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The Rel-16 URLLC SI started at the RAN1 #94NR Release 15 with preliminary discussions on scenarios, potential enhancements and evaluation assumptions to fairly evaluate Rel-15 features against the Rel-16 URLLC requirements. Some preliminary agreements were made on potential enhancements to DL control signaling including [1]:
Agreements:
Further evaluate the potential PDCCH enhancements for NR Rel-16 URLLC.
· Further evaluate PDCCH reliability 
· Further evaluate PDCCH blocking 
· Companies describe the resource utilization 
· Complexity should be considered
· Latency of the enhancement(s) should be considered
This contribution first evaluates Rel-15 PDCCH reliability and blocking. Secondly, we discuss several potential enhancements towards achieving the objectives of the Rel-16 URLLC study for the agreed use cases.
Discussion
Necessity for enhanced PDCCH monitoring
Rel-15 PDCCH monitoring specified limits on the number of PDCCH candidates and number of non-overlapping CCEs a UE processes for channel estimation for each subcarrier spacing as shown in Table 1. 

	

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

	0
	44
	56

	1
	36
	56

	2
	22
	48

	3
	20
	32



One question for Rel-16 is whether these limits should be increased to support the new URLLC scenarios. For a target reliability of 1E-5 or 1E-6, the PDCCH BLER is expected to be roughly an order of magnitude lower in order not to materially impact the overall reliability. This implies utilization of higher PDCCH aggregation levels on average. On the other hand, the configured ALs can be tailored to the UE’s geometry given that provision of URLLC services is likely to commence after a UE has established an RRC connection, and provided initial DL measurement reports, to the network. 
A more critical limit is the number of non-overlapping CCEs. For example, if a UE is configured with seven PDCCH monitoring occasions in a slot, only a single AL8 candidate can be monitored with 15 or 30 KHz SCS per monitoring occasion. This is unlikely to be sufficient and therefore, an increase in the number of CCEs should be considered for URLLC. 

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

Enhanced DCI formats 
Increasing the number of CCEs for channel estimation does not really solve the issue of high PDCCH overhead from a system perspective. Consider a simple example of motion control described in [2], where the number of UEs can be divided into XA discrete actuators and XS sensors. For a cycle time of 2ms (1ms for CN latency), 30 kHz SCS and a TDD deployment at 4GHz, the 1ms air interface latency can be approximately partitioned into a DL slot and an UL slot. In the DL slot, XA PDCCHs can be transmitted for scheduling DL assignments conveying commands from a controller to the set of XA actuators, whereas XS PDCCHs can potentially be transmitted to schedule UL transmissions from the sensors to the controller. We assume that each UE requires on average PDCCH candidates at AL = 8.  

Even if configured grants are employed to reduce the PDCCH overhead, PDCCH monitoring for DL scheduling can become a bottleneck as the required PDCCH capacity increases with XA actuators and the AL distribution. Table 1 shows the number of PDCCH monitoring occasions for a 40MHz system BW with 1-symbol CORESET duration and two different values for the number of actuators. Note that even higher values of the number of UEs in a cell have been agreed for evaluation [3].

[bookmark: _Ref525746007]Table 1 Number of PDCCH monitoring occasions required for half a cycle in motion control for 1-symbol CORESET and average AL usage of 8 CCEs
	Number of actuators
	SCS (KHz)
	CORESET BW (RBs)
	PDCCH capacity

	
	
	
	CCEs
	Monitoring occasions per 0.5ms

	4
	30
	106
	32
	2

	
	60
	51
	
	4

	10
	30
	106
	80
	5

	
	60
	51
	
	10


 

It can be seen in Table 1 that the PDCCH overhead quickly becomes a limiting factor for system operation just for DL-only scheduling. Given the deterministic nature of the traffic, configured DL assignments would significantly alleviate the DL signaling overhead. This is similar to DL SPS configuration and may be sufficient in some cases where the channel and interference conditions are relatively static. However, for other use cases where channel conditions may change rapidly such as remote driving or even 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 other transmission parameters. 

Configured scheduling assignments
A possible solution is to configure a UE with multiple configured DL assignments. 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 compared to 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 [2]. 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 already optimize processing of blind decodes for PDCCH. 

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, 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 1. 

[image: ]
[bookmark: _Ref525923292]Figure 1 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 1(a), the configured DL assignments are primarily differentiated by different frequency domain resource allocations whereas in Figure 1(b), the configured DL assignments 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 scheme 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 1: to improve DL 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. 

Compact DCI
A smaller DCI payload size compared to DCI formats 0_0/1_0 was investigated in Rel-15 but could not be agreed due to a lack of consensus on the potential SNR gain with respect to payload size reduction versus how much transmission flexibility is sacrificed. It should be noted that there is only so much payload reduction that can be achieved given the fixed overhead of the 24-bit CRC. Nevertheless, a starting point could be to take DCI format 0_1/1_1 and determine which fields can be semi-statically configured for the URLLC scenarios under consideration. An example is shown in Table 2, where the total payload ranges between 23 – 38 bits. 

[bookmark: _Ref525764082]Table 2 Example fields and bits widths for a compact DL DCI
	Field Name
	Bit width
	Remarks

	Carrier indicator
	0 – 2
	 Limited cross-scheduling

	Identifier
	1
	 

	BWP indicator
	0
	Dynamic BWP switch not needed 

	Frequency-domain RA
	9
	Use scaling to active BWP based on smallest CORESET 0 size

	Time-domain RA
	1 – 2
	 Limited time domain scheduling

	VRB-to-PRB flag
	0
	Fixed 

	PRB bundling size
	0
	 Fixed

	Rate matching indicator
	1 – 2
	Limited rate matching to support PDSCH mapping type B

	ZP CSI-RS trigger
	0 – 1
	Configurable

	Modulation and coding scheme 
	4
	Reduced  MCS set

	New data indicator
	1
	 

	Redundancy version
	2
	 

	HARQ process number 
	1 – 2
	Limited number of HARQ processes for short latency 

	DAI
	0 – 2
	Not needed if DAI window size = 1 

	TPC command
	0 – 2
	Set to 0 for periodic traffic and use DCI 2_2

	PUCCH resource indicator
	1 – 2
	Reduced flexibility

	PDSCH-to-HARQ feedback indicator
	0 – 1
	Reduced flexibility may be sufficient for short latency

	Antenna port Indicator
	0 – 2
	As a starting point but more bits may be needed to support multi-TRP transmission

	TCI
	2
	May be needed for multi-TRP transmission

	SRS request
	0 – 1
	 

	DMRS sequence initialization
	0
	 Fixed

	Total
	23 - 38
	 



This is just an example of the achievable reduction in payload size but scenario-specific considerations should be taken into account. For instance, multi-TRP transmission may require greater flexibility for MIMO related fields such as antenna port indicator and TCI fields. Secondly, the fields in the DCI format may also change depending on other PHY enhancements that may be introduced e.g. for UCI feedback. Therefore, the example shown in Table 2 should be seen as an initial template for reducing the DCI payload size.

Proposal 2: study payload size reduction for a compact DCI compared to DCI formats 0_0/1_0 taking into account possible enhancements in other areas such as multi-TRP transmission.
 
Consideration of mixed mode traffic
Enhancements to URLLC operation should be discussed within the framework of UE support for URLLC-only or a mix of URLLC and non-URLLC traffic. For electric power distribution networks and factory automation is the predominant or only type of traffic. For remote driving and AR/VR, mixed mode traffic may be possible. For URLLC-only traffic, some Rel-15 features are adequate such as for UCI multiplexing on PUSCH. For mixed traffic, URLLC-specific solutions require differentiated DL and UL signaling. 

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 other transmission aspects such as whether UCI corresponding to URLLC and non-URLLC traffic can be multiplexed on the same PUCCH or PUSCH. However, this is not a robust solution beyond Releases 15 and 16. For instance, in the future a UE can be configured with different URLLC classes, where each class has a different set of reliability and latency targets (already we see this from the set of use cases under factory automation or electric power distribution in [3]) and a single RNTI is inadequate to address more than two traffic types to/from a UE. 
A different approach to differentiate traffic types is by configuring a UE to monitor for PDCCH in different UE-specific search space sets. Thus, the UE behavior in response to a PDSCH (HARQ-ACK feedback) or for PUSCH transmission can be defined according to a UE-specific search space set. 

Proposal 3: consider differentiation of traffic types based on PDCCH monitoring in different UE-specific search space sets.

Conclusion
This contribution discussed possible PDCCH enhancements to adequately support Rel-16 URLLC use cases. A few observations are as follows:
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: to improve DL 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. 

Proposal 2: study payload size reduction for a compact DCI compared to DCI formats 0_0/1_0 taking into account possible enhancements in other areas such as multi-TRP transmission.
Proposal 3: consider differentiation of traffic types based on PDCCH monitoring in different UE-specific search space sets.
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