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[bookmark: _Ref521334010]Introduction
An objective of the Rel-16 URLLC SI is potential enhancements to PDCCH for scheduling URLLC data. So far RAN1 has discussed the necessity of a compact DCI for URLLC scheduling, PDCCH repetitions and increased PDCCH monitoring capability. At the RAN1 #95 meeting some preliminary conclusions were reached on PDCCH study including further details of the investigation into the necessity of a compact DCI [1],
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 
· No change of DCI format 0_0/1_0 in CSS from Rel-16 URLLC study item perspective
· To further study DCI for URLLC with a size potentially smaller than that of Rel-15 fallback DCI
· Consider using Rel-15 fallback DCI as a starting point for Rel-16 URLLC DCI
· Target a reduction of at least 10-16 bits compared to Rel-15 fallback DCI
· Companies report how to achieve the DCI size reduction
· The link level performance gain from PDCCH reliability perspective 
· Check at least AL=16 
· PDCCH resource utilization considering all UEs in the cell
· Check AL=1/2/4/8/16 
· If retransmission is feasible with the latency bound, different BLER target can be used
· The PDCCH blocking probability when applicable  
· The performance impact from compact DCI including impact to PDSCH/PUSCH capacity when applicable
· The impact on PDCCH blind decoding/DCI size budget 
· The impact on PDSCH/PUSCH scheduling flexibility 
· At least Rel-15 enabled use cases should be evaluated for the above study

This contribution is an update to R1-1812628 addressing DCI format design and enhanced PDCCH monitoring capability for URLLC.
DCI format for URLLC scheduling
Per the agreements above we first provide a link level evaluation in Figure 1 of the Rel-15 PDCCH performance for all ALs and the TDL-C channel with delay spread scaled to 300ns. This scenario is reflective of UMa and is used to evaluate power distribution, remote driving and Rel-15 AR/VR use cases. The DL geometry for UMa is shown in the appendix along with the corresponding link- and system-level simulation assumptions. The 5%-tile SNR point is -0.3dB and it can be seen from Figure 1 that a UE at the 5%-tile point can be scheduled with an AL4 PDCCH candidate. For a 1-symbol (2-symbol) CORESET with BW of 96 PRBs, 4 (8) cell edge UEs can be scheduled for PDSCH or PUSCH in a PDCCH monitoring occasion. 
[image: ]
[bookmark: _Ref534820701]Figure 1 PDCCH BLER performance for TDL-C, DS = 300ns
Observation: a cell edge (5%-tile point) can be scheduled with an AL4 PDCCH candidate for the UMa deployment scenario at 4GHz. 

Since Rel-15 PDCCH provides adequate reliability, at least in the outdoor scenario and at 4GHz, the next step is to analyze the benefit of a compact DCI in terms of lower blocking probability. Some performance results showing the gains of DCI format reduction from DCI format 0_0/1_0 (roughly 40 bits) to 24 or 30 bits were presented at RAN1 #95 (see e.g. [2], [3]). These gains vary for different aggregation levels ranging from 0.5-0.9dB at AL16 to roughly 2dB at AL1. 

To assess whether these gains are worth introducing a compact DCI we look into other design considerations.
 
1) PDSCH/PUSCH scheduling flexibility: In some deployment scenarios or for specific UEs, it may be okay to configure a coarser frequency domain scheduling granularity for UE in a poorer channel condition as lower target code rates (equivalently low MCS) result in larger RB allocations for the same TBS. In other scenarios, or for other UEs with better channel conditions, such a coarse allocation sacrifices spectral efficiency when a packet does not need to be segmented into multiple TBs (i.e. can be transmitted in one shot) as the UE is provided with more PRBs than needed. To quantify this, Table 1 shows the minimum number of PRBs required to transmit a 32 byte or 200 byte packet for Rel-15 AR/VR in a BWP size of 106 PRBs using QPSK-based MCS values taken from Table 5.1.3.1-3 of 38.214. For 200 bytes a coarse resource allocation (using e.g. RBG scaling) may be beneficial, whereas for the smaller packet size the usefulness would depend on the selected MCS. Therefore, the DCI format design needs to be independently configured for each UE or based on the deployment scenario.
[bookmark: _Ref534632534]Table 1 Minimum PRB allocation for one-shot transmission for in a BWP of 106 RBs (40 MHz, 30 KHz SCS) and low-SE MCS table
	IMCS
	Packet size = 32 bytes
	Packet size = 200 bytes

	0
	101
	N/A

	1
	76
	N/A

	2
	61
	N/A

	3
	48
	N/A

	4
	39
	N/A

	5
	31
	N/A

	6
	26
	N/A

	7
	20
	N/A

	8
	16
	99

	9
	13
	76

	10
	10
	62

	11
	8
	50

	12
	7
	43

	13
	6
	36

	14
	6
	32




2) Multi-TRP transmission: the Rel-16 MIMO WI is currently investigating URLLC reliability/robustness enhancements by utilizing multiple TRPs/panels/beams. Even without considering whether this work will result in new DCI fields, it should be clear that at least antenna port indicator and TCI fields in DCI format 1_1 may be required in a URLLC-specific DCI format. Again we note that this should be configurable based on deployment scenario.

Observation: the benefits of a compact DCI by reducing or eliminating DCI fields is highly dependent on the deployment scenario and should be UE-specific. 

Therefore, a better option is to make the URLLC DCI format configurable by RRC signaling. To support multi-TRP scheduling a better starting point would be DCI formats 0_1/1_1. In Table 2 we consider possible optimizations of different DCI fields in DCI format 1_1 for scheduling URLLC PDSCH in a BWP of 106 RBs. We show possible minimum and maximum bit widths for each field with some explanation for the design choices made. It can be seen in this example that the total payload ranges from 31 to 63 bits. 

[bookmark: _Ref534639823]Table 2 Example URLLC DCI scheduling PDSCH based on DCI 1_1 and BWP of 106 RBs
	Field Name
	Min
	Max
	Remarks

	Carrier indicator
	0
	3
	 

	Identifier
	1
	1
	 

	BWP indicator
	0
	0
	Dynamic BWP switch may not be needed 

	Frequency-domain RA
	9
	13
	RA Type 1. Size reduction obtained by scaling based on minimum CORESET 0 size

	Time-domain RA
	2
	4
	Support reduced time domain scheduling

	VRB-to-PRB flag
	0
	1
	Configurable

	PRB bundling size
	0
	1
	Configurable

	Rate matching indicator
	1
	2
	Configurable

	ZP CSI-RS trigger
	0
	2
	Configurable

	Modulation and coding scheme 
	4
	5
	Configurable

	New data indicator
	1
	1
	 

	Redundancy version
	2
	2
	 

	Modulation and coding scheme 2
	0
	0
	1 CW transmission

	New data indicator 2
	0
	0
	1 CW transmission

	Redundancy version 2
	0
	0
	1 CW transmission

	HARQ process number 
	2
	4
	0 – 2

	DAI
	2
	4
	T-DAI needed if CA is configured

	TPC command
	0
	2
	Can be 0 for periodic traffic and TPC is based on DCI 2_2

	PUCCH resource indicator
	2
	3
	 

	PDSCH-to-HARQ feedback indicator
	3
	3
	Full range may be needed to support multiple PUCCHs carrying HARQ in a slot

	Antenna port Indicator
	0
	6
	Configurable

	TCI
	0
	2
	May be needed for multi-TRP

	SRS request
	2
	3
	 

	CBGTI
	0
	0
	 

	CBGFI
	0
	0
	 

	DMRS sequence initialization
	0
	1
	Can be a fixed value

	Total
	31
	63
	 



There are several advantages to employing a configurable DCI format for URLLC. 
· Firstly, it is based on Rel-15 DCI formats 0_1 and 1_1, which already provide configurable bit widths for many DCI fields. 
· Secondly, it provides considerable flexibility to the network when considering tradeoffs between scheduling flexibility for a given deployment scenario and possible blocking.
· Support of different traffic types
· URLLC-only: a UE configured for URLLC-only traffic may be configured to monitor DCI format 1_0 in CSS at least for broadcast information. The UE may also be configured to monitor the URLLC-based DCI formats 0_1 and 1_1 for scheduling URLLC data. 
· Mixed traffic: if a UE is configured for both URLLC and non-URLLC traffic, the UE potentially has to monitor DCI formats 0_0/1_0 in CSS, 0_1/1_1 in USS for scheduling non-URLLC data and URLLC-based UL and DL DCI formats also in USS. Assuming that the Rel-15 DCI size budget is maintained in Rel-16, the configurability shown in Table 2 for URLLC-specific DCI formats enables the network to match the URLLC DCI sizes with either that of the normal DCI formats 0_1/1_1 or to DCI formats 0_0/1_0. 
Proposal 1: take DCI formats 0_1 and 1_1 as starting point for scheduling URLLC data. 
· MIMO-related fields are configurable.
· Consider reductions in other fields to meet a desired DCI payload size

Differentiation of traffic types 
If a UE is configured to receive or transmit both URLLC and non-URLLC traffic, a means to different PDCCH scheduling should be introduced. In Rel-15 the MCS-C-RNTI was introduced to indicate MCS selection from the low SE 64-QAM MCS table. One possibility is to extend usage of the MCS-C-RNTI to further differentiate scheduling of URLLC or non-URLLC data. For instance if a URLLC-specific DCI is introduced and the payload size matches that of DCI formats 0_0/1_0 in the USS or DCI formats 0_1 or 1_1, the MCS-C-RNTI can be used differentiate the traffic type. However, this is not a robust solution as in the future a UE can be configured with different URLLC classes, where each class has a different set of reliability and latency targets (this is already evident from the current IIOT use cases) and a single RNTI is inadequate to address more than two traffic types to/from a UE. 

A different approach is by configuring different UE-specific search space sets for scheduling URLLC and non-URLLC data. This avoids the shortcoming of RNTI allocation.

Proposal 2: if a UE is configured to receive both URLLC and non-URLLC traffic, a UE may determine the traffic type for a DL assignment or UL grant based on the UE-specific search space set where the corresponding PDCCH is detected.

On enhanced PDCCH monitoring capability
The Rel-15 PDCCH monitoring capabilities primarily target eMBB scheduling as a fixed number of blind decodes (BDs) and CCEs for channel estimation per slot was agreed even for Case2 monitoring with multiple PDCCH monitoring occasions per slot. For Rel-16 it is necessary to revisit the monitoring capability to see if more BDs/CCEs are required for the new URLLC use cases described in TR 22.804. To simplify the analysis we assume that a UE is configured with a CSS set containing {4, 2, 1} PDCCH candidates respectively for ALs {4, 8, 16}, which matches the SIB1 CSS set specified in 38.213. Furthermore, 16 CCEs can be assigned to the CSS set assuming fully overlapped search spaces. Table 3 shows the possible USS set capacity in BDs and CCEs assuming that the USS does not overlap with the CSS. 

[bookmark: _Ref534661120]Table 3 Rel-15 PDCCH monitoring capacity for USS (in parentheses) based on a non-overlapping SIB1 CSS set
	

	Max number of PDCCH candidates
	Max number of non-overlapped CCEs

	0
	44 (37)
	56 (40)

	1
	36 (29)
	56 (40)

	2
	22 (15)
	48 (32)

	3
	20 (13)
	32 (16)



In [4] we provide latency analyses for different SCS and for different numbers of PDCCH monitoring occasions per slot. It was observed therein that for FDD and 15 KHz at least 3 monitoring occasions are required per slot to achieve 1ms latency budget with a PDSCH duration of 4 symbols. 
 
Distributing the BDs/CCEs for 15 KHz in Table 3 into three PDCCH monitoring occasions results in roughly 12 (13) BDs (CCEs) per monitoring occasion. Since the USS is configurable and may be configured after a UE has provided initial CSI measurements to the network, it is reasonable to assume that the AL distribution for the UE may be tailored to the DL geometry. Specifically, there is no need to provide BDs for all 5 ALs. For example, the 12 BDs can be distributed as (4, 4, 2, 2) for ALs (1, 2, 4, 8) respectively assuming that AL16 is not needed based on the DL geometry. This may be sufficient considering that with three monitoring occasions per slot only a few UEs may need to be scheduled in each occasion. However, a more critical issue is with the number of CCEs because 13 CCEs would not permit processing of two AL8 candidates. Therefore, either the AL distribution is configured to fit the number of CCEs or the number of CCEs should be increased.  

Observation: the Rel-15 limits on non-overlapping CCEs processed for channel estimation may not be sufficient for URLLC use cases.

Proposal 3: consider increasing at least the number of CCEs for channel estimation for Case 2 PDCCH monitoring.


Configured scheduling assignments
We note that increasing the number of CCEs for channel estimation may benefit a single UE but may not solve the PDCCH monitoring capacity from a system perspective. Consider the case of periodic (cyclic) traffic, where a group of users need to be scheduled at fixed time instances. Since the PDCCH capacity scales with the number of UEs, a smarter scheduling approach would be to provide a configured DL assignment and/or UL grant with same periodicity as the application’s duty cycle.  A single configuration would be similar to SPS operation and is appropriate whenever channel and interference conditions are relatively static. However, for other use cases where channel conditions may change rapidly such as remote driving or motion control on a factory floor with moving machinery, it is desirable for the network to retain some flexibility in DL scheduling assignments including selection of physical resources, MCS, and possibly multi-TRP transmission. 

A possible solution is to configure a UE with multiple configured DL assignment configurations similarly to multiple configured UL grant configurations. Here each configured DL assignment may be configured with different transmission parameters. One example of this approach is where the UE blindly decodes PDSCH candidates [5]. The rationale for this scheme is that the DCI format payload may not be significantly smaller than a small packet size of say 32 bytes (256 bits). However, it should be noted that the packet size for a URLLC scenario can vary from 20 bytes in factory automation to over 1000 bytes for remote driving. Secondly, although it is up to individual implementations, the processing latency for small TBS sizes compared to PDCCH is not necessarily linear with respect to the payload size given that different circuitry (LDPC, polar) is involved and device implementations may have already optimized processing of PDCCH blind decodes. 

A different but complementary solution is to utilize a combination of group-common PDCCH monitoring and configured scheduling assignments. For instance, a UE can be configured with one or more DL assignment configurations in a slot. Each DL assignment configuration contains at least the time-frequency resource allocation, HARQ-ACK timing and a corresponding PUCCH resource including the PUCCH format, starting symbol and duration. The UE is configured to monitor for a PDCCH carrying a group-common DCI in a Type3 CSS indicating whether or not one out of the configured DL assignments is valid for reception corresponding to a PDCCH monitoring occasion in a slot. To reduce DL signaling overhead when multiple UEs are simultaneously scheduled, multiple UEs can be scheduled by a GC-PDCCH as shown in Figure 2. 

[image: ]
[bookmark: _Ref525923292]Figure 2 Group-based scheduling indicating one of multiple configured DL assignment configurations for a UE: (a) Different frequency domain resources, (b) identical frequency resources and non-identical values for one or more transmission parameters

Similar to DCI format 2_2 each UE is configured by RRC signaling with a UE-specific field within the DCI indicating if a DL assignment is transmitted within a time duration corresponding to the PDCCH monitoring occasion. In Figure 2(a), the configured DL assignments are primarily differentiated by different frequency domain resource allocations whereas in Figure 2(b), they are differentiated by other transmission parameters e.g. MCS or MIMO related parameters. If the UE-specific field indicates a valid configured DL assignment, the UE performs PDSCH reception and transmits a corresponding HARQ-ACK according to the PUCCH configuration for this configured DL assignment. 

There is obviously a tradeoff between UE multiplexing capacity and transmission flexibility. Semi-statically configuring transmission parameters that would otherwise be dynamically signaled in DCI format 1_0 or 1_1 increases the number of UEs supported by a single GC-PDCCH. As an example, 10 UEs can be scheduled in a GC-PDCCH matched to DCI format 1_0 size in 20 MHz bandwidth with a 4-bit UE-specific field, where one code point is used to indicate that the UE is not scheduled. 

Observation: group-based scheduling in conjunction with multiple configured scheduling assignments trades off full scheduling flexibility provided by a UE-specific DCI format with the signaling efficiency provided by a group-common PDCCH and is beneficial for periodic and deterministic traffic scenarios. 

Note that this scheduling approach can also be extended to UL scheduling to complement Rel-15 or enhanced configured UL grant operation. Indeed, it can be viewed as a hybrid between scheduled and configured UL grants, where a UE is configured with multiple configured UL grant configurations and the applicable configuration for a PUSCH transmission is indicated in a GC-PDCCH. 

Proposal 4: to improve DL control signaling efficiency consider configuring a UE with multiple DL or UL scheduling assignment configurations in conjunction with a group-common DCI to indicate one out of the respective configurations for reception or transmission. 


Conclusion
This contribution discussed possible PDCCH enhancements to adequately support Rel-16 URLLC use cases. A few observations are as follows:
· Observation: a cell edge (5%-tile point) can be scheduled with an AL4 PDCCH candidate for the UMa deployment scenario at 4GHz. 
· Observation: the benefits of a compact DCI by reducing or eliminating DCI fields is highly dependent on the deployment scenario and should be UE-specific. 

· Observation: the Rel-15 limits on non-overlapping CCEs processed for channel estimation may not be sufficient for URLLC use cases.
· Observation: group-based scheduling in conjunction with multiple configured scheduling assignments trades off full scheduling flexibility provided by a UE-specific DCI format with the signaling efficiency provided by a group-common PDCCH and is beneficial for periodic and deterministic traffic scenarios.

Based on the discussion we have the following proposals:

Proposal 1: take DCI formats 0_1 and 1_1 as starting point for scheduling URLLC data. 
· MIMO-related fields are configurable.
· Consider reductions in other fields to meet a desired DCI payload size
Proposal 2: if a UE is configured to receive both URLLC and non-URLLC traffic, a UE may determine the traffic type for a DL assignment or UL grant based on the UE-specific search space set where the corresponding PDCCH is detected.
Proposal 3: consider increasing at least the number of CCEs for channel estimation for Case 2 PDCCH monitoring.
Proposal 4: to improve DL control signaling efficiency consider configuring a UE with multiple DL or UL scheduling assignment configurations in conjunction with a group-common DCI to indicate one out of the respective configurations for reception or transmission.
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APPENDIX
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Figure 3 CDF of DL average SINR for UMa

Table 5 PDCCH Link-level simulation assumptions
	Parameter
	Values

	Carrier frequency
	4 GHz

	[bookmark: _GoBack]Channel model
	TDL-C

	Scaled delay spread (ns)
	300

	Bandwidth (MHz)
	40

	Subcarrier spacing (KHz)
	30

	UE Speed (km/h)
	3

	BS antenna configuration
	4TX

	UE antenna configuration
	4RX

	Channel estimation
	Practical

	Receiver type
	MMSE

	Transmission scheme
	1-port precoder cycling

	Transmission type
	Interleaved

	REG bundle size
	2

	DCI format
	1_0

	CORESET duration
	2



[bookmark: _Ref528927366]Table 6 System-level simulation assumptions
	Parameter
	Value

	Layout
	Single macro layer: Hex. Grid

	Channel model
	UMa in 38.901

	Inter-BS distance (m)
	500

	Numerology (KHz)
	30

	Simulation bandwidth (MHz)
	40

	Antenna configuration at TRxP
	4Tx/4Rx, (8,4,2,1,1;1,2)
(dH, dV) = (0.5, 0.8)λ

	BS antenna height
	25m

	BS antenna element gain + connector loss
	8 dBi

	BS receiver noise figure
	5dB

	Total transmit power per TRxP (dBm)
	49 dBm

	Antenna configuration at UE
	4Rx,(1,2,2,1,1;1,2)
2TX (1,1,2,1,1;1,1)
(dH, dV) = (0.5, 0.5)λ

	UE antenna height
	1.5 m

	UE antenna gain
	0 dBi

	UE receiver noise figure
	9 dB

	Carrier frequency
	4GHz

	TRxP number per site
	3

	Electrical tilt
	99 degree

	UT attachment
	Based on RSRP in TR 36.873

	Wrapping around method
	Geographical distance based wrapping

	Polarized antenna model
	Model-2 in TR36.873

	Number of UEs per TRxP
	10

	UE distribution
	100% of users are outdoors 

	UE speed (km/h)
	3
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