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Introduction
In RAN1 1901Ah meeting, the following agreements/conclusions were made. 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   
Conclusion:
· PDCCH repetition is not considered further in this study item




In this paper, we share our view on the following aspects for improving PDCCH reliability and efficiency for URLLC:
· Enhanced PDCCH monitoring for fast DL/UL scheduling 
· Compact DCI and eURLLC-specific DCI formats 
· PDCCH-less transmission for supporting periodic traffic types
PDCCH Enhancements for eURLLC Operation
Enhanced PDCCH Monitoring for Fast DL/UL Scheduling
For meeting the URLLC latency requirement (e.g. 1ms), it is essential for the system to provide the UEs with frequent scheduling occasions. Otherwise, each packet may first experience a long queueing delay before being scheduled. Equivalently, a URLLC UE should be able to monitor PDCCH frequently, e.g., with a 2-symbol granularity. To accomplish this task, the number of CCEs and blind decodes per PDCCH monitoring occasion should be such that: (1) an appropriate ALs can be accommodated for ensuring PDCCH reliability, (2) there is sufficient capacity to schedule both DL and UL in the same occasion, and (3) the UE’s complexity is manageable.    
In Rel. 15 NR, two PDCCH monitoring cases are defined as follows:
Agreements:
•     Case 1: PDCCH monitoring of all SS sets that are monitored in a slot occurs within 3 consecutive OFDM symbols that have fixed positions in each slot
• Case 1-1: PDCCH monitoring on up to three OFDM symbols at the beginning of    a slot
• Case 1-2: PDCCH monitoring on any span of up to 3 consecutive OFDM symbols of a slot
•     For a given UE, all search space configurations are within the same span of 3 consecutive OFDM symbols in the slot
• Case 2: PDCCH monitoring other than Case 1
• Note: this includes the PDCCH monitoring of up to three OFDM symbols at the beginning of a slot 
Focusing on the DL direction and considering that completing two transmissions within the latency budget of 1ms is critical for an efficient operation, we analyze the achievable latency under Case 1-1 and Case 2 with different number of monitoring occasions as follows (Note that in the analysis below, we have assumed multiple HARQ-ACK reporting per slot is allowed):  
· Case 1-1 with SCS = 30KHz, N1 = N3 = 4.5 symbols and a half-symbol propagation delay:



Figure 1: eURLLC latency assuming one PDCCH monitoring occasion per slot (Case 1-1).
· Case 2 with SCS = 30KHz, N1 = N3 = 4.5 symbols, a half-symbol propagation delay and four monitoring occasions per slot:



Figure 2: eURLLC latency assuming four PDCCH monitoring occasion per slot (Case 2).

· Case 2 with SCS = 30KHz, N1 = N3 = 4.5 symbols, a half-symbol propagation delay and seven monitoring occasions per slot:



Figure 3: eURLLC latency assuming seven PDCCH monitoring occasion per slot (Case 2).

Observation 1: For eURLLC with stringent latency requirements, a frequent PDCCH monitoring, e.g., in units of every 2 symbols, is necessary.  

Next, it is essential to see whether the Rel. 15 limitations on the number of blind decodes and number of non-overlapping CCEs for channel estimation allow for enabling frequent eURLLC scheduling. Currently, the number of BDs/non-overlapping CCEs in a given slot of a CC is given separately for each SCS. The CCE limit determines the number of non-overlapping candidates of different aggregation levels for a given UE. As an example, the number of non-overlapping CCEs per slot for SCS = 15KHz and 30KHz is 56. Considering the 2-symbol PDCCH monitoring occasion, 8 CCEs per occasion of a given slot can be assumed. Hence, it is important to investigate whether PDCCH reliability can be achieved via DCI transmission over a candidate of AL = 8. 
To do this, we compare the BLER performance between two DCI sizes, 40 bits plus CRC and 30 bits plus CRC, for PDCCH aggregation levels 8 and 16 under TDL-C and TDL-A channel models. The simulation results are shown in the Appendix.  As the link-level evaluation results illustrate, PDCCH BLER of  can be achieved using a candidate of AL = 8 at SNR of -5dB for TDL-C channel model and at SNR of -4dB for TDL-A channel model. Hence, from a single UE PDCCH performance, the number of CCEs is sufficient. 
Observation 2: Considering the PDCCH payload size of 40+CRC bits and AL = 8, the BLER of 1e-6 is achievable at a SNR range of below -3dB. 
However, for applications that the UL and DL grants should be sent simultaneously, or in general, to provide more flexibility for the gNB scheduler, the possibility of increasing the number of BDs/CCEs can be considered. To enable the more frequency PDCCH monitoring within a slot, the number of CCEs and BDs should be distributed more uniformly across the whole slot. In addition, depending on how the intra-UE multiplexing of different traffic types is implemented, the UEs capable of supporting both eURLLC and eMBB traffics may need to handle a larger number of BDs/CCEs. 
It should also be noted that increasing the BD/CCE limit for URLLC, if possible, may require other relaxations. As an example, URLLC could use a smaller number of CCs as compared to the eMBB operation; hence, although the number of BDs/CCEs per serving cell might be increased, the overall value is still smaller than that of the eMBB user can support across all CCs. Another important constraint could be to limit the number of BDs/non-overlapping CCEs per monitoring occasion; as such, even though the total number of BDs/CCEs per slot is increased, the UE’s processing burden for decoding PDCCH should be made manageable. As another example, for a UE that supports both eMBB and URLLC operations, similar to relaxations introduced for LTE eCA and LTE sTTI, the number of BDs/CCEs should jointly be managed for both operations across the configured cells. Furthermore, to enable frequent PDCCH monitoring, the number of CCEs and BDs shall be distributed uniformly across a slot. As another possible relaxation, reducing the maximum number of configurable CORESETs for eURLLC can be considered. 
[bookmark: _Hlk525923710]Proposal 1: To enable fast scheduling for eURLLC, RAN1 study the feasibility of increasing the number of BD/CCE limit.
· The number of CCEs and BDs should be distributed uniformly in time across a slot.
· Further study whether reducing the maximum number of configurable CORESETs that the eURLLC UE monitors in a given slot should be supported. 

Wideband RS is an effective reference signal design for URLLC PDCCH. A better channel estimation quality may be achieved using the wideband RS. For the wideband RS design, the RS may either span the entire CORESET or over clusters within the CORSET, where each cluster contains the CCEs of PDCCH candidates (in case the CORESET RBs are not contiguous). When wideband RS is configured for PDCCH channel estimation, the CCE limit may be defined over all CCEs/REGs where the wideband RS is present, and not only over the CCEs that convey the configured PDCCH candidates. 
Proposal 2: When wideband RS is configured for channel estimation, the CCE limit is defined over all the CCEs/REGs where the wideband RS is present, and not only over the CCEs consumed by the configured PDCCH candidates. 

Compact DCI and eURLLC-Specific DCI Formats
As mentioned in the preceding section, the link-level evaluation results illustrate that assuming the AL = 8 and a fallback DCI size, the BLER of 1e-6 can be achieved at SNR = -4dB and SNR = -5dB under the TDL-A and TDL-C channel models, respectively. Hence, from a link-level performance point of view, there is no need to further reduce the DCI size. 
However, from URLLC scheduling perspective, it is desirable to have a URLLC-specific DCI format in NR Rel-16, instead of always relying on the fallback DCI. This is because the fallback DCI is designed specifically for “fallback” purposes.  As a result, it only supports very basic transmission schemes. To meet the stringent latency and reliability requirements of URLLC, more advanced and flexible transmission/scheduling schemes are needed, which require some additional signaling fields besides the signaling fields that are present in the fallback DCI. 
As we discussed in Section 2.1, more frequent PDCCH monitoring are needed for eURLLC to meet the strigent latency requirement. In order to limit the number of BDs that the UE needs to perform, it is desirable to have the URLLC DCI format to have the same size as the fallback DCI.  
To meet both requirements identified above, a meaningful approach is to remove or resize some of the information fields in the fallback DCI, such that the sizes of the URLLC DCI and the fallback DCI are aligned.  
More specifically, the following fields in the fallback DCI may be resized for URLLC scheduling:
· Frequency domain PDSCH/PUSCH resource allocation
· Time domain PDSCH/PUSCH resource allocation
· HARQ process number
· PDSCH-to-HARQ feedback timing indicator
· DAI
· PUCCH resource indicator

For URLLC scheduling DCI, the time-domain PDSCH/PUSCH resource allocation field may be interpreted differently from that of the fallback DCI. For example, a finner graunality than slot may be considered. Also, a separate time-domain resource allocation table may  be considered for URLLC. Furthermore, the PDSCH-to-HARQ feedback timing indicator (i.e., K1), the PUCCH resource indicator, and the DAI field may need to be changed/resized to support multiple HARQ-Ack feedback per slot. 
At the same time, the addition of the following fields can be considered for URLLC scheduling:
· Carrier indicator
To optimize the URLLC system capacity, it is essential to make sure URLLC UL and DL can be transmitted at any time. However, for TDD, this may be fundamentally infeasible due to the half-duplex nature. To allow for scheduling data at any time without delay, supporting carrier aggregation for URLLC is of critical importance. Especially, for control channel, it is highly desirable to be able to schedule data on TDD/FDD band from FDD based control channels, such that URLLC transmission may be dynamically FDM’ed to reduce latency. To enable cross-carrier scheduling, the carrier indicator field (CIF) is needed in the compact DCI. 

For DCI format 0_1 and 1_1, the bit-width for CIF is 3 bits. However, 3 bits may be too large an overhead for the compact DCI. To strike a good tradeoff between control scheduling granularity and control overhead, it is preferable to reduce the bit-width of CIF in the compact DCI to 1 or 2 bits.  

· Rate-matching indicator 
To meet the 1ms latency, URLLC is likely to operate over mini-slots of smaller duration, e.g., 2 or 4 symbols. In this case, it is beneficial to let the PDSCH utilize all available resources in the mini-slot that are not occupied by PDCCH or other channels. To achieve this goal, we propose to include the rate-matching indicator field in the URLLC downlink compact DCI.

· Waveform indicator
For uplink URLLC transmission, it is beneficial to allow the UE to dynamically switch the waveform between CP-OFDM  DM. Semi-static waveform configuration might be too slow for URLLC. Therefore, the waveform indicator field can be included in the URLLC uplink DCI.  

· A-CSI triggering via DL grant
CSI reporting can be triggered either explicitly by the DL grant or could be triggered implicitly. 

· Antenna port indicator
To increase the overall system efficiency, it is desirable to allow the URLLC UEs to do multi-layer transmission and reception and to allow the base station to schedule MU-MIMO communication. To enable this feature, the URLLC DCI needs to contain an antenna port field, which indicates the DMRS ports as well as the number of layers for transmission. It is reasonable to restrict the number of MIMO layers to 2 in compared to 4 in the general eMBB case, and to restrict the transmission to SU-MIMO for URLLC using the new DCI format. To this end, 1 bit should be sufficient to indicate the number of layers of transmissions, and the corresponding antenna ports. For simplicity, the network may select two rows from the eMBB antenna port table to form the antenna port table for URLLC. We further notice that, this field may only be needed in the downlink DCI. In the uplink, the number of layers (i.e., the rank) maybe inferred from the SRI and TPMI fields.

· SRS resource indicator (SRI) and TPMI
For uplink transmission, in order to support MIMO communication or to harvest beamforming gain, it is necessary to let the UE know the precoding matrix for transmission. To this end, the SRI and TPMI fields need to be included in the new DCI format for the uplink. Depending on the PUSCH transmission scheme (i.e., codebook vs noncodebook) and the UE Tx antenna phase coherency, the bit width of these two fields may be different as in DCI format 0_1.
· Physical-layer priority indicator
For UEs that support services with different requirements, physical layer differentiation may be needed to let the UE be aware of the priority level of each of the physical layer channels. Therefore, a physical-layer priority indicator field may be included in both the uplink and downlink scheduling DCI. More details of the need for the PHY-layer differentiation is given in [1].

We would like to point out that, in contrast to the fallback DCI, it may be too restrictive and inefficient to always fix the size of each field in the eURLLC DCI format. Instead, a configurable size for some of the fields may be more suitable for achieving higher system efficiency and reliability. For example, with the addition of the antenna port indicator field, the bitwidth of this field may need to adjust to the number of antennas as well as the DMRS configuration. To align the total size of the eURLLC DCI and the fallback DCI, padding bits may be inserted to the eURLLC DCI. 
We also note that reducing the size or removing an information field from the fallback DCI does not necessarily mean that such information is not conveyed to the UE. In fact, instead of being dynamically indicated by a DCI, such information can be indicated either semi-statically via RRC signaling or via implicit method.
[bookmark: _Hlk525923869]
The detailed design of the new DCI format for the downlink scheduling is provided in Table 1.
Table 1 New DCI format consideration for downlink scheduling
	DCI 
	Bits
	Description/Comments

	Header/Identifier for DCI format
	1
	DL/UL

	Carrier indicator 
	2
	To enable cross-carrier scheduling for URLLC; reduced bit-width compared with DCI 0_1 and 1_1

	Frequency-domain PDSCH resources
	9
	For 50 RB bandwidth (use coarser granularity for type 1 RA, i.e., use 2 RB bundling)

	Time-domain PDSCH resources
	2~3
	Reduced 1 or 2 bits from fallback 

	VRB-to-PRB mapping
	1
	

	MCS 
	5
	

	New data indicator
	1
	

	Redundancy version
	2
	

	HARQ process number 
	2
	Reduced from 4 to 2 since URLLC has shorter HARQ processing timeline 

	TPC command for PUCCH 
	2
	 Needed to guarantee high reliability 

	Antenna port indicator
	1
	Pick 2 rows from the eMBB antenna port table to support switching between 1 layer and 2 layer MIMO

	Downlink Assignment Index 
	0 or 2
	The size of this field may depend on the outcome of multiple HARQ-Ack per slot design; this field may also depends on whether Type1 or Type 2 HARQ-Ack codebook is configured 

	ARI (A/N resource index)
	2
	The size of this field may depend on the outcome of multiple HARQ-Ack per slot design

	HARQ timing indicator
	2
	Reduced in size due to tighter URLLC timeline. The size of this field may depend on the outcome of multiple HARQ-Ack per slot design

	Rate-matching indicator
	1
	To allow PDSCH rate match around the decoded PDCCH

	A-CSI trigger 
	0 or 1
	To trigger A-CSI report explicitly 1-bit is needed. However, an implicit approach is more preferred.

	Physical-layer priority indicator
	1
	To indicate the priority level of the scheduled transmission 

	Total
	35~38
	



The DCI content listed in Table 1 contains 35~38 control information bits that are considered to be essential for URLLC downlink scheduling. Further zero bits are padded to the new DCI format to make it of the same size as the fallback DCI. 

The design of the new DCI for the uplink scheduling is provided in Table 2. 

Table 2 New DCI format consideration for uplink scheduling
	DCI 
	Bits
	Description/Comments

	Header/Identifier for DCI format
	1
	DL/UL

	Carrier indicator 
	2
	To enable cross-carrier scheduling for URLLC; reduced bit-width compared with DCI 0_1 and 1_1

	Waveform indicator
	1
	CP-OFDM vs DFT-s-OFDM

	Frequency-domain PUSCH resources
	9
	For 50 RB bandwidth (reduced from 11 bits in fallback DCI)

	Time-domain PUSCH resources
	2~3
	Reduced 1 or 2 bits from fallback 

	Frequency hopping indicator
	1
	

	MCS 
	5
	

	New data indicator
	1
	

	Redundancy version
	2
	

	HARQ process number 
	2
	Reduced from 4 to 2 since URLLC has shorter HARQ processing timeline 

	TPC command for PUSCH 
	2
	 Needed to guarantee high reliability 

	SRI 
	1, 2
	Assuming 2 SRS resources are configured, then 
· 1 bit for codebook based PUSCH;
· 2 bit for non-codebook based PUSCH;

	TPMI
	0, 1, 2
	· 2 for codebook based PUSCH with full Tx antenna coherence
· 1 for codebook based PUSCH with non-coherent Tx antenna
· 0 for non-codebook based PUSCH

	DAI
	1~2 
	Uplink DAI: to enable HARQ-Ack piggyback on PUSCH. The size of this field depends on whether Type 1 or Type 2 codebook is configured, and may  depend on the outcome of multiple HARQ-Ack per slot design

	Physical-layer priority indicator
	1
	

	Total
	33~36
	



The DCI content listed in Table 2 contains 33~36 control information bits that are considered to be essential for URLLC uplink scheduling. Further zero bits are padded to the new DCI format to make it of the same size as the fallback DCI. 

Based on the discussion above, we make the following proposal for the DCI format design for eURLLC. 
Proposal 3: NR Rel-16 supports a new DCI format scheduling URLLC traffic
· The size of the DCI format should be equal to the size of the fallback DCI, to avoid increasing the number of PDCCH blind detections at the UE. Padding bits may be inserted to the new DCI to align its size to that of the fallback DCI
· Some information fields of the fallback DCI formats can be resized or removed such that more specific fields for eURLLC can be added.

PDCCH-Less Transmission for Supporting Periodic Traffic Types
For small data payload (e.g., 50 bytes), the PDCCH overhead can be significant (especially so since the downlink CRC alone has 24 bits). In addition, PDCCH errors results in additional packet errors. This motivates the need of PDCCH-free (control-less) downlink data transmission. In Rel. 15, the periodicity of NR UL with ConfiguredGrantConfig is reduced to 2 symbols. However, the smallest SPS periodicity for NR-SPS is 10ms, which is much larger than the minimum periodicity of 1ms for subframe-based LTE, and certainly much larger than that of the sTTI. To make DL SPS for URLLC competitive to that of the LTE/sTTI, it is natural to allow the same or shorter SPS periodicities than the ones supported in LTE/sTTI. Given that small periodicities are already allowed for NR UL SPS, we therefore propose the following:
Proposal 4: NR DL-SPS should at least support the same SPS periodicities as for the UL SPS (configured grants) for URLLC.
In Rel. 15 NR, the UE is expected to transmit an ACK once the SPS release DCI is detected. However, the UE does not send an ACK once the activation or re-activation DCI is detected. For URLLC applications with a stringent timeline, e.g., I-IoT with latency requirement of 1ms, setting up the SPS link as quickly and reliably as possible is essential. 
Currently, the gNB can only rely on the absence of the HARQ-ACK transmission (especially for the first PDSCH) to infer whether the SPS activation/re-activation message is received by the UE. This scheme, however, is not reliable and introduces additional latency for SPS configuration. Furthermore, missing UL SPS re-configuration by a UE can lead to intra-cell UL interference, e.g. UE continues to transmit with the previous allocation where a new UE is currently allocated, which can substantially reduce the reliability. We therefore propose the following:
Proposal 5: For some URLLC use cases, the UE can be expected to transmit an ACK once the SPS activation/de-activation DCI is detected. 
Conclusion
In this contribution, we make the following contributions. 
Observation 1: For eURLLC with stringent latency requirements, a frequent PDCCH monitoring, e.g., in units of every 2 or 4 symbols, is necessary.  
Observation 2: Considering the PDCCH payload size of 40+CRC bits and AL = 8, the BLER of 1e-6 is achievable at a SNR range of below -3dB.
Furthermore, we make the following proposals. 
Proposal 1: To enable fast scheduling for eURLLC, RAN1 study the feasibility of increasing the number of BD/CCE limit.
· The number of CCEs and BDs should be distributed uniformly in time across a slot.
· Further study whether reducing the maximum number of configurable CORESETs that the eURLLC UE monitors in a given slot should be supported. 

Proposal 2: When wideband RS is configured for channel estimation, the CCE limit is defined over all the CCEs/REG where the wideband RS is present, and not only over the CCEs consumed by the configured PDCCH candidates. 
Proposal 3: NR Rel-16 supports a new DCI format scheduling URLLC traffic
· The size of the DCI format should be equal to the size of the fallback DCI, to avoid increasing the number of PDCCH blind detections at the UE. Padding bits may be inserted to the new DCI to align its size to that of the fallback DCI
· Some information fields of the fallback DCI formats can be resized or removed such that more specific fields for eURLLC can be added.
Proposal 4: NR DL-SPS should at least support the same SPS periodicities as for the UL SPS (configured grants) for URLLC.
Proposal 5: For some URLLC use cases, the UE can be expected to transmit an ACK once the SPS activation/de-activation DCI is detected. 
References
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5  Appendix LLS performance for PDCCH  
In this appendix, we present the link-level simulation results for PDCCH with DCI size 30 and 40 bits plus 24 bits of CRC. The UE speed of 3Kmph, 2Tx ports and 4Rx ports are assumed.

[image: ]
Figure 4: Performance comparison between different DCI sizes (30 bits vs 40 bits) for TDL-C channel with 2Tx/4 Rx.
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Figure 5: Performance comparison between different DCI sizes (30 bits vs 40 bits) for TDL-A channel with 2Tx/4 Rx.
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