should be defined for NR standalone, similar to the LTE UE categories, i.e. it should indicate the peak data rate and soft buffer. In addition, in RAN#76, it was concluded that it is necessary to also enable operators to provide a certain peak data rate for LTE-NR DC [2]. However, the details of such provisioning are left for WG. Thus, we think that the LTE-NR DC UE category has to also be supported, and it is necessary to understand how such a joint category works for a given UE that also has a standalone LTE UE category and/or standalone NR UE category.
There are multiple ways of defining a joint UE category for NR-LTE DC. We list the approaches below.
· Option 1: Total peak data rate without a per-RAT peak data rate limit in LTE-NR DC operation
· In this case the total peak data rate needs to be split between LTE and NR, and the potential issue is that since it does not specify the extent of asymmetry of the split, it may require the UE to provision hardware to support the peak data rate of the standalone mode of each RAT in LTE-NR. While there is potential for resource sharing on the UE side (e.g. soft buffer, and other receiver components) across LTE and NR, it will not be trivial to switch the support of an aggregate peak data rate from one LTE to NR and vice-versa.
· Option 2: Total peak data rate and a per-RAT peak data rate limit in LTE-NR DC operation
· With this option, a UE can flexibly indicate the total peak rate for LTE_NR DC operation, while also indicating the peak rate for LTE and NR operation separately. This allows potential sharing of processing power/buffer considering joint LTE and NR operation, while still allowing separation from the standalone LTE and standalone NR category definition. 
In our view, for LTE-NR UE category, it is preferable to follow Option 2 as it provides sufficient flexibility while also ensuring there is some linkage to the standalone UE categories. In the simplest case, a UE indicating 1 Gbps LTE UE category and a 2 Gbps NR UE category could indicate a joint LTE-NR UE category of 3 Gbps with 1 Gbps max for LTE, and 2 Gbps for NR. With respect to soft buffer handling, the UE may indicate the total soft buffer for LTE-NR as the sum of LTE and NR soft buffer, or the UE may indicate a smaller soft buffer indicating that the buffer may be shared – latter is quite preferable since it will allow much more efficient soft buffer utilization and overall UE implementations. In our view such potential sharing can be allowed to the extent possible, but it is desirable to not specify detailed UE soft buffer splitting and storage as was done in LTE CA operation though such operation should be considered if it allows significant reduction in soft buffer requirements for the dual connectivity use case. 
· Pooling of HARQ buffer across LTE-NR dual connectivity should be supported. 
5. Summary
The following is a summary of our proposals.
For transmit buffer rate-matching
Proposal 1: For downlink, the UE’s instantaneous receive buffer is not required to be processed at lowest mother coding rate of LDPC for largest transport block schedulable for the UE. 
Proposal 2: For downlink, the UE’s instantaneous receive buffer is dimensioned such that the largest transport block schedulable for the UE is processed at a rate no lower than a reference minimum coding rate.
Proposal 3: For the downlink transmission, limitation on the circular buffer is applied based on a reference minimum coding rate for the largest transport block schedulable for the UE.
Proposals for Soft buffer dimensioning and management
· Soft buffer requirements 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. An example is shown below:
· 30 kHz SCS, 0.5 ms TTI, 2 Gbps at 2 ms HARQ RTT, and 50% LBRM 
· NR should support dynamic pooling of HARQ buffer across component carriers in carrier aggregation of NR carriers. 
· Soft buffer management for NR should left up to UE implementation to allow some flexibility 
· NR supports HARQ buffer loading status reporting from the UE
· RAN1 should consider if UE category definition can include a peak data rate field instead of reusing the corresponding field from LTE (“Maximum number of DL-SCH transport block bits received within a TTI”).
· Pooling of HARQ buffer across LTE-NR dual connectivity should be supported. 
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LTE NR

subcarrier spacing 15 30kHz

bandwidth 20 100MHz

BW utilization 90% 95%

cyclic prefix Normal CP 5 2.5µs

symbols per slot 14 14 14symbols

PDCCH symbols  1 1 1symbols

slot duration 1.00 0.50ms

PRBs 100 263

number of subcarriers 1200 3156

modulation 256 256QAM

code rate 0.93 0.93 0.93

bits/RE 7.44 7.44

RS/SS/BCH overhead perslot 10% 10%

max Transport Block size (single layer) 104458 274723

data rate (single layer) 104 548Mb/s

component carriers 5 1

spatial layers 2 4

data rate 1.04 2.19Gb/s

HARQ RTT 8 2ms

HARQ soft buffer 12534912 6593364


