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1 Introduction
Based on the offline/online discussions and agreements made during RAN1 #94 regarding the potential directions for physical layer enhancements in eURLLC Rel-16 [1], in this contribution we discuss further details on whether/how to realize PDCCH enhancements in eURLLC.
Particularly, we discuss different approaches to enhance the performance of PDCCH for URLLC use cases in Rel-16. Three main categories have been defined as the focus of the study: Compact DCI, PDCCH repetitions, and increased PDCCH monitoring capability. We discuss each of these approaches in the following sections.
2 Introducing compact DCI format(s) 
Considering the agreed use cases for Rel-16 URLLC [2], introducing a compact DCI may not be essential to achieve the reliability targets and/or reducing L1 signaling OH by reducing DCI payload size. At the same time, such addition may still improve the scheduling flexibility and/or the blocking performance. However, there are trade-offs between the improved blocking performance and reduction in dynamic scheduling flexibility, forming a key factor to determine the effectiveness of introducing compact DCI formats.
Observation 1
· Benefits from a compact DCI format towards improving PDCCH reliability or blocking performance, as against the loss in scheduling flexibility, are marginal. 
From a different perspective, 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. 
For example, for use cases with aperiodic traffic, 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. 
While for periodic traffic profiles, PDCCH is not a bottleneck (since SPS-based options are available), for aperiodic traffic profiles, such two-stage DCI design can achieve better trade-off between the blocking performance and the scheduling flexibility compared to the case where RRC signaling along with compact DCI is considered.
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 much smaller, potentially more frequent DCI (i.e., the second DCI stage), can trigger the actual transmissions. As such, transmission of a fewer number of large DCI formats helps to reduce the blocking probability, while maintaining certain level of flexibility in dynamic scheduling.
Proposal 1
· RAN1 to study potential two-stage DCI designs towards achieving better trade-off between the blocking performance and the scheduling flexibility considering aperiodic traffic use cases.
3 Multiple PDCCH transmissions 
This class of PDCCH enhancement (also known as PDCCH repetitions), can be realized by means of various techniques. There can be 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.); 
· Carrying same or different scheduling information; 
· 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 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. 
While different aspects need to be carefully studied in light of the newly identified use cases and objectives for Rel-16 studies on eURLLC, the reliability results shown in Figure 1, together with the target SINR value analyzed in Annex-A, suggest that PDCCH repetitions may not be necessary just to achieve target reliability down to 10-6. As such, combining of information across multiple received repetitions may not be necessary unless additional margins need to be addressed.
Observation 2
· Support of combining of PDCCH repetitions may not be necessary to achieve reliability targets for prioritized use cases as part of Rel-16 studies.

On the other hand, repetitions with different scheduling information can be helpful in realizing better scheduling opportunities and can be further studied, e.g., 
· scheduling of additional “copies” of PDSCH/PUSCH (i.e., for same HARQ process) similar to Rel-15 LTE HRLLC),
· PDCCH repetitions with different TCI/QCL assumptions (in consideration of the studies and work done in Rel-16 MIMO WI in this regard),
where for the latter case, the impact on UE complexity and power consumption should be carefully assessed.
Further, one important aspect where the repetition scheme does not mandate the UE to combine the received information across the repetitions, proper UE behavior need to be specified to avoid ambiguity or undesired processing.
[image: ]
[bookmark: _Ref525733811]Figure 1. PDCCH BLER evaluation results (simulation assumptions are tabled in Annex-B)
Proposal 2
· RAN1 to focus studies on multiple PDCCH transmissions with different scheduling information or transmission/reception parameters, e.g., 
· PDCCH repetitions scheduling PDSCH/PUSCH repetitions, 
· PDCCH repetitions with different TCI/QCL assumptions, etc. 
· The impact to UE power consumption and complexity should be carefully considered. 
4 PDCCH Monitoring enhancements 
As discussed earlier, 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.
On the other hand, one key aspect to note is given the likely use of relatively higher ALs for PDCCH transmission targeting URLLC reliabilities, the impact from the constraint on CCEs for channel estimation may be the primary bottleneck (i.e., not necessarily the number of BDs). As such, such PDCCH monitoring enhancements may focus on characterization of minimum requirements on CCEs for PDCCH channel estimation.
In summary, we have the following proposal regarding the PDCCH-related enhancements:
Proposal 3: 
· RAN1 to further study PDCCH monitoring enhancements to better adapt to traffic characteristics of URLLC service, with focus on characterization of minimum requirements on CCEs for channel estimation.
5 Conclusions
In this contribution, we discussed details on whether/how to realize PDCCH enhancements for Rel-16 eURLLC. Based on the discussion and analysis, we have the following observations and proposals:

Observation 1
· Benefits from a compact DCI format towards improving PDCCH reliability or blocking performance, as against the loss in scheduling flexibility, are marginal. 
Proposal 1
· RAN1 to study potential two-stage DCI designs towards achieving better trade-off between the blocking performance and the scheduling flexibility considering aperiodic traffic use cases.
Observation 2
· Support of combining of PDCCH repetitions may not be necessary to achieve reliability targets for prioritized use cases as part of Rel-16 studies.
Proposal 2
· RAN1 to focus studies on multiple PDCCH transmissions with different scheduling information or transmission/reception parameters, e.g., 
· PDCCH repetitions scheduling PDSCH/PUSCH repetitions, 
· PDCCH repetitions with different TCI/QCL assumptions, etc. 
· The impact to UE power consumption and complexity should be carefully considered. 
Proposal 3: 
· RAN1 to further study PDCCH monitoring enhancements to better adapt to traffic characteristics of URLLC service, with focus on characterization of minimum requirements on CCEs for channel estimation.
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Annex
A. DL SINR CDF
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Figure 2. DL geometry SINR CDF, for agreed assumptions in eURLLC as in [2].
Accordingly, the estimated 5% point for power distribution scenarios is around -2.2dB, for transport industry it is around -3dB, and for factory automation it is around -4.2dB. Also, 1 dB handover margin may be considered corresponding to such results, unlike in Rel-15 evaluations where no margin were considered.

B. Simulation Evaluation Assumptions
	Parameters
	Value

	DCI payload (excluding 24bits CRC)
	40bits

	System bandwidth
	20MHz

	Carrier Frequency
	4GHz

	Number of symbols for CORESET
	2

	CORESET BW (contiguous PRB allocation)
	20MHz

	Subcarrier spacing
	30KHz

	Transmission type
	Interleaved

	REG bundling size
	6

	Modulation 
	QPSK

	Channel coding
	Polar code (DCI)

	Transmission scheme
	1-port precoder cycling

	Channel estimation
	Realistic

	Channel model
	TDL-A (delay spread: 30ns)

	UE speed
	3 km/h

	Number of BS antennas
	2Tx

	Number of UE antennas
	4Rx

	Residual target BLER 
	10^-6
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