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Introduction
[bookmark: OLE_LINK11]According to the new SID on physical layer enhancements for NR URLLC [1], enhanced URLLC PHY schemes will be under evaluation, focusing on PDCCH, UCI, PUSCH, & scheduling/HARQ/CSI processing timeline. In order to better support URLLC in NR Rel-16, the following agreements on PDCCH was reached in RAN1 #94 meeting [2] and RAN1 #95 meeting [3].
RAN1 #94 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
RAN1 #95 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 
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
In this contribution, some potential PDCCH enhancements including compact DCI and PDCCH repetition are discussed with evaluation on reliability and blocking probability.
Compact DCI
1.1 Evaluation for compact DCI
[bookmark: OLE_LINK87][bookmark: OLE_LINK15]As shown in Figure 1 and Figure 2, about 0.5dB gain can be obtained by a compact DCI with 10 bits payload reduction from a fallback DCI size of 40bits for aggregation level(AL) 16 at the BLER of 1e-6. As observed from our SLS evaluation in [4~7], the 5th percentile DL SINR for carrier frequency 4 GHz for Power Distribution, Factory Automation, Rel-15 enabled use cases and Transport Industry are -0.06dB, -1.35dB, -1.04dB and -0.39dB respectively. The 5th percentile DL SINR for carrier frequency 700 MHz for Transport Industry is -0.44dB in [8]. Considering these SINR points in the link level results below (Figure 1 for carrier frequency 4 GHz and Figure 2 for carrier frequency 700 MHz), it can be observed that Rel-15 NR PDCCH with DCI payload size = 40 bits and AL = 16 CCEs can meet the reliability requirements of URLLC for carrier frequencies 4 GHz and 700MHz. Simulation assumptions are provided in Table A-1 of Annex.
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Figure 1. PDCCH BLER, 4GHz with 4Rx,  TDL-C, 300ns
[image: ]
Figure 2. PDCCH BLER, 700MHz with 2Rx,  TDL-C, 300ns
Observation 1: Rel-15 NR PDCCH with DCI payload size = 40 bits and AL= 16 CCEs can meet the reliability requirement of 99.9999%  for carrier frequencies 4 GHz and 700MHz.
Observation 2: About 0.5dB gain can be obtained by a compact DCI with 10 bits payload reduction from a fallback DCI size of 40bits for AL16 at the BLER of 1e-6.
As shown in the analysis in Section 2.2. DCI payload reduction can be achieved by designing DCI specifically for URLLC scheduling. The performance gain shown above for compact DCI is not the only benefit. Furthermore, PDCCH blocking probability could be reduced as shown in Figure 3. For PDCCH blocking probability, it depends on parameters such as CORESET size, number of UEs, and traffic model. Deterministic traffic is assumed where all UEs are scheduled simultaneously with each UE scheduled by one DCI. Considering typical assumptions agreed in RAN1 #94bis, e.g., 40MHz bandwidth with 30 kHz subcarrier spacing, there are maximum 32 CCEs (2OS CORESET duration) in a monitoring occasion for URLLC case. Considering the BLER performance @1e-5 for carrier frequency 4 GHz together with DL geometry for the urban macro in our evaluation, the AL probabilities for fallback DCI can be set to 26%, 31%, 32%, 10%, and 1% for AL 1, 2, 4, 8, and 16, respectively. And the AL probabilities of compact DCI can be set to 29%, 33%, 30%, 7%, and 1% for AL 1, 2, 4, 8, and 16 respectively. In addition, it is assumed that the configured numbers of PDCCH candidates are 4, 4, 2, 2, and 1 for AL 1, 2, 4, 8, and 16 respectively. From the result, PDCCH blocking probability could be reduced by compact DCI. 
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Figure 3.  PDCCH blocking probability of compact DCI
Observation 3: PDCCH blocking probability could be reduced by compact DCI.
1.2 Detailed bits reduction for compact DCI
The fields in compact DCI can be reduced or removed from fallback DCI (DCI format 0-0/1-0). The fields of UL grant and DL assignment are listed in Table 1. Considering size alignment, 10 bits size reduction can be achieved for compact DCI for URLLC compared with fallback DCI. 
Table 1. Compact DCI for UL grant and DL assignment (BWP=100PRB)
	Field for UL grant
	Bits
	Field for DL assignment
	Bits

	
	Compact
	Format 0_0
	
	Compact
	Format 1_0

	Header/Identifier for DCI format
	1
	1
	Header/Identifier for DCI format
	1
	1

	Frequency domain resource assignment
	10
	13
	Frequency  domain resource assignment
	10
	13

	Time domain resource assignment
	2
	4
	Time domain resource assignment
	2
	4

	Frequency hopping flag
	1
	1
	VRB-to-PRB mapping
	1
	1

	Modulation and coding scheme
	4
	5
	Modulation and coding scheme
	4
	5

	Redundancy version
	
	2
	Redundancy version
	
	2

	New data indicator
	1
	1
	New data indicator
	1
	1

	HARQ process number
	2
	4
	HARQ process number
	2
	4

	TPC for scheduled PUSCH
	2
	2
	TPC for scheduled PUCCH
	2
	2

	Padding bits, if required.
	6
	8
	Downlink assignment index
	2
	2

	UL/SUL indicator
	0
	0
	PUCCH resource indicator
	3
	3

	
	
	
	PDSCH-to-HARQ timing
	1
	3

	Repetition indicator
	2
	-
	Repetition indicator 
	2
	-

	CRC
	24
	24
	CRC
	24
	24

	Total
	25+6+24=55
	33+8+24= 65
	
	31+24=55
	41+24=65



Observation 4: 10 bits size reduction can be achieved for compact DCI for URLLC compared with fallback DCI.
· Frequency domain resource assignment


Type 1 resource allocation is approved in fallback DCI and Frequency domain Resource Allocation (FRA) granularity is 1 RB. Like LTE short TTI/URLLC, can be introduced in resource allocation with larger granularity and the payload size of FRA can be reduced. Considering the system capacity and scheduling flexibility, the recommended values of are listed in Table 2 and payload reduction of FRA can be from 2 to 8bits.

[bookmark: _GoBack]For further consideration, the scheduling flexibility may be restricted due to both starting position and resource allocation granularity are increased to . So PRB based starting position and RBG based resource allocation granularity is proposed in [9]. The payload reduction of FRA can range from 1 to 4 bits. This is a trade off between payload reduction and scheduling flexibility.
Table 2. Payload of FRA in different system bandwidth
	System bandwidth
	5MHz
	10MHz
	15MHz
	20MHz
	50MHz

	Payload of FRA in fallback DCI
	9
	11
	12
	13
	16

	

	2
	4
	8
	8
	16

	Payload of FRA in compact DCI
	7
	7
	6
	7
	8

	PRB based starting position and RBG based resource allocation granularities
	8
	9
	9
	10
	12


· Time domain resource assignment
The starting slot, starting symbol and length are indicated by Time domain Resource Allocation (TRA). Due to the low latency requirement of URLLC, the default value of K0 can be 0, value of K2 can be 0 or 1, and the default mapping type of PDSCH/PUSCH can be type B. That is only the length of PDSCH/PUSCH is indicated by TRA [9]. Thus, the payload size of TRA can be smaller. For example, it can be up to 4 rows in the configured table for time domain allocation and payload is up to 2 bits in compact DCI.
· Modulation and coding scheme and Redundancy version 
For URLLC scenario, it is preferable that redundancy versions with incremental redundancy are supported for LDPC coding or polar coding. RV can bring performance gain by incremental redundancy. However, mainly lower code rates are used in URLLC scenario. Thus the number of RVs could be limited for certain code rates. According to [10], payload reduction of DCI is up to 3 bits when careful MCS&RV joint coding is introduced.
· Other fields
URLLC mainly focuses on ultra-reliability and low latency. Usually, URLLC needs shorter HARQ round trip time than eMBB and high data rate is not the essential point of URLLC. Thus, the number of HARQ processes can be reduced, such as to 2bits. PDSCH-to-HARQ feedback timing indicator can be also reduced for URLLC, 1bit to indicating 0 or 1 slot seems sufficient.  On the other hand, a repetition indicator could be added in compact DCI which can adjust repetition times with more flexibility for URLLC.
Observation 5: The fields can be reduced including, frequency domain resource assignment, time domain resource assignment, HARQ process number, modulation and coding scheme and redundancy version, PDSCH-to-HARQ timing.
Proposal 1: Compact DCI for NR URLLC can be achieved by payload reduction in resource allocation, scheduling/HARQ Timing, HARQ process number, MCS and RV fields and with including a configurable repetition indicator field.
Compact DCI does not mean that DCI size is over budget. NR has a mechanism for zero-padding and truncating DCI formats. This will ensure the total number of DCI sizes does not exceed 4 per BWP and the number of DCI sizes for C-RNTI/MCS-RNTI does not exceed 3. In real network, it may mean UE can be configured to a compact DCI or full-fledge DCI depending on the service and scheduling. No extra complexity on blind decoding will be introduced to UE. 
PDCCH repetition
1.3 Evaluation of PDCCH repetition
PDCCH blocking probability can be reduced with PDCCH repetition compared with higher aggregation level. The performance is shown in Figure 4, under different schemes including using both compact DCI and repetition. Note that repetition is only applied for AL16 in the simulation, which means one transmission of AL16 candidate in current occasion is divided into two transmission of AL8 in current occasion and next occasion. Arrangement of two candidates of AL8 is more flexible than that for one candidate of AL16. Since probability for AL16 is 1% in our simulation, PDCCH blocking probability can be reduced since the probability for the repetition scheme with two AL8 candidates split from two original AL16 appeared again in one occasion is 0.01%. As a result, in case of using both compact DCI and repetition, the number of UEs satisfying the same blocking probability (e.g. 1e-2 or 1e-3) can be increased about by one UE as shown in Figure 4.
[image: ]
Figure 4. PDCCH blocking probability of PDCCH Repetition
Observation 6: PDCCH repetition is beneficial to reduce PDCCH blocking probability. In case of using both compact DCI and repetition, one additional UE could be served under the same blocking probability. 
Also, the same precoding to improve channel estimation or different precodings for spatial diversity can be configured for PDCCH repetition. In addition, the used CCEs for channel estimation for PDCCH repetition are less than that of higher aggregation level, i.e., a lower detecting complexity. 
 Proposal 2: PDCCH repetition should be supported for URLLC. 
1.4 Design of PDCCH repetition
One alternative is that PDCCH repetitions are within the same PDCCH monitoring occasion across multiple search spaces on different CORESETs, which is better from the low latency point of view but difficult for the UE without the capability of a wide-BWP. Another way is PDCCH repetitions are across multiple PDCCH monitoring occasions of the same search space and CORESET, which is beneficial for multiplexing in frequency domain for multiple users at the same time but lead to more latency for each UE. However, the increased latency can be restricted to a few symbols by some careful design given below. Compared to the UE processing time and gNB processing time, the increased latency is marginal.

If go with the later scheme, the starting occasions for PDCCH repetition need to be determined. In NR Rel-15, PDCCH repetition was supported by higher layer parameter duration, a duration of [image: ] slots indicating a number of slots that the search space set [image: ]exists.  Here, [image: ] is the period of search space set s . PDCCH repetition can be supported among slots with maximum number of  in a PDCCH monitoring period. Note this is only applied for slot-based repetition with a period larger than one slot. 


In order to support URLLC, PDCCH repetition should be supported within one slot. For simplicity, PDCCH repetition within one slot can be supported by higher layer parameter duration, a duration of  with reinterpretation in case of [image: ] = 1. Then starting symbol/occasion of PDCCH repetition for URLLC are determined by the higher layer parameter monitoringSymbolsWithinSlot. The repetition times is equal to .

For example, 14-bit bitmap of monitoringSymbolsWithinSlot is ‘10000001000000’, = 4, assume the CORESET duration is 1OS and [image: ] = 1 slot. The diagram of PDCCH repetition is shown is Figure 5.
[image: ]
Figure 5. PDCCH repetition within one slot
Proposal 3: PDCCH repetition within one slot should be supported for URLLC. 
· Starting symbol/occasion of PDCCH repetition for URLLC are determined by higher layer parameter monitoringSymbolsWithinSlot.
· 
The repetition times is determined by higher layer parameter duration, by reinterpreting  in case of [image: ] = 1.  
[bookmark: OLE_LINK71]Take repetition times is 4 for example, DL transmission with both PDCCH repetition and PDSCH repetition can be accomplished by two possible alternatives. 
· [bookmark: OLE_LINK75]Alt.1: PDSCH repetition can not start before the end of PDCCH repetition, As shown in Figure 6(A), PDSCH repetition follows the end of PDCCH repetition with K0=1 symbol. This alternative could introduce additional latency.
· [bookmark: OLE_LINK108][bookmark: OLE_LINK72]Alt.2: PDSCH repetition start before the end of PDCCH repetition. This is accomplished by indicating K0 symbols less than 0. For example, PDCCH repetition and PDSCH repetition start simultaneously, which is elaborated in Figure 6(B). If K0 is not included in compact DCI, then K0 can be default equal to -(R-1) where R is the number of PDCCH repetition. This alternative may need additional buffer. Considering repetitions within one slot are used for URLLC, the buffer would not be a serious problem.
[image: ]
Figure 6. PDCCH repetition and PDSCH repetition
Based on above analysis, Alt.2 is preferred. 
[bookmark: OLE_LINK99][bookmark: OLE_LINK111]Proposal 4: It should be supported that repetition for PDCCH and repetition for PDSCH start simultaneously in time domain for URLLC.
[bookmark: OLE_LINK57]DL SPS enhancement
The smallest period of DL SPS for NR Rel-15 is 10ms, which is not applicable for Rel-16 URLLC. However, as agreed in RAN1 #94bis, data arrival period of Power Distribution and Factory Automation is much smaller, i.e., 0.833ms and 2ms respectively. Also in Rel-15, the period of UL configured grant is reduced to 2 symbols. To make DL SPS for URLLC competitive to NR UL SPS, it is natural to allow the same SPS period as for the UL SPS. Furthermore, PDCCH blockage can be solved with DL SPS at least for periodic traffic.
Proposal 5: DL SPS should be enhanced to support at least periodic URLLC traffic with a period less than 10ms.
Conclusion
According to the analysis given above, we have the following observations and proposals:
Observation 1: Rel-15 NR PDCCH with DCI payload size = 40 bits and AL= 16 CCEs can meet the reliability requirement of 99.9999%  for carrier frequencies 4 GHz and 700MHz.
Observation 2: About 0.5dB gain can be obtained by a compact DCI with 10 bits payload reduction from a fallback DCI size of 40bits for AL16 at the BLER of 1e-6.
Observation 3: PDCCH blocking probability could be reduced by compact DCI.
Observation 4: 10 bits size reduction can be achieved for compact DCI for URLLC compared with fallback DCI.
Observation 5: The fields can be reduced including, frequency domain resource assignment, time domain resource assignment, HARQ process number, modulation and coding scheme and redundancy version, PDSCH-to-HARQ timing.
Observation 6: PDCCH repetition is beneficial to reduce PDCCH blocking probability. In case of using both compact DCI and repetition, one additional UE could be served under the same blocking probability. 
Proposal 1: Compact DCI for NR URLLC can be achieved by payload reduction in resource allocation, scheduling/HARQ Timing, HARQ process number, MCS and RV fields and with including a configurable repetition indicator field.
Proposal 2: PDCCH repetition should be supported for URLLC.
Proposal 3: PDCCH repetition within one slot should be supported for URLLC. 
· Starting symbol/occasion of PDCCH repetition for URLLC are determined by higher layer parameter monitoringSymbolsWithinSlot.
· 
The repetition times is determined by higher layer parameter ‘duration’, by reinterpreting  in case of [image: ] = 1.  
Proposal 4: It should be supported that repetition for PDCCH and repetition for PDSCH start simultaneously in time domain for URLLC.
Proposal 5: DL SPS should be enhanced to support at least periodic URLLC traffic with a period less than 10ms.
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Annex
Simulation assumptions are provided in Table A-1 of Annex. 
Table A-1 Simulation Assumptions
	Parameters
	Value

	DCI payload (excluding 24bits CRC)
	40bits for fallback DCI, 30bits for compact DCI

	Carrier Frequency
	4GHz, 700MHz

	UE speed
	3 km/h

	System bandwidth
	40MHz for 4G, 20MHz for 700MHz

	Number of BS antennas
	4Tx for 4G, 2Tx for 700MHz

	Number of UE antennas
	4Rx for 4G, 2Rx for 700MHz

	Number of symbols for CORESET
	2

	Subcarrier spacing
	30KHz
Note: Other values for evaluation are not precluded.

	Transmission type
	Interleaved(R=3 for 3OS,others,R=2)

	REG bundling size
	6

	Modulation 
	QPSK

	Channel coding
	Polar code (DCI)

	Transmission scheme
	1-port precoder cycling

	Channel model
	TDL-C (delay spread: 300ns) 

	Channel estimation
	Practical

	Receiver type
	MMSE

	Q value (i.e. SINR range) 
	See contributions in [4~8] 
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