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Introduction
[bookmark: _Ref129681832]In the RAN#80 plenary meeting [1], a new SID on physical layer enhancements for NR URLLC was approved for Rel-16. The study will establish the baseline performance achievable with Rel-15 URLLC considering the prioritized URLLC use cases (e.g. Transport industry, Electrical power distribution, factory automation and entertainment industry), and investigate the necessary improvements for the prioritized URLLC use cases and how to meet their requirements, such as:
· Higher reliability (down to 1E-6 BLER level), higher availability, time synchronization down to the order of a few µs where the value can be 1 or a few us depending on frequency range, short latency in the order of 0.5 to 1 ms, depending on the use cases (factory automation, transport industry and Electrical power distribution)
· Relevant development in other work and study items to be taken into account.
In the RAN1#95 meeting [2], following has been agreed for PDCCH enhancements:
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-transmssion

Agreements:
· No change of DCI format 0_0/1_0 in CSS from Rel-16 URLLC study item perspective

Agreements:
· 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 discusses the enhancement on PDCCH by introducing a compact DCI format, and provides some views on the design of the bit fields for the DL and UL compact DCI to reduce the payload size. In addition, the simulation results for the compact DCI format are provided to evaluate the impact of scheduling flexibility to latency performance.
Compact DCI format design
According to our analysis in [3], compact DCI format(s) that have a smaller DCI payload size than what is achievable with Rel-15, e.g. 24bits, should be supported in NR in order to reduce PDCCH blocking and to improve the PDCCH reliability.
In the following, we provide design details for the DL and UL compact DCI format:
DL Compact DCI design
Header: In order not to increase the number of blind detections, it is desirable to design the DL and UL compact DCI with the same payload size. Therefore, 1 header bit is still needed to distinguish them. 

[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 cases, only one row is configured in the table by higher layer signalling, including the start and length indicator (SLIV). Thus, the SLIV bit field can be removed when higher layer configures one row. For example, assume that the starting symbol is S =2 and the number of consecutive symbols is L =4. In Rel-15, the slot boundary is used as the reference to determine the SLIV, which means the PDSCH could only be scheduled from symbol 2 to symbol 5. For a packet arriving at symbol 6, it could therefore not be transmitted until symbol 2 of next slot. This increases the waiting latency and degrades the URLLC performance. In order to decrease the latency and reduce the time domain resource allocation bit field, using the boundary of the PDCCH region, such as PDCCH ending symbol or starting symbol, as reference point could be supported for the compact DCI. This could compress the bit number of the SLIV field without causing a critical impact to the timing indication flexibility.
Proposal 1: For compact DCI, the reference point for starting time of resource allocation for PDSCH or PUSCH should be the starting or ending symbol of the PDCCH.
HARQ process number, NDI, RV and MCS/TBS: Only one set of {NDI, HARQ process number, MCS} bit field can be reserved in the compact DCI since that only one TB can be scheduled according to the agreement from the RAN1#92 meeting. Considering that the SINR statistics for one UE may not cover a large range of values, a UE-specific MCS indication with fewer number of bits can also 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.
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.
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 should be same as for DCI format 1_x for guaranteeing the reliability of PUCCH. 
Other DCI fields: In order to keep a concise DCI, other fields for the DCI formats 1_1 should be removed, such as carrier indicator, BWP indicator and rate matching indicator, etc. The information indicated by these fields could be either made configurable or could be fixed in the specification. 
A-CSI trigger: According to the analysis in [5], it is preferred that a 1-bit A-CSI trigger field can be included. 
Based on the above analysis, we have the following proposal for the DL compact DCI. 
Proposal 2: Consider the following DL compact DCI format for URLLC
	DCI field
	# bits

	Header
	1

	Frequency domain resource allocation
	5

	Time domain resource allocation
	2

	HARQ process
	3

	MCS
	4

	NDI
	1

	RV
	2

	HARQ-ACK
	2

	TPC
	2

	PUCCH resource
	1

	A-CSI
	1

	CRC
	24

	Total payload size
	48



UL Compact DCI design
Some common fields, such as header, frequency/time domain resource allocation, HARQ process number, NDI, RV, MCS/TBS, TPC command, can be designed using the same principle as for the DL compact DCI. Considerations on other fields are provided below:
Frequency hopping flag: In order to guarantee the PDCCH reliability, frequency hopping should be supported, and 1-bit frequency hopping flag should be included in UL compact DCI.
Beta-offset indicator: In order to decrease the payload size of the compact DCI in UL, the beta-offset indicator could be removed, and the beta-offset can be configured by the higher layer.
Based on the above analysis, we have the following proposal for the UL compact DCI. 
Proposal 3: Consider the following UL compact DCI format for URLLC.
	DCI field
	# bits

	Header
	1

	Frequency domain resource allocation
	5

	Time domain resource allocation
	2

	HARQ process
	3

	MCS
	4

	NDI
	1

	RV
	2

	Frequency hopping flag
	1

	TPC
	2

	CRC
	24

	Padding
	3

	Total payload size
	48


System level evaluation results on the impact of compact DCI
During the discussion of the previous meetings, the concern on reducing the DCI payload size is that the reduction of the frequency domain resource allocation field may induce a negative impact to the scheduling flexibility, and consequently impair the throughput of the data channel. However, it should be noticed that the bandwidth for the data channel is not the bottleneck for URLLC traffic in contrast to the control channel as we analysed in [3], due to adaptive link adaptation. E.g. URLLC traffic has higher priority than eMBB traffic in resource allocation, and the URLLC traffic is generated with small packets in some use cases such as factory automation, which means that congestion for the data channel is rarely happening regardless of the scheduling granularity. On the other hand, compact DCI with coarser scheduling granularity would generally assign more bandwidth than normal DCI for the same data packet, so that the gNB could schedule with a more conservative MCS value, which is helpful for robust data transmission and thereby reduce the number of retransmission. This will in return lead to reduced latency compared to the normal DCI, although with an expense of costing more bandwidth.
This section evaluates and compares the performance of normal DCI with compact DCI via a system level simulation. The scheduling granularity of compact DCI is per 8 PRB, and the scheduling granularity of normal DCI is per 4 PRB. Under 700MHz band with available bandwidth of 50 PRBs, the RA field bitwidth for compact DCI and normal DCI are 12 bits and 6 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 1 ms 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 scheduling granularity between compact DCI and normal DCI to performance is analysed. 
Other simulation assumptions and parameters can be seen in the Appendix.
[bookmark: _Ref528246417]Table 1 The ratio of UEs satisfying the required 1 ms 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

	Compact 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%

	Gain
	5.48%
	-
	38.6%
	-



It can be observed from the above results that the compact DCI is superior over normal DCI in terms of latency satisfaction ratio. One point for the gain is that the congestion for data channel would rarely happen even for coarse scheduling granularity since the traffic arrival is random and the packet size is small. The other point is that coarse scheduling results in larger resource expense, which in return provides better guarantee to reliability, so the number of retransmissions are reduced. 
From the above simulation, we can observe that the bandwidth for data channel is not the bottleneck so that congestion of the data channel would rarely happen regardless of the scheduling granularity.
Observation1: Compact DCI with coarser scheduling granularity performs better than normal DCI in terms of 1ms latency satisfaction ratio under 1e-5 reliability requirement for Rel-15 enabled use case.
Observation2: 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 DL and UL compact DCI format, and the simulation results for the compact DCI format are provided to evaluate the impact of scheduling flexibility to the latency performance. Based on the discussions, the following observation and proposals are given:
Observation1: Compact DCI with coarser scheduling granularity performs better than normal DCI in terms of 1ms latency satisfaction ratio under 1e-5 reliability requirement for Rel-15 enabled use case.
Observation2: 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: For compact DCI, the reference point for starting time of resource allocation for PDSCH or PUSCH should be the starting or ending symbol of the PDCCH.
Proposal 2: Consider the following DL compact DCI format for URLLC
	DCI field
	# bits

	Header
	1

	Frequency domain resource allocation
	5

	Time domain resource allocation
	2

	HARQ process
	3

	MCS
	4

	NDI
	1

	RV
	2

	HARQ-ACK
	2

	TPC
	2

	PUCCH resource
	1

	A-CSI
	1

	CRC
	24

	Total payload size
	48



Proposal 3: Consider the following UL compact DCI format for URLLC.
	DCI field
	# bits

	Header
	1

	Frequency domain resource allocation
	5

	Time domain resource allocation
	2

	HARQ process
	3

	MCS
	4

	NDI
	1

	RV
	2

	Frequency hopping flag
	1

	TPC
	2

	CRC
	24

	Padding
	3

	Total payload size
	48
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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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