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1 Introduction
As of the approved SID during 3GPP TSG-RAN#80 plenary meeting [1], the followings are considered as the main objectives of this study item:
“The objective of this study item is to investigate enhancements to URLLC (Ultra Reliable Low Latency Communications), considering both FR1 and FR2 as well as TDD and FDD, with the already existing solutions for NR as the baseline. The study is focusing on the following items:

Establishing the baseline performance achievable with Release 15 URLLC considering the prioritized URLLC use cases identified in the justification section. Besides the baseline Release 15 URLLC performance, the study will investigate the necessary improvement for the prioritized URLLC use cases in the justification section and how to meet the requirements for those use cases in Release 16 with higher requirements, such as:
· Higher reliability (up to 1E-6 level), higher availability, time synchronization down to the order of a few µs where the value can be 1 or a few us depending on frequency range, short latency in the order of 0.5 to 1 ms, depending on the use cases (factory automation, transport industry and Electrical power distribution)
· Relevant development in other work and study items to be taken into account.

URLLC L1 improvements (RAN1) for further improved reliability/latency and for other requirements related to the use cases identified, 
· PDCCH enhancements. Study focus on Compact DCI, PDCCH repetition, increased PDCCH monitoring capability 
· UCI enhancements. Study focus on Enhanced HARQ feedback methods (increased number of HARQ transmission possibilities within a slot), CSI feedback enhancements
· PUSCH Enhancements. Study focus on mini-slot level hopping & retransmission/repetition enhancements.
· Enhancements to scheduling/HARQ/CSI processing timeline (UE and gNB), (for existing TTI durations)
 
Enhanced multiplexing considering different latency and reliability requirements (RAN1): 
UL inter UE Tx prioritization/multiplexing 

Enhanced UL configured grant (grant free) transmissions, with study focusing on improved configured grant operation, example methods such as explicit HARQ-ACK, ensuring K repetitions and mini-slot repetitions within a slot. (RAN1/RAN2)”

In this contribution, we discuss the evaluation methodologies, as well as the Layer 1 enhancements for Rel-16 eURLLC, as captured by the first two main items from the SID, mentioned above.
2 Evaluation methodology
One of the initial steps in Rel.16 eURLLC is to settle updated evaluation methodology to assess the performance of Rel.15 NR in application to existing and new URLLC use cases. The following use cases were listed as prioritizes for Rel.16:
· Release 15 enabled use case improvements
· Such as AR/VR (Entertainment industry)
· New Release 16 use cases with higher requirements
· Factory automation
· Transport Industry
· Electrical Power Distribution

In general, the above use cases may be grouped into two different deployment scenarios: Urban Macro and Indoor Hotspot, where the factory automation case may be considered as an indoor environment. Furthermore, although the transport industry is listed here, it is more appropriate to avoid duplicated work and consider such evaluation scenarios within the dedicated study item on support of advanced V2X use cases.
In Rel.14 NR SI, similar scenarios were already considered, namely UMa and InH for URLLC [TR 38.802, TR 38,913]. Additionally, the IMT-2020 evaluation methodology defined the URLLC UMa scenario which is a bit different from the NR SI scenario mainly in aspects of UE dropping and channel modeling which could be considered more up to date in the IMT-2020 methodology. Lastly, during LTE HRLLC work, again UMa and InH scenarios were defined building on top of IMT-2020 methodology.
Based on the considerations above, it would be convenient to define two different deployment scenarios wherein the different use cases may only be distinct by traffic model assumptions and associated requirements and performance metrics.
Proposal 1: 
· URLLC UMa and InH scenarios defined in TR 38.802/38.913 are taken as a starting point for defining a new evaluation methodology for eURLLC with at least the following necessary updates:
· Use NR channel model defined in TR 38.901 instead of TR 36.873
· Change UE indoor-outdoor mix ratio to 80% outdoor, 20% indoor
· Consider 100% low-loss buildings for the penetration loss modeling
· Add FR2 related parameters for the InH scenario
After defining a set of two deployment scenarios, each of the prioritized use cases may be modelled assuming specific traffic generation models. For example, entertainment industry may be modeled by usual FTP traffic with relatively large packet sizes as well as by video traffic models. The factory automation traffic may be characterized by periodic arrival and relatively small packet sizes.
Proposal 2: 
· Consider the following traffic models for the prioritized eURLLC use cases:
· FTP model 2 and/or 3 with different arrival rates
· Small packet sizes: 32, 256 bytes
· Large packet sizes: 10 kB
· Periodic
· Small packet sizes: 32, 256 bytes
· 5, 10, 20, 50 ms arrival period
Finally, the performance metrics for eURLLC may need to be re-considered. In our view, the agreed in Rel.14 metric of capacity still may provide good understanding of relative performance of different techniques and at the same time may not be strictly linked to particular traffic model assumption which anyway may not represent realistic network traffic.
	URLLC system capacity is calculated as follows:
· C(L, R) is the maximum offered cell load under which Y% of UEs in a cell operate with target link reliability R under L latency bound
· X = (100 – Y) % is the percentage of UEs in outage
· A UE in outage is defined as the UE cannot meet latency L and link reliability R bound
· Companies report their assumption on X



In addition to the capacity, a simpler metric may be used, e.g. PER CDF over links in a network for a given cell load or UE density.
Proposal 3: 
· Employ the URLLC capacity metric defined in Rel.14 NR SI to quantify URLLC system efficiency
3 Layer 1 enhancements: PDCCH
This section discusses different approaches to enhance the performance of PDCCH for URLLC use cases, in Rel-16. Three main categories have been mentioned in the SID, as the focus of the study: Compact DCI, PDCCH repetition, increased PDCCH monitoring capability.
We briefly discuss each of these approaches in the following sub-sections.
It should be noted that other approaches regarding the PDCCH enhancements (e.g., support of higher ALs, etc.) may still be further studied, if the gains and benefits are established, especially compared to the mentioned techniques.   
Considerations on introducing a compact DCI format 
During Rel-15, RAN1 considered the introduction of compact DCI format, primarily from the perspective of realizing higher reliability and/or reducing L1 signaling OH by reducing DCI payload size. Based on the investigations, it was deemed not sufficiently motivated to introduce a compact DCI format or even a new DCI format, the latter being motivated by possibly different scheduling requirements for URLLC.  
Given this background, in current Release of NR specifications, the necessity of defining a compact DCI format may need to be motivated by the use cases introduced by the prioritized URLLC services and applications. Particularly, use cases where relatively large burst of data may arrive, and still certain level of flexibility in scheduling is required, in terms of RA, scheduling opportunities, MCS, etc., form one such example.
Accordingly, it may be beneficial to partition the corresponding overall required signaling into a DCI format with two stages, where the equivalent functionalities of the RRC indications for CG PUSCH or DL SPS (e.g., less dynamic indications) can be performed by means of the first stage of the DCI, while the activation equivalent functionality and more dynamic information can be supported by the second DCI stage. Particularly, compact DCI design can be realized by the means of two-stage DCI design, e.g., to support potentially new scheduling approach that falls in between fully dynamic scheduling and SPS/Type 2 CG. Such approach, allows a burst of transmission and reception opportunities to be triggered by a less frequent DCI (i.e., the first stage DCI), and a smaller, potentially more frequent DCI (i.e., the second DCI stage), can trigger the actual transmissions. 
Considerations on multiple PDCCH transmissions 
This category of PDCCH enhancement (identified as PDCCH repetitions in the SID), can be realized by means of various techniques. In other words, there are different flavors of designing multiple PDCCH transmissions, e.g., in terms of 
· Transmission assumptions and configurations (e.g., time/frequency resources, TCI/QCL/TRP assumptions, etc.); 
· The UE behavior on receive processing (e.g., information combining from different transmissions, discarding the further transmissions once decode one, etc.); 
· Whether multiple PDCCH transmissions schedule same or updated data transmissions; 
· Whether multiple/repetitions of control channel transmissions accompany associated transmissions/repetitions of the data channel, at least for the case of PDSCH; 
· Whether/how to acknowledge the multiple transmissions of the control and/or the associated scheduled data (e.g., considerations on HARQ), etc. 
It is important to note that each of these techniques may potentially target to address different performance aspects, e.g., PDCCH reliability, blocking performance, scheduling flexibility and/or robustness, overall system capacity, latency, etc. Depending on the identified target aspect(s) to improve, the proper technique(s) may be further studied and considered. For instance, during Rel-15 work on URLLC, it was concluded that PDCCH repetitions may not be necessary at least when targeting BLER of 10-5 from a purely link-level perspective. However, different considerations for the above aspects need to be carefully studied in light of the newly identified use cases and objectives for Rel-16 studies on eURLLC.
Considerations on PDCCH Monitoring enhancements 
URLLC services introduce new requirements, as well as new traffic profiles. Accordingly, enhancements may be required, to better adapt to such characteristics and requirements. PDCCH monitoring enhancements can help realizing such adaptations, e.g., to achieve more flexibility in scheduling opportunities. Certainly, increased capabilities in numbers of BDs or numbers of CCEs for channel estimation can straightforwardly improve scheduling flexibility. However, they also incur significant UE complexity and power consumption. Thus, careful consideration is needed towards achieving an optimal balance between scheduling flexibility and improved blocking performance against UE complexity and power consumption. In this regard, solutions that facilitate appropriate trade-off between performance, power consumption, and device complexity should be pursued. 

In summary, we have the following proposal regarding the PDCCH-related enhancements:
Proposal 4: 
· RAN1 to further study following aspects regarding PDCCH enhancements for NR eURLLC:
· [bookmark: _GoBack]Multiple PDCCH transmissions, under different transmission, configurations, and scheduling assumptions, proper UE behavior on receive processing, as well as considerations on multiple transmissions of scheduled data channel(s).
· PDCCH monitoring enhancements to better adapt to traffic characteristics of URLLC service with careful consideration on the UE power consumption and complexity.
· Potential use cases motivating the introduction of compact DCI format, e.g., requiring scheduling flexibilities which fall in between dynamic scheduling, and SPS/Type 2 configured-grant cases.
4 Layer 1 enhancements: UCI
Discussion on enhanced HARQ feedback methods
In NR Rel-15, it was agreed that for semi-static and dynamic HARQ-ACK codebook, only one HARQ-ACK feedback is transmitted in one slot (see Figure 1). The HARQ-ACK feedback can be carried by either PUCCH or PUSCH. When the PUCCH carrying HARQ-ACK feedback is scheduled in the last part of the slot, the HARQ-ACK feedback delay can be expected, especially when considering the smaller subcarrier spacing, e.g., 15 kHz and 1ms slot duration. To support URLLC use cases, additional PUCCH resource(s) carrying HARQ-ACK feedback in a slot may be needed. For instance, the additional PUCCH resource carrying HARQ-ACK feedback may be transmitted in the earlier part of the slot so as to reduce the latency. It is possible to allow the UE to determine the corresponding PUCCH resource, based on different available information.


[bookmark: _Ref518798841]Figure 1. HARQ-ACK feedback for multiple PDSCHs
Further, in NR Rel-15, two short PUCCHs, as well as one short and one long PUCCH can be multiplexed in a TDM manner in a slot. When more than two PUCCHs or long PUCCH and long PUCCH carrying HARQ-ACK feedback are scheduled in a slot, certain dropping and/or priority rules may need to be defined, e.g., to ensure at least one short PUCCH format is included (see Figure 2). This enables more flexibility to support multiple HARQ feedbacks within a slot.


[bookmark: _Ref521674390]Figure 2. Multiplexing multiple HARQ-ACKs in a slot
Proposal 5: 
· To meet URLLC service requirements, increased HARQ feedback transmission opportunities within a slot may be supported. Accordingly, certain dropping, priority, and multiplexing rules may be defined.
Discussion on CSI feedback enhancements
DL URLLC transmission may be bursty and sporadic, and the periodic CSI report may not track the channel variation well to adjust the scheduling parameters in order to achieve target reliability within a given latency bound. If up-to-date CSI feedback is not available, the gNB has to schedule the DL transmission conservatively, e.g., in terms of the allocated resources, MCS level, MIMO mode, transmission power, to meet the requirements. Aperiodic CSI (A-CSI) can then be triggered to obtain CSI feedback in a more efficient and on-demand basis. 
Existing mechanisms to trigger A-CSI on PUSCH include CSI request trigger in UL grant, in particular in DCI format 0_1.  However, users may often have no uplink data in some cases, and gNB has to transmit an UL grant to exclusively trigger an A-CSI report on PUSCH without data. On the other hand, DL grant may be considered to trigger A-CSI request, however it may not be quite beneficial in most generic scenarios. Using a full blown UL or DL grant to trigger A-CSI every time may not be efficient, and cause large control overhead and consequently, higher chance of PDCCH blocking, depending on load in the system. As an alternative, group-common control signaling with UE specific fields may be exploited for A-CSI trigger, which can be used as a complementary tool along with UL grant to trigger A-CSI when needed and may result in less overhead. In R15, it has been discussed that A-CSI report can be transmitted in short PUCCH for fast acquisition of CSI feedback. But A-CSI triggering solution was not completed. 
Proposal 6: 
· NR should study potential DL control channel signaling options further for A-CSI trigger for CSI reporting using short PUCCH formats. 

Layer 1 enhancements: PUSCH
In this section, potential enhancements to PUSCH are discussed assuming new prioritized use cases for eURLLC.
Dynamic PUSCH repetitions
One of the solutions to improve tradeoff between latency and reliability and overall scheduling flexibility considering current slotted frame structure in NR is to enable dynamic aggregation of PUSCH transmissions. Although current PUSCH duration is already quite flexible and could be from 1 symbol to 14 or 12 symbols (for NCP and ECP respectively), it cannot accommodate the cases when relatively short transmission comparable to slot or less than a slot starts in the middle of one slot and ends in another slot. This situation is illustrated in Figure 3, where typical transmission is fitted into one slot (top part of the figure), while enhanced transmission may be achieved by aggregation of two in different slots (bottom part of the figure). It should be noted, that it may also be done by sending two grants, however it may cause large control overhead which may lead to UE blocking. Another benefit of supporting repetitions at the “mini-slot-level” is that it allows for early decoding at the receiver, as against a PUSCH that is rate-matched over an equivalent number of symbols. For UL, this can facilitate attaining low latency targets inherent for most URLLC services.
In order to support this, the DCI should somehow carry the indication of repetition factor (including no repetition). This field may either be explicitly added or may be re-interpreted from other field (e.g. RV).
When the repetitions are scheduled, they may be performed in two ways:
· Type A. Slot-based repetitions, i.e. the same time domain allocation may be used in repeated slots, in particular the starting symbol, duration of PUSCH, and PUSCH mapping type in each slot in an aggregation are the same and derived from the time domain resource allocation field of the DCI scheduling PUSCH or activating Type 2 CG-PUSCH.
· Type B. Back-to-back repetitions, i.e. the starting symbol of repetitions other than initial one is derived based on ending symbol of the previous repetition or based on other rule/indication so that repetitions may even be performed within one slot or with minimum/no gap in different slots as illustrated in Figure 3.

Both types are valid and beneficial for URLLC use cases and therefore may need to be supported together. The type of repetitions is easier to associate with an entry of time domain resource allocation table so that once DCI indicates particular index, a UE derives the repetition type for PUSCH.



[bookmark: _Ref521571831]Figure 3. Illustration of back-to-back repetitions indicated dynamically (bottom figure) vs. separate DCI for each retransmission without crossing slot boundary (top figure).
Proposal 7:
· Support dynamic indication of PUSCH repetitions in scheduling grant and activation DCI
· Support additional “back-to-back” repetition type for dynamically scheduled PUSCH
Frequency hopping across BWPs
Assuming that URLLC use cases comprise a diverse set of requirement where latency may not be so low rather in order of 5-10 ms, it is be beneficial to introduce hopping between BWPs configured to a UE although it does not mean they need to be simultaneously active. Such situation may happen when UE RF bandwidth is substantially smaller than the system BW while channel coherency bandwidth may still be large. In that case, especially if Rel-16 UEs may support much shorter retuning gaps for BWP change, hopping to other BWP may provide additional frequency diversity gain. 


[bookmark: _Ref521580258]Figure 4. Inter-BWP hopping for repetitions.

The inter-BWP hopping may be done similar to inter-slot hopping and may involve only two BWPs that would already provide gains with the minimum impact. 
Proposal 8:
· Study further the benefits of introducing inter-BWP frequency hopping including potentially shorter BWP switching times
TBS Scaling
It is also envisioned, that currently possible lowest modulation and coding rate may not provide single-shot BLER performance for new URLLC use cases, for example requiring packet error rate of 10-6 or lower. In order to provide forward compatible mechanism which may allow to achieve any value of low SE, instead of introducing new MCS tables, a mechanism of TBS scaling may be needed.
There is currently already a mechanism of TBS scaling for the initial access procedures messages which may be extended to user plane PUSCH (and PDSCH as well) transmission.
Proposal 9:
· Consider the mechanism of TBS scaling for PUSCH data transmission if currently available lowest SE MCS entries do not achieve the BLER required for the new use cases.
5 Layer 1 enhancements: Scheduling/HARQ/CSI processing times
In Rel-15, two sets of capabilities for PDSCH processing and PUSCH preparation were specified as Capabilities #1 and #2. Also, for CSI computation, minimum processing times were defined under various conditions. 
While the minimum processing times specified in NR are already significantly improved compared to their counterparts in LTE, further reduction in the minimum processing times, if feasible, may offer additional benefits in terms of improved HARQ-based operation (by realization of shorter TTIs), improved scheduling and multiplexing of different channels and signals (no need to schedule too far into the future), more up-to-date CSI feedback, etc. 
At least for PDSCH processing (N1) and PUSCH preparation (N2) times, the currently specified Capability 2 numbers may be considered as the starting point. While there may not be a significant room to reduce the minimum processing times across the board, RAN1 could further study specific cases (e.g., PDSCH mapping type A with short durations) wherein at least some of the additional margins could potentially be reduced, or some of the configurations (e.g., 60kHz SCS), wherein the values may have further room for reduction in Rel-16 and beyond. 
Regarding CSI computation times, beyond the possible path of reducing currently specified processing times, new characterization of CSI computation times may be needed in light of potential enhancements to CSI feedback triggering and reporting mechanisms.
In addition, considering some of the relevant use cases, performance targets, and deployment scenarios, it may be instructive to also investigate the possibility of specifying minimum processing time requirements for the network operation, as the latter contributes a significant part to the overall achievable latency performance in any real system. 

Proposal 10:
· Study potential enhancements (reduction) to minimum processing times for PDSCH processing and PUSCH preparation procedures considering Capability #2 as the starting point. 
· Focus study on identifying specific cases and configurations as suitable candidates for potential reduction in processing times that may yield meaningful benefits towards meeting URLLC requirements.
· Consider characterization of minimum network processing times towards achieving strict end-to-end latency targets.

6 Conclusions
In this contribution, we discussed the evaluation methodologies, as well as the Layer 1 enhancements for Rel-16 eURLLC. Based on the discussion and analysis, we have the following proposals:

Proposal 1: 
· URLLC UMa and InH scenarios defined in TR 38.802/38.913 are taken as a starting point for defining a new evaluation methodology for eURLLC with at least the following necessary updates:
· Use NR channel model defined in TR 38.901 instead of TR 36.873
· Change UE indoor-outdoor mix ratio to 80% outdoor, 20% indoor
· Consider 100% low-loss buildings for the penetration loss modeling
· Add FR2 related parameters for the InH scenario
Proposal 2: 
· Consider the following traffic models for the prioritized eURLLC use cases:
· FTP model 2 and/or 3 with different arrival rates
· Small packet sizes: 32, 256 bytes
· Large packet sizes: 10 kB
· Periodic
· Small packet sizes: 32, 256 bytes
· 5, 10, 20, 50 ms arrival period
Proposal 3: 
Employ the URLLC capacity metric defined in Rel.14 NR SI to quantify URLLC system efficiency

Proposal 4: 
· RAN1 to further study following aspects regarding PDCCH enhancements for NR eURLLC:
· Multiple PDCCH transmissions, under different transmission, configurations, and scheduling assumptions, proper UE behavior on receive processing, as well as considerations on multiple transmissions of scheduled data channel(s).
· PDCCH monitoring enhancements to better adapt to traffic characteristics of URLLC service with careful consideration on the UE power consumption and complexity.
· Potential use cases motivating the introduction of compact DCI format, e.g., requiring scheduling flexibilities which fall in between dynamic scheduling, and SPS/Type 2 configured-grant cases.

Proposal 5: 
· To meet URLLC service requirements, increased HARQ feedback transmission opportunities within a slot may be supported. Accordingly, certain dropping, priority, and multiplexing rules may be defined.
Proposal 6: 
· NR should study potential DL control channel signaling options further for A-CSI trigger for CSI reporting using short PUCCH formats.
Proposal 7:
· Support dynamic indication of PUSCH repetitions in scheduling grant and activation DCI
· Support additional “back-to-back” repetition type for dynamically scheduled PUSCH
Proposal 8:
· Study further the benefits of introducing inter-BWP frequency hopping including potentially shorter BWP switching times
Proposal 9:
· Consider the mechanism of TBS scaling for PUSCH data transmission if currently available lowest SE MCS entries do not achieve the BLER required for the new use cases.
Proposal 10:
· Study potential enhancements (reduction) to minimum processing times for PDSCH processing and PUSCH preparation procedures considering Capability #2 as the starting point. 
· Focus study on identifying specific cases and configurations as suitable candidates for potential reduction in processing times that may yield meaningful benefits towards meeting URLLC requirements.
· Consider characterization of minimum network processing times towards achieving strict end-to-end latency targets.
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