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Introduction
[bookmark: _Ref129681832]In the RAN1 meeting #96bis, the following agreements related to DCI design for URLLC were achieved [1]:
	Agreements:
Support configurable number of bits for the following fields for DL DCI format scheduling Rel-16 URLLC.
· Carrier indicator (0 bit or at least one non-zero bit)
· PRB bundling size indicator (0 or 1 bit)
· Rate matching indicator (0, 1 or 2 bits)
· ZP CSI-RS trigger (0, 1 or 2 bits)
Agreements:
The following fields from Rel-15 DCI format 1_1 are not included (in case new DCI format) or can be configured to be absent (0 bit) as in Rel-15 (in case reusing the existing format) in the DL DCI format scheduling Rel-16 URLLC. 
· Modulation and coding scheme for TB 2
· New data indicator for TB 2
· Redundancy version for TB 2
· CBG transmission information 
· CBG flushing information 

Agreements:
Keep the following two fields without any change from Rel-15 DCI in DCI format scheduling Rel-16 URLLC:
· Identifier for DCI formats (1 bit) (when applicable)
· New data indicator (1 bit)
Agreements:
The following field from Rel-15 DCI format 0_1 are not included (in case new DCI format) or can be configured to be absent (0 bit) as in Rel-15 (in case reusing the existing format) in the UL DCI format scheduling Rel-16 URLLC: 
· CBG transmission information 


This contribution discusses the detailed DCI for URLLC. In addition, the simulation results for the DCI design are provided to evaluate the impact of scheduling flexibility to latency performance.
Detailed DCI design
For DCI scheduling Rel-16 NR URLLC, it has been agreed to support configurable sizes for some fields, while the maximum DCI size can be larger than Rel-15 fallback DCI and the minimum DCI size targets a reduction of 10~16 bits less than the DCI format size of Rel-15 fallback DCI. Also, the possibility to align with the size of the Rel-15 fallback DCI should be considered. 
DL DCI design
Potentially compressed DCI fields
According to the agreement, DL DCI format scheduling Rel-16 URLLC, some fields, such as Carrier indicator, Rate matching indicator, PRB bundling size indicator, and ZP CSI-RS trigger could be configured to 0 bits. Identifier for DCI formats and NDI fields are kept without any change. And some fields, such as Modulation and coding scheme for TB 2, New data indicator for TB 2, Redundancy version for TB 2, CBG transmission information , CBG flushing information  are not included or can be configured to be absent. The remaining fields in DCI format 1_1 are discussed below. 
In order to make the minimum DCI size target a reduction of 10~16 bits less than the DCI format size of Rel-15 fallback DCI, some of the following fields in the legacy DCI format 1_1 should be potentially compressed to reduce the DCI size. 
· 
[bookmark: OLE_LINK2][bookmark: OLE_LINK1]Frequency domain resource allocation: Due to the tight latency and high reliability requirement, it is more favorable to allocate a larger bandwidth to URLLC, so that it can be transmitted in a timely manner with guaranteed reliability. In this case, the flexibility of resource allocation becomes less critical, and a much coarser frequency granularity can be adopted. Regarding the resource allocation type, a modified resource allocation type 1 can be considered where the smallest unit is based on RBG. The RBG table design for type 0 could be reused for the modified resource allocation type 1, and the configuration of the RBG size for type 0 could be reused, too. Then, the bit-field size of the frequency domain resource allocation is equal to. Assuming a bandwidth of 100RBs and a RBG size of 16 PRBs, then for the modified type 1 frequency domain RA, 5 bits are needed in this bit field of the DCI.
· Time domain resource allocation: In Rel-15, for the time domain resource allocation of the PDSCH, the DCI shall provide an index into a UE-specific table from which the K0 [4], OFDM starting symbol and PDSCH duration as well as its mapping type are identified. The table is configured by RRC signaling and consists of up to 16 rows. For URLLC applications not all the possible time-domain resource allocations are necessary. Therefore, the configured time-domain resource allocation table can be smaller. E.g., 4 rows may be sufficient, and thereby no more than 2 bits are needed in the compact DCI for the PDSCH time domain resource allocation. In some extreme cases, only one row is configured in the table by higher layer signalling, and hence the SLIV bit field can be removed. 
In Rel-15, the slot boundary is used as the reference to determine the SLIV, and if only a few rows are configured in the table to reduce the DCI payload size, the DCI cannot schedule some SLIVs , which may increase the latency since the starting symbol of the PDSCH is limited. As a result, a large TDRA table of many SLIVs are needed, leading to a large overhead in DCI. For this end, it is better to redefine the reference point of SLIV for URLLC as the staring symbol of PDCCH occasion, which can provide the possibility to reduce the DCI overhead and meanwhile ensure the latency. One concern is that the actual SLIV counting from the PDCCH occasion might be across slot-boundary when the PDCCH occasion is located in the second half slot and L > 7. However, this can be avoided by gNB.  If this case really occurs in some cases, the SLIV across slot boundary can be either dropped or truncated. Another concern is that it may complicate Type-1 HARQ-ACK codebook construction. However, it seems no significant extra work needed compared to specifying sub-slot based HARQ-ACK feedback with Type-1 HARQ-ACK codebook. Type-1 HARQ-ACK codebook determination can be done by determining the set of all actual SLIV locations from the configured TDRA table and possible PDCCH occasions, and then jointly perform SLIV location splitting to get the total PDSCH occasions if needed.
· HARQ process number: In Rel-15, for the HARQ process number, 4-bits are fixed both for the fallback DCI and for the non-fallback DCI. For URLLC, this is unnecessary and the number of bits can be set according to the number of HARQ processes that are configured by higher layer. Assuming that up to 8 HARQ processes are supported, 3 bits are enough in the compact DCI.
· RV: Also we think the RV field can be kept unchanged to guarantee the performance of the retransmission.
· MCS: Considering that the SINR statistics for one UE may not cover a large range of values, a UE-specific MCS indication with a fewer number of bits, e.g., 4bits, can be considered. In addition, given the channel status may not vary fast, a combination of RRC configuration and DCI indication can be considered to guarantee a precise MCS value for the UE. 
· HARQ-ACK timing: It was agreed for Rel-15 that 3 bits are used to indicate the K1 slot-timing in the normal DCI. For URLLC, a fast HARQ RTT is needed and 2 bits may be sufficient. A more aggressive option would be to entirely remove the HARQ-ACK timing indication field and to let the A/N timing be implicitly indicated by the PDSCH location and the UE capability.
· PUCCH resource allocation：In Rel-15, it is agreed to use 3 bits to indicate 8 (up to 32) PUCCH resources. For URLLC, this is not needed and this field can be reduced. The starting symbol of the PUCCH can be implicitly indicated together with the HARQ-ACK timing. For the PUCCH resources with the same starting symbol, 1 bit indicator is enough to indicate the PUCCH resource.
· TPC field: This field could be same as for DCI format 1_x for guaranteeing the reliability of PUCCH. 
· Other DCI fields: In order to keep a small DCI size, other fields for the DCI formats 1_1 could be configured as down to 0 bit, such as DAI and VRB-to-PRB mapping.
Potentially added DCI fields
It should be noted that this “free” space can be used for new fields that then can be added without increasing the overall DCI size compared to Rel-15 fallback DCI.   It has been agreed to support some configurable fields in DCI scheduling Rel-16 NR URLLC. These fields could be used to enable some new functionalities or provide more flexibility.
· AL8/AL16 identifier: During Rel-15 an ambiguity between AL16 and AL8 has been identified [3], which can lead to PDSCH decoding errors. If the AL16 and AL8 candidates have shared CCEs, then, when the gNB is transmitting with AL16, the UE might detect an AL8 or vice versa. Therefore, when the PDSCH is mapped to CORESET resources, the UE and the gNB can have a different understanding of the rate-matching pattern and this can lead to PDSCH decoding errors. An AL16 indicator can be included in the DCI to resolve this ambiguity. Note that this ambiguity only occurs between AL8 and AL16. The AL identifier only needs to be included when AL8 and AL16 candidates are configured on overlapping CCEs. The details could be find in [4]. 
Alignment with the size of the Rel-15 fallback DCI
As discussed in [5], extended CRC could be used to align the minimum size of URLLC DCI with Rel-15 fallback DCI, and it does not increase the number of blind decoding attempts and does not increase the receiver complexity substantially. So this field could also be considered and may be realized by reusing other fields. Besides, CORESET or SS type could be used to distinguish fallback DCI and URLLC DCI if they have the same size.
Summary
Based on the above analysis, the suggested DL DCI is summarized in the following table.
Table 1. DL DCI field design 
	DCI field
	# bits for Rel-15 fallback DCI
	# bits for compact DCI

	Legacy Rel-15 fallback DCI bit fields
	Identifier for DCI formats
	1
	1

	
	Frequency domain resource allocation
	

(e.g., 13)
	Configurable (E.g., 5)

	
	Time domain resource allocation
	4
	Configurable (e.g., 0~2)

	
	HARQ process
	4
	Configurable (e.g., 3)

	
	MCS
	5
	Configurable (e.g., 4)

	
	NDI
	1
	1

	
	RV
	2
	2

	
	HARQ-ACK timing
	3
	Configurable (e.g., 0~2)

	
	DAI
	2
	Configurable (e.g., 0)

	
	VRB-to-PRB mapping
	1
	Configurable (e.g., 0)

	
	TPC
	2
	2

	
	PUCCH resource
	3
	Configurable (e.g., 1)

	Potentially added bit fields
	AL8/AL16 identifier
	N/A
	Configurable (e.g., 1)

	CRC
	24

	Total payload size
	63
	Configurable (e.g., 45)



Proposal 1: The fields of FDRA, TDRA, HARQ process number, MCS, HARQ-ACK timing, DAI, VRB-to-PRB mapping, and PUCCH resource in format 1_0 could be compressed or removed to generate the DL DCI with smaller size.
Proposal 2: AL8/AL16 identifier could be added in DL DCI scheduling Rel-16 NR URLLC.

UL DCI design
Potentially compressed DCI fields
The following bit fields in the legacy DCI format 0_1 can be potentially compressed to reduce the DCI size or to generate space for the potentially added fields.
Some common fields, such as frequency/time domain resource allocation, HARQ process number, RV, MCS, TPC command, can be designed using the same principle as for the DL DCI. Considerations on other fields are provided below:
· Frequency hopping flag: In order to guarantee the PUSCH reliability, frequency hopping should be supported, and 1-bit frequency hopping flag should be included in UL compact DCI.
· UL/SUL indicator: This field can be configured as 0 bit to save overhead.
Potentially added DCI fields
· Beta-offset indicator: Beta-offset is already included in the DCI format 0_1, and can be added to the URLLC UL DCI for more precise adjustment of UCI resources.
For an urgent URLLC data transmission, PUSCH can be scheduled on an overlapping resource with ACK/NACK with a much small scheduling delay, and hence cannot satisfy the timeline requirement. In such a case, PUSCH for URLLC should be prioritized. On the other hand, since the eMBB UCI may have a large payload size and the existing beta-offset value is no smaller than one, piggybacking eMBB UCI on URLLC PUSCH may consume too much resources. Hence even when the timeline is satisfied, piggyback eMBB UCI on URLLC PUSCH would reduce the transmission reliability of URLLC data. The simple solution is always to drop UCI and to only transmit the high priority URLLC PUSCH. However, the eMBB UCI may have a small payload, e.g., ACK/NACK, and piggybacking this UCI would not consume much resources. As a trade-off, it is expected to design a new MUX rule. One option is to enable smaller beta-offset, e.g., beta-offset < 1, to enable a small number of resources allocated for UCI. Furthermore, beta-offset = 0 could be enabled to thoroughly disable UCI piggyback. In order to enable this dynamic mux rule,it is expected that the Beta-offset indication should be added in UL DCI [6].
Alignment with the size of the Rel-15 fallback DCI
This could be same as DL DCI design by introducing extended CRC to align the minimum size of URLLC DCI with Rel-15 fallback DCI. Besides, CORESET or SS type could be used to distinguish fallback DCI and URLLC DCI if they have the same size.
Summary
Based on the above analysis, the suggested UL DCI is summarized in the following table.
Table 2. UL DCI field design 
	DCI field
	# bits for Rel-15 fallback DCI
	# bits for compact DCI

	Legacy Rel-15 fallback DCI bit fields
	Identifier for DCI formats
	1
	1

	
	Frequency domain resource allocation
	

(e.g., 13)
	Configurable (E.g., 5)

	
	Time domain resource allocation
	4
	Configurable (e.g., 0~2)

	
	Frequency hopping flag
	1
	1

	
	HARQ process
	4
	Configurable (e.g., 3)

	
	MCS
	5
	Configurable (e.g., 4)

	
	NDI
	1
	1

	
	RV
	2
	2

	
	TPC
	2
	2

	
	UL/SUL indicator
	1
	Configurable (e.g., 0)

	Potentially added bit fields
	Beta offset indicator
	N/A
	Configurable (e.g., 1)

	CRC
	24

	Total payload size
	65
	Configurable (e.g., 47)



Proposal 3: The fields of FDRA, TDRA, HARQ process number, MCS, and UL/SUL indicator in format 0_0 could be compressed or removed to generate the UL DCI with smaller size.
Proposal 4: Beta-offset indicator for intra-UE prioritization could be added in UL DCI scheduling Rel-16 NR URLLC.
System level evaluation results on the impact of new DCI
During the discussion in the previous meetings, a concern was brought up that reducing the DCI payload size restricts the size of the frequency domain resource allocation field. This may induce a negative impact to the PDSCH/PUSCH scheduling flexibility, and consequently impair the throughput of the data channel. URLLC traffic is generated with small packets and using a relatively large bandwidth, at least for some use cases such as factory automation or AR/VR. This means that data channel congestion is rarely happening regardless of the frequency domain scheduling granularity. 
This section evaluates and compares the performance of normal DCI with compact DCI via a system level simulation. The scheduling granularity of the compact DCI is 8 PRB, and the scheduling granularity of normal DCI is 4 PRB. The simulation is done for the 700MHz band with an available bandwidth of 50 PRBs. The RA field bit width for the compact DCI and normal DCI are 6 bits and 12 bits, respectively, under type 0 resource allocation. 
The simulation scenario is Rel-15 enabled use case where the packet size is 32 bytes, and the metric is the ratio of UEs satisfying the 1ms latency and 1e-5 reliability for PDSCH transmission. 
The modelling for PDCCH blocking is ideal, i.e. no PDCCH blocking is assumed, thus only the impact of the frequency domain scheduling granularity on the PDSCH performance is analysed. Other simulation assumptions and parameters can be seen in the Appendix. The results are shown in Table 4 below. Due to the coarser scheduling granularity that is used in the compact DCI more resources are assigned to the data channel. But this is not limiting the PDSCH performance for multiple users, as it can be seen in Table 4, the ratio of users meeting the requirements is not reduced. 
[bookmark: _Ref528246417]Table 3 - The ratio of UEs satisfying the required 1ms latency and the reliability of 1e-5 in case of 10 UEs per cell in the DL transmission for Urban Macro deployment.
	DCI payload size
	Arrival rate = 120 packet/s
	Arrival rate = 500 packet/s

	
	Ratio
	RU
	Ratio
	RU

	New DCI (6 bits RA)
	93.98%
	5.85%
	46.19%
	16.15%

	Normal DCI (12 bits RA)
	89.10%
	3.18%
	33.33%
	11.84%



From the simulation, we can observe that the used bandwidth for data channel is not the bottleneck.
Observation: At least for the use case with small packet size (e.g. 32 bytes), the bandwidth for data channel is not the bottleneck so that congestion of the data channel would rarely happen regardless of the scheduling granularity.
Conclusions
The contribution mainly discusses the design of the bit fields for the DL and UL compact DCI format. Additionally, simulation results are provided that indicate that for typical URLLC use cases a coarser scheduling granularity does not degrade the performance of the data channel. Based on the discussions, the following observation and proposals are given:
Observation: At least for the use case with small packet size (e.g. 32 bytes), the bandwidth for data channel is not the bottleneck so that congestion of the data channel would rarely happen regardless of the scheduling granularity.
Proposal 1: The fields of FDRA, TDRA, HARQ process number, MCS, HARQ-ACK timing, DAI, VRB-to-PRB mapping, and PUCCH resource in format 1_0 could be compressed or removed to generate the DL DCI with smaller size.
Proposal 2: AL8/AL16 identifier could be added in DL DCI scheduling Rel-16 NR URLLC.
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Proposal 3: The fields of FDRA, TDRA, HARQ process number, MCS, and UL/SUL indicator in format 0_0 could be compressed or removed to generate the UL DCI with smaller size.
Proposal 4: Beta-offset indicator for intra-UE prioritization could be added in UL DCI scheduling Rel-16 NR URLLC.
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Appendix
[bookmark: _Ref528246479]Table A. 1 Simulation assumptions for Rel-15 enabled case in Urban Macro deployment
	Parameters
	Value

	Layout
	Single layer - Macro layer: Hex. Grid

	Inter-BS distance
	500 m

	Carrier frequency
	700 MHz

	Simulation bandwidth
	20 MHz

	SCS 
	30 kHz

	Channel model 
	UMa in TR 38.901

	Transmit power per TRP
	49 dBm 

	BS antenna height
	25 m

	BS antenna element gain + connector loss
	8 dBi

	BS receiver noise figure
	5 dB

	UE Tx power
	23 dBm

	UE antenna height
	1.5 m

	UE antenna gain
	0 dBi

	UE receiver noise figure
	9 dB

	UE distribution
	80% outdoors and 20% indoors. Indoor penetration loss is modelled according to low loss model.
Use 3km/h for modeling fading channel

	Number of UEs per cell
	10

	UE power control
	Open-loop power control with P0 = -86 dBm, alpha = 0.9

	HARQ/repetition
	Adaptive HARQ retransmission

	Channel estimation
	Realistic

	BS receiver
	MMSE-IRC
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