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[bookmark: _Ref521334010]Introduction
Some progress was achieved at the RAN1 AH-1901 meeting on potential PDCCH enhancements for URLLC. Firstly, the following options were agreed for down-selection the DCI format for scheduling URLLC traffic [1],
Agreements:
For the DCI format scheduling Rel-16 NR URLLC, 
· Support potential reduction of the number of bits for at least one of the following fields compared to Rel-15 DCI 
· Frequency domain resource assignment
· Time domain resource assignment
· Modulation and coding scheme
· HARQ process number
· Redundancy version 
· PUCCH resource indicator
· PDSCH-to-HARQ_feedback timing indicator
· Downlink assignment index
· Note: Reduction of other fields are not precluded 
· Down-select one of the following options for the DCI format size – targeting down-selection in RAN1#96 (not to be captured in the TR for now)
· Option 1: Fixed DCI size targeting a reduction of 10~16 bits reduction compared to the DCI format size of Rel-15 fallback DCI
· Option 2: aligned with Rel-15 fallback DCI
· Option 3: configurable DCI size with the limitation as below  
· Minimum DCI size should target 10~16 bits reduction compared to the DCI format size of Rel-15 fallback DCI
· Maximum size should be equal to the DCI format size of Rel-15 fallback DCI
· Option 4: DCI with configurable sizes for some fields, while
· The maximum DCI size can be larger than Rel-15 fallback DCI
· The minimum DCI size target a reduction of 10~16 bits less than the DCI format size of Rel-15 fallback DCI
· Provide the possibility to align with the size of the Rel-15 fallback DCI (including possible zero padding if any)
· Option 5: no introduction of new DCI format due to this SI
· Note: The DCI format may be impacted by other objectives in this study item and/or the following work item, e.g. PDCCH repetition mechanism and/or UCI enhancement, or may be impacted by objectives in other study item and/or work item, e.g. multi-TRP transmission from Rel-16 work item   

Secondly, it was agreed not to further consider PDCCH repetition in this SI. In this contribution we first discuss the four options for the URLLC DCI format including benefits and drawbacks for each of them before making a recommendation on the preferred option. Secondly, we discuss the adequacy of Rel-15 PDCCH monitoring capacity for URLLC scheduling and possible enhancements thereof. 

DCI format for URLLC scheduling
Several results were presented at the RAN1 AH-1901 meeting [1] on the potential gains of reducing the DCI size for URLLC scheduling by 10-16 bits compared to DCI formats 0_0/1_0. In a previous contribution [2] we showed the BLER performance for a 40-bit DCI payload representative of DCI format 0_0/1_0 scheduling over a 100RB BWP. In Figure 1 we compare 24- and 40-bit DCI payloads for the TDL-C channel, with simulations assumptions described in Table 3 of the appendix. The 40-bit and 24-bit BLER results are respectively shown with solid and dashed lines for each AL. It can be seen that there is a 0.6 dB gain for AL16 at a target BLER of 10-5. 
[image: ]
[bookmark: _Ref938450]Figure 1 BLER comparison of 24- and 40-bit DCI payloads

Observation: for AL16 and TDL-C channel the performance gain of a 24-bit DCI payload over a 40-bit DCI payload is 0.6 dB at a target BLER of 10-5.
The question to answer is whether this gain is sufficient to introduce a compact DCI format targeting 10-16 bits reduction compared to DCI formats 0_0/1_0 versus the loss in scheduling flexibility resulting from such a reduction. Some drawbacks of this approach were provided in our previous contribution [2]. Herein we provide some analysis for the candidate solutions including the option of no enhancement in Rel-16. 

The four options can be categorized under fixed size (Options 1 and 2) and variable size (Options 3 and 4) DCI formats. Before delving into the analysis it is important to make the following observation:

Observation: the contents, and by extension the size, of a DCI format should be determined by the degree of transmission/reception flexibility required for providing a service to a UE.

Based on this observation – which has been the design paradigm in 3GPP – Options 1 and 2 may not satisfy the requirements for URLLC scheduling because at this juncture it is not known what functionalities would be required. For instance, if URLLC is deployed in FR2, DCI fields facilitating multi-TRP transmission and beam management procedures may be required. In addition there have been proposals to introduce new URLLC-specific fields, wherein the merits/tradeoffs would have to be discussed during a WI phase. 
From our analysis of possible fields that could be incorporated from DCI formats 0_1/1_1, which would be shown in Table 1, Option 1 would definitely not be a comprehensive solution covering all URLLC use cases and/or deployment scenarios. Indeed, it is also an open question whether Option 2 would suffice as it would depend on how many of the fixed size fields in current DCI formats can be reduced or eliminated (e.g. frequency domain resource assignments, PUCCH resource indicator, PDSCH-to-HARQ feedback timing indicator) while accommodating additional fields required for the deployment or operational scenario.

Observation: Targeting a hard reduction of a URLLC DCI payload size by 10-16 bits compared to DCI formats 0_0/1_0 (Option 1) or fixing the size to DCI formats 0_0/1_0 (Option 2) during the SI phase is premature at this stage as the required transmission functionalities for all URLLC use cases and deployment scenarios are yet to be determined. 

The main motivation we see for Option 2 is for the scenario where a UE is configured to receive/transmit mixed URLLC and non-URLLC traffic. In this case, the UE may be configured to receive DCI formats 0_0/1_0 in CSS and also DCI formats 0_1/1_1 in USS at least for non-URLLC scheduling. If an additional DCI size is added specifically for URLLC, a Rel-16 UE would then need to monitor more than the three C-RNTI-based sizes specified in Rel-15. Thus, the same number of DCI sizes as Rel-15 can be maintained by restricting the size of a potential URLLC-specific DCI format to that of DCI 0_0/1_0. 

Firstly, we note that this concern is only valid for a UE scheduled with mixed traffic and should not then limit scheduling of URLLC-only traffic. Secondly, this design objective can be achieved in certain scenarios by careful network configuration of the transmission functionalities without uniformly applying this restriction to all URLLC scenarios. 

Regarding the configurable size options, Option 3 provides some desired flexibility by allowing a range of DCI sizes between the minimum and maximum fixed sizes described in Option 1 and Option 2 respectively. Option 4 on the other hand is the most flexible as it does not place any restriction on the DCI size beyond what is determined by potential optimization of the fixed size DCI fields (see RAN1 AH-1901 agreement above) and the RRC configuration of additional transmission features. Indeed, Option 4 could actually result in roughly the same size as DCI formats 0_0/1_0 for some scenarios whereas for other scenarios where more transmissions features may be needed, and the UE is not coverage limited, the size can be larger than DCI formats 0_0/1_0. 

To understand the futility in restricting the DCI size at this stage of the URLLC work, we compare two possible cases of URLLC-specific DCI formats based on DCI format 1_1 to a specific realization of DCI format 1_1 in Table 1. For the realization of DCI format 1_1 shown in Table 1 we assume a minimum possible size for several fields e.g. antenna port indication. For the rate matching indicator field we assumed the maximum size of 2 bits based on an expectation that PDSCH would overlap with a PDCCH monitoring occasion in order to minimize latency. The URLLC Case 1 in Table 1 supports full functionality for signaling HARQ-ACK feedback at the expense of reduced MIMO scheduling functionality while Case 2 does the opposite.  It can be seen that Case 1 requires 40 bits, one less than DCI format 0_0/1_0 for scheduling the same 100 RB BWP. Case 2 on the other hand is slightly larger than DCI 0_0/1_0. Notice that additional bits can be further reduced from some fields e.g. PUCCH resource indicator or PDSCH-to-HARQ feedback indicator, and used for some other functionality such as CIF if CA with cross-carrier scheduling is supported for URLLC. 

[bookmark: _Ref435013]Table 1 Comparison of two potential URLLC DCI formats to a DCI format 1_1 configuration in a 100 RB BWP
	Field Name
	Example DCI 1_1
	URLLC DCI Case 1
	URLLC DCI Case 2
	Remarks

	Carrier indicator
	0
	0
	0
	 

	Identifier
	1
	1
	1
	 

	BWP indicator
	0
	0
	0
	Dynamic BWP switch may not be needed 

	Frequency-domain RA
	13
	9
	9
	Use scaling based on smallest CORESET 0 size

	Time-domain RA
	4
	2
	2
	 

	VRB-to-PRB flag
	1
	0
	0
	Can be a fixed value

	PRB bundling size
	1
	0
	0
	Can be a fixed value

	Rate matching indicator
	2
	2
	2
	Needed when PDSCH overlaps with PDCCH MO

	ZP CSI-RS trigger
	1
	1
	1
	 

	Modulation and coding scheme 
	5
	5
	5
	 

	New data indicator
	1
	1
	1
	 

	Redundancy version
	2
	2
	2
	 

	Modulation and coding scheme 2
	0
	0
	0
	1 CW transmission

	New data indicator 2
	0
	0
	0
	

	Redundancy version 2
	0
	0
	0
	

	HARQ process number 
	4
	2
	2
	Reduced size

	DAI
	2
	2
	2
	T-DAI needed if CA is configured

	TPC command
	2
	2
	2
	 

	PUCCH resource indicator
	3
	3
	2
	Reduced size is possible

	PDSCH-to-HARQ feedback indicator
	3
	3
	2
	Reduced size is possible but full range also enables support of multiple HARQ-ACK transmissions in a lot

	Antenna port Indicator
	4
	3
	4
	Reduced size is possible

	TCI
	3
	0
	3
	May be needed for multi-TRP transmission

	SRS request
	2
	2
	2
	 

	CBGTI
	0
	0
	0
	 

	CBGFI
	0
	0
	0
	 

	DMRS sequence initialization
	1
	0
	1
	Fixed or configurable

	Total
	55
	40
	43
	 



Given the level of uncertainty with determining a potential URLLC DCI during the SI phase the best solution is clearly Option 4.

Proposal 1: if a URLLC specific DCI format is introduced, the size is determined by
· Potential reduction of one or more of the following fixed size DCI fields,
· Frequency domain resource assignment
· HARQ process number
· PUCCH resource indicator
· PDSCH-to-HARQ_feedback timing indicator
· Configurable and feature-dependent fields e.g. antenna port indicator, TCI, SRS resource indicator, time domain resource assignment

On enhanced PDCCH monitoring capability
The Rel-15 PDCCH monitoring capabilities primarily target eMBB scheduling, wherein a fixed number of blind decodes (BDs) and CCEs for channel estimation per slot were agreed both for the case of a single monitoring occasion and multiple monitoring occasions (Case 2)  per slot. For Rel-16 it is necessary to revisit the monitoring capability to determine whether or not additional BDs/CCEs are required to efficiently support the agreed URLLC use cases described in TR 22.804. 
Towards this goal we consider a simple scenario with URLLC-only traffic. A UE is configured with a CSS set containing {4, 2, 1} PDCCH candidates respectively for ALs {4, 8, 16}, which is similar to the SIB1 CSS set specified in 38.213. The CSS set consists of 16 CCEs assuming fully overlapped search spaces. Table 2 shows the USS set capacity in BDs and CCEs for different SCS based on the assumption that the USS set does not overlap with the CSS set. 
[bookmark: _Ref534661120]Table 2 Rel-15 PDCCH monitoring capacity for a USS set excluding a CSS set of 7 BDs and 16 CCEs
	

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

	0
	37
	40

	1
	29
	40

	2
	15
	32

	3
	13
	16



In [3] we provide DL and UL latency evaluations for different SCS and different numbers of PDCCH monitoring occasions per slot where the objective is to achieve 1ms end-to-end air interface latency, which is applicable to a Rel-15 URLLC use case and also to factory automation. For the reference Case 1, where the gNB processing time is associated with the UE N1/N2 processing time, it was observed in [3] that for FDD and 60 KHz SCS at least four monitoring occasions may be required per slot to achieve 1ms latency budget for DL scheduling when provisioning for at least one HARQ retransmission. Distributing the number of BDs for 60 KHz in Table 2 into four PDCCH monitoring occasions results in roughly 4 BDs per monitoring occasion. Since the USS may be configured after a UE has provided initial CSI measurements to the network, it is reasonable to assume that the AL distribution is tailored to the UE’s DL geometry, i.e. it is not necessary to configure PDCCH candidates for all five ALs. Nevertheless 4 BDs per monitoring occasion is quite small. Even if the latency target is relaxed such that only 2 monitoring occasions are required in a slot it only translates to roughly 8 BDs per monitoring occasion for 60 KHz SCS.

For the same scenario of four monitoring occasions in a slot for 60 KHz SCS, there would be 8 CCEs per monitoring occasion, which is only sufficient for one AL8 candidate. Even if the UE did not monitor a CSS set in this slot and the full complement of 48 CCEs were available for the USS set it would only result in 12 CCEs per monitoring occasion, equivalent to one AL8 candidate and one non-overlapping AL4 candidate. This PDCCH capacity is woefully inadequate even with the PDCCH configuration flexibility available in NR. Note that this example scenario is quite simple and does not consider other potential use cases such as multi-TRP scheduling where the required number of BDs/CCEs would also increase. Therefore, serious consideration should be given to at least increasing the number of CCEs for channel estimation for URLLC scheduling.  

Observation: the Rel-15 limits on PDCCH candidates and non-overlapping CCEs processed for channel estimation may not be sufficient to support URLLC scheduling with at least one retransmission.

Proposal 2: consider an increase in the number of PDCCH candidates and the number of CCEs for channel estimation for URLLC scheduling.


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 cyclic traffic, where a group of users need to be periodically scheduled. 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 [4]. 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. Note that a similar efficient signaling scheme was proposed in [5] for efficient (re)activation of configured UL grant configurations to a group of UEs.

Proposal 3: 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: for AL16 and TDL-C channel the performance gain of a 24-bit DCI payload over a 40-bit DCI payload is 0.6 dB at a target BLER of 10-5.
· Observation: the contents, and by extension the size, of a DCI format should be determined by the degree of transmission/reception flexibility required for providing a service to a UE.
· Observation: Targeting a hard reduction of a URLLC DCI payload size by 10-16 bits compared to DCI formats 0_0/1_0 (Option 1) or fixing the size to DCI formats 0_0/1_0 (Option 2) during the SI phase is premature at this stage as the required transmission functionalities for all URLLC use cases and deployment scenarios are yet to be determined.
· Observation: the Rel-15 limits on PDCCH candidates and non-overlapping CCEs processed for channel estimation may not be sufficient to support URLLC scheduling with at least one retransmission.
· 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: if a URLLC specific DCI format is introduced, the size is determined by
· Potential reduction of one or more of the following fixed size DCI fields,
· Frequency domain resource assignment
· HARQ process number
· PUCCH resource indicator
· PDSCH-to-HARQ feedback timing indicator
· Configurable and feature-dependent fields e.g. antenna port indicator, TCI, SRS resource indicator, time domain resource assignment
· Proposal 2: consider an increase in the number of PDCCH candidates and the number of CCEs for channel estimation for URLLC scheduling.
· Proposal 3: 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

[bookmark: _Ref1030736]Table 3 PDCCH Link-level simulation assumptions
	Parameter
	Values

	Carrier frequency
	4 GHz

	Channel model
	TDL-C

	Scaled delay spread (ns)
	300

	Bandwidth (MHz)
	40

	Subcarrier spacing (KHz)
	30

	UE Speed (km/h)
	3

	[bookmark: _GoBack]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 size
	24, 40

	CORESET duration
	2
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