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1 Introduction
Based on the offline/online discussions and agreements made during RAN1 #94-#95 regarding the potential directions for physical layer studies and enhancements in eURLLC Rel-16, in this contribution we discuss further details on whether/how to realize PDCCH enhancements to satisfy eURLLC requirements.
Particularly, we present evaluation results based on Rel-15 design, as well as discussions on 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 enhancements study: Compact DCI, PDCCH repetitions, and increased PDCCH monitoring capability. We discuss each of these approaches in the following sections.
2 PDCCH Reliability Evaluations
During RAN1 #95 [1], the following agreement was made regarding the PDCCH BLER evaluations:
Agreements
For link-level PDCCH evaluation, the target operating BLER of DCI(s) scheduling HARQ-less PDSCH/PUSCH should be smaller than 1e-x in Rel-16 NR URLLC, at the 5%-tile SINR geometry.   
· x is the reliability requirement given in the table of representative use case for evaluation agreed in the RAN1#94bis meeting.
· The 5%-tile SINR geometry is obtained by system-level simulation assuming full buffer for a given evaluation scenario.
· This target assumes no HARQ re-transmission

Accordingly, we present our evaluation results in the following. 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 the following plots, together with the target SINR values (for which the geometry curves are provided in Annex-A and 5-percentile values are summarized in Table 1), suggest that PDCCH enhancements may not be necessary just to achieve the target reliability down to 10-6.

Table 1 – 5-percentile of SINR CDF curves for different use cases
	Use case
	TI
	PD
	R15 UMa

	700MHz, 2TX
	-2.536 dB
	-2.595 dB
	NA

	4GHz, 4TX
	-2.337 dB
	-2.282 dB
	-2.542 dB 
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Figure 1. PDCCH BLER evaluation results at 700MHz (simulation assumptions as tabled in Annex-B) – the SINR at which each curve meets 1e-6 reliability, is also noted in the legend
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Figure 2. PDCCH BLER evaluation results at 4GHz (simulation assumptions as tabled in Annex-B) – the SINR at which each curve meets 1e-6 reliability, is also noted in the legend
Observation 1
· The reliability results together with the target SINR values, suggest that PDCCH enhancements may not be necessary just to achieve the target reliability down to 10-6.
3 Introducing compact DCI format(s) 
Considering the agreed directions in RAN1 #95 [1] to further study DCI for URLLC with a size potentially smaller than that of Rel-15 fallback DCI, we present our simulation evaluation results based on DCI size of 40 bits as baseline Rel-15, as well as 30 bits and 24 bits, in Figure 3. AL16 and AL8 have been considered in these evaluations.
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Figure 3. PDCCH BLER evaluation results at 4GHz with different DCI sizes (in bits) (simulation assumptions as tabled in Annex-B) 
As can be seen from the plots above, and the target SINR geometry values in Table 1, introducing a compact DCI is not essential to achieve the reliability targets, even with AL8 (which enables a better resource utilization across all UEs). 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 2
· Benefits from a compact DCI format towards improving PDCCH reliability or blocking performance, as against the loss in scheduling flexibility, are marginal. 
On the necessity of defining eURLLC DCI format
Two main options regarding the handling of control signaling for URLLC scenarios include:
· reusing the existing fallback and non-fallback formats as for eMBB with no further changes; and
· defining new DCI format based on fallback or non-fallback DCI formats. 
In case a new format is defined, more flexibility can be achieved if it is designed based on non-fallback DCI format – with potentially configurable fields. 
More importantly, the new DCI format, if defined should be a configurable DCI format. The new format allows to potentially introduce new fields enabling the URLLC required features, as well as optimizing the exiting fields to better suit the characteristics of URLLC traffic. 
On the other hand, optimization of DCI fields’ payloads does not necessitate introduction of a new DCI format, and may provide a better solution, as also discussed in Annex-C (see [6] for further details). Particularly, some of the fields in the existing non-fallback formats can be modified/reinterpreted compared to eMMB to better match the URLLC requirements, if sufficiently justified as shown in Annex-C
Multi-stage DCI format for aperiodic traffic
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
· The following should be considered in enabling more efficient scheduling of URLLC traffic
· Optimization of DCI payloads where some of the fields in the existing non-fallback formats can be modified and/or reinterpreted to better match the eURLLC requirements, if sufficiently justified.
· Potential two-stage DCI designs towards achieving better trade-off between the blocking performance and the scheduling flexibility considering aperiodic traffic use cases.
4 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. 
Based on the reliability evaluations provided in the previous sections, PDCCH repetitions is not necessary just to achieve target reliability down to 10-6. As such, combining of information across multiple received repetitions may not be needed unless additional margins need to be addressed.
Observation 3
· 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. 
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. 
5 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.
6 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
· The reliability results together with the target SINR values, suggest that PDCCH enhancements may not be necessary just to achieve the target reliability down to 10-6.
[bookmark: _GoBack]Observation 2
· Benefits from a compact DCI format towards improving PDCCH reliability or blocking performance, as against the loss in scheduling flexibility, are marginal. 
Proposal 1
· The following should be considered in enabling more efficient scheduling of URLLC traffic
· Optimization of DCI payloads where some of the fields in the existing non-fallback formats can be modified and/or reinterpreted to better match the eURLLC requirements, if sufficiently justified.
· Potential two-stage DCI designs towards achieving better trade-off between the blocking performance and the scheduling flexibility considering aperiodic traffic use cases.
Observation 3
· 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 3. DL geometry SINR CDF, for agreed assumptions in eURLLC as in [1,2].

B. Simulation Evaluation Assumptions 
In [1,2], the following agreements were stated, based on which we configure our latest evaluations parameters as presented in Figure 2.
Agreements:
· Take the simulation settings in the following table for link-level simulation for all cases with urban macro: 
	Parameter
	Value

	Carrier frequency for evaluation
	4GHz

	Channel model
	TDL-C (delay spread: 300ns)  as in 38.901

	UE speed
	3 km/h for power distribution and Rel-15 enabled use case;
60 km/h for remote driving and ITS;

	BS antenna configuration
	4 Tx antenna ports 


	UE antenna configuration
	4 Rx antenna ports


	System bandwidth
	40 MHz

	Sub-carrier spacing
	30 kHz
Note: Other values for evaluation are not precluded. 

	Channel estimation
	Practical

	Receiver type
	MMSE

	Q value (i.e. SINR range) 
	Companies report the 5% Q value 


· Evaluation of 700 MHz and 2 GHz carrier frequency are not precluded. 

Agreements:
· Take the simulation settings in the following table for link-level simulation applicable for all cases with indoor hot-spot and factory automation for 4 GHz:  
	Parameter
	Value

	Carrier frequency for evaluation
	4GHz

	Channel model
	TDL-C (delay spread: 100ns) as in 38.901

Note: Companies report the modification of the channel model if any

	UE speed
	3 km/h, 30 km/h

	BS antenna configuration
	4 Tx antenna 


	UE antenna configuration
	4 Rx antenna ports


	System bandwidth
	40 MHz

	Sub-carrier spacing
	30 kHz
Note: Other values for evaluation are not precluded.  

	Channel estimation
	Practical

	Receiver type
	MMSE

	Q value (i.e. SINR range) 
	Companies report the 5% Q value



Agreements:
· Reuse the link level simulation assumptions at 4 GHz for urban macro for evaluating 700 MHz with the following modifications: 
	BS antenna configuration
	2 Tx/2 Rx antenna ports 
(M, N, P, Mg, Ng; Mp, Np) = (8,1,2,1,1;1,1)
(dH, dV) = (N/A, 0.8)λ
+45°, -45° polarization

	UE antenna configuration
	2Tx/2 Rx antenna ports
(M, N, P, Mg, Ng) = (1,1,2,1,1) 

2 Tx/4 Rx antenna ports 
Panel model 1: Mg=1, Ng=1, P=2, dH=0.5
(M, N, P, Mg, Ng; Mp, Np) = (1, 2, 2, 1, 1; 1, 2) for 4 Rx;
(M, N, P, Mg, Ng; Mp, Np) = (1, 1, 2, 1, 1; 1, 1) for 2 Tx;

0°, 90° polarization

	Simulation bandwidth 
	10 MHz, 20 MHz   

Note: 10 MHz for DL and 10 MHz for UL for simulation bandwidth of 10 MHz; 20 MHz for DL and 20 MHz for UL for simulation bandwidth of 20 MHz

	SCS 
	30 KHz    
Note: Other values for evaluation are not precluded. 



C. Summary of different DCI format options
Tables below, summarize the DCI formats and sizes, based on the fallback and non-fallback formats. The new format based on modified fallback DCI, presented in purple color, is mainly based on our proposed design in #92b [6]. 
In the DCI designs based on the fallback/non-fallback DCIs presented in orange/blue colors, respectively, the fields from fallback/non-fallback DCIs are preserved, and the smallest bit-width for each field suitable for URLL cases are considered, within the range of the allowed values for the existing fallback/non-fallback format.
In the last column presented in green color, the design based on modified non-fallback DCI is shown, adjusted for URLLC scenarios. This can result in introduction of a new DCI format, which requires handling of the new DCI size in addition to the exiting size, in order to maintain the DCI size and BD budgets.
In the tables, the items in red color, represent the fields which were proposed by some companies for the new design, and are not present in the existing DCI formats.
Table 2: New DL DCI format based on modified FB DCI (in purple), FB (in orange), non-FB (in blue), and reduced non-FB (in green)
	DCI for DL assignment
	Modified FB DCI
	FB DCI
	Non-FB DCI
	Reduced non-FB DCI

	Header/Identifier for DCI format
	1
	1
	1
	1

	Frequency-domain PDSCH resources
	5-7
	5-7
	5-7
	5

	Time-domain PDSCH resources
	1-2
	1-2
	1-2
	1-2

	VRB-to-PRB mapping
	0
	0
	0
	0

	Modulation and coding scheme
	2-3
	5
	5
	4 

	Redundancy version
	0
	2
	2
	0-1

	New data indicator
	1
	1
	1
	1

	HARQ process number
	1-3
	4
	4
	1-3

	Downlink Assignment Index
	2
	2
	2
	0

	TPC command for PUCCH
	2
	2
	2
	2

	PUCCH resource indicator
	2
	2
	2
	2

	PDSCH-to-HARQ feedback timing indicator
	1-2
	3
	3
	1-2

	Carrier indicator
	0
	0
	0
	0

	Rate-matching indicator
	0
	0
	0 
	0 

	BWP indicator
	0
	0
	0
	0

	PRB bundling size indicator
	0
	0
	0
	0

	ZP CSI-RS trigger
	0
	0
	0
	0

	CBGFI
	0
	0
	0
	0

	CBGTI
	0
	0
	0
	0

	Antenna port(s)
	0
	0
	4
	1-2

	TCI (Transmission Configuration
Indication)
	0
	0
	0
	0

	SRS request
	0
	0
	2
	0-1

	DMRS sequence initialization
	0
	0
	1
	1

	ACSI
	0
	0
	0
	0

	Repetition indicator
	0
	0
	0
	0

	Rank indicator
	0
	0
	0
	0

	DL PI indication
	0
	0
	0
	0

	Num of info bits
	17-25
	28-31
	35-38
	20-27

	RNTI / CRC
	24
	24
	24
	24

	Num of info bits incl. CRC/RNTI
	41-49
	52-55
	59-62
	44-51

	
	
	
	
	

	Total
	41-49
	52-55
	59-62
	44-51



Table 3: New UL DCI format based on modified FB DCI (in purple), FB (in orange), non-FB (in blue), and reduced non-FB (in green)
	DCI for DL assignment
	Modified FB DCI
	FB DCI
	Non-FB DCI
	Reduced FB DCI

	Identifier for DCI formats
	1
	1
	1
	1

	Frequency domain resource assignment
	5-7
	5-7
	5-7
	5-7

	Time domain resource assignment
	1-2
	1-2
	1-2
	1-2

	Frequency hopping flag
	1
	1
	1
	1

	Modulation and coding scheme
	2-3
	5
	5
	4  

	Redundancy version
	0
	2
	2
	0-1

	New data indicator
	1
	1
	1
	1

	HARQ process number
	1-3
	4
	4
	1-3

	TPC command for scheduled PUSCH
	2
	2
	2
	2

	UL/SUL indicator
	0
	0
	1
	1

	Carrier indicator
	0
	0
	0
	0

	BWP indicator
	0
	0
	0
	0

	DAI
	0
	0
	1
	0-1

	Precoding information and number
of layers
	0
	0
	0
	0

	CBGTI
	0
	0
	0
	0

	SRI (SRS resource indicator )
	0
	0
	0
	0

	PTRS-DMRS association
	0
	0
	0
	0

	Antenna ports
	0
	0
	2
	0

	SRS request
	0
	0
	2
	0-1

	CSI request
	0
	0
	0-1
	0-1

	beta_offset indicator
	0
	0
	0
	0

	DMRS sequence initialization
	0
	0
	0
	0

	Waveform indicator
	0
	0
	0
	0

	Rank indicator
	0
	0
	0
	0

	Repetition indicator
	0
	0
	0
	0

	Number of information bits
	13-20
	22-25
	28-32
	17-26

	RNTI / CRC
	24
	24
	24
	24

	Number of information bits incl. CRC/RNTI
	37-44
	46-49
	52-56
	41-50

	
	
	
	
	

	Total
	37-44
	46-49
	52-56
	41-50
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