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Introduction
One of the NR work item [1] objectives for URLLC is:
· Support of ultra-reliable part of URLLC [RAN1, RAN2, RAN4]
· Identify techniques to meet the URLLC requirements set forth by [TR38.913] starting after RAN#76
· Conduct corresponding URLLC specific normative work after RAN#78 for the selected techniques
A general URLLC reliability requirement for one transmission of a packet is 1-10-5 for 32 bytes with a user plane latency of 1ms [2]. For URLLC the target for user plane latency should be 0.5ms for UL and 0.5ms for DL.
In RAN#78 meeting, the following agreements were made [3]:
	Proposed scope in RAN1:
· Specify, CQI table and MCS table design targeting high reliability
· Based on the following identified need from RAN1 (RAN1 #90bis)
· Agreement:
· N separate CQI table(s) are supported for URLLC
· Downselect the value of N between 1 or 2
· Two target BLER are supported for URLLC
· Note: RRC signalling is used by gNB to select one of the two target BLER
· Note: The configuration of target BLER or CQI table is part of CSI report setting
· Study and specify if gains are identified
· Define a new DCI format(s) that has a smaller DCI payload size than DCI format 0-0 and DCI format 1-0 unicast data
· For a given carrier, PDCCH repetitions over same or multiple PDCCH monitoring occasion(s) of the same or multiple CORESET and search space
· Handle UL multiplexing of transmission with different reliability requirements (including the potential need for UL UE pre-emption) 



In this contribution, we discuss and provide proposals on the compact DCI for URLLC in NR.
Discussion
As mentioned above in the proposed scope of RAN1, a new DCI format that has a smaller DCI payload size than DCI format 0-0 and DCI format 1-0 should be studied to see if there is a gain in utilizing such compact DCI for URLLC services. Using smaller DCI size will lower the effective code rate of the DL control, which should enhance the reliability of the PDCCH. Considering that the fallback DCI (DCI formats 0_0 and 1_0), relatively, has small payload size, it is logical to use it as starting point. Table 1 and Table 2 show the details of the fallback DCI fields based on the current specifications [4].
[bookmark: _Ref506566305]Table 1: Fallback DCI fields for scheduling PDSCH.
	Fallback DCI fields
	Bits

	Identifier for DCI formats
	1

	Frequency domain resource assignment
	9-16 ( ranges between 24 and 275)

	Time-domain PDSCH resources
	0-2

	VRB-to-PRB mapping
	1

	Modulation and coding scheme 
	5

	New data indicator
	1

	Redundancy version
	2

	HARQ process number 
	4

	Downlink assignment index
	2

	TPC command for scheduled PUCCH
	2

	PUCCH resource indicator
	2

	PDSCH-to-HARQ feedback timing indicator
	3

	Payload size
	32-41

	CRC
	24

	Payload size including CRC
	56-65



[bookmark: _Ref510813493]Table 2: Fallback DCI fields for scheduling PUSCH.
	Fallback DCI fields
	Bits

	Identifier for DCI formats
	1

	Frequency domain resource assignment
	9-16 (  ranges between 24 and 275)

	Time domain resource assignment
	4

	Frequency hopping flag
	1

	Modulation and coding scheme
	4

	New data indicator
	1

	Redundancy version
	2

	HARQ process number
	2

	TPC command for scheduled PUSCH
	2

	UL/SUL indicator
	1

	Payload size
	27-34

	CRC
	24

	Payload size including CRC
	51-58



For URLLC, some of the fields can be fixed, truncated and made SCS dependent as follows: 
1. Fixed to predefined values –We may not need so much flexibility for URLLC allocation and also motivated by reduced size of compact DCI the fields such as ‘VRB-to-PRB mapping’ can be fixed and be removed from the DCI.
2. Retained as in fallback DCI – The fields “Identifier for DCI formats”, “New data indicator” and “TPC command for scheduled PUCCH” are retained as in the fallback DCI
3. Truncated – 
a. Frequency domain resource allocation (FD-RA): Since the URLLC allocations are spread in frequency domain than in time domain to reduce the latency, the FD-RA bits can be truncated. More discussion on FD-RA in section 2.1.
b. Modulation and coding scheme: High modulation and coding values are not expected to be used for URLLC traffic due to the high reliability requirement (BLER target of 10-5). A 4-bit MCS table with 16 entries is sufficient, as discussed in [5]. 
4. Made subcarrier spacing (SCS) dependent – Some of the compact DCI fields can be made SCS dependent due to their inherent dependency on possible number of transmissions within the latency constraint. These fields are discussed in section 2.2.
Truncating FD-RA field
Given that FD-RA Type 1 requires fewer bits to indicate the RBs assignment, it should be used for the compact DCI. The granularity used for Type 1 is 1 RB, resulting in the number of bits for the FD-RA field given by

where N is the number of RBs in the BWP. Assuming N ranges between 24 and 275 RBs, the number of bits for the FD-RA field will range between 9 and 16 bits. To reduce the number of bits for the FD-RA field, the granularity for Type 1 FD-RA can be reduced. To this end, the allocation granularity can be fixed and the FD-RA field size will depend on the number of RBs (N). Table 3 shows an example of the required number of FD-RA bits when the granularity is 6 RBs. The drawback with this method is that the DCI size will change based on the number of RBs, which may impact the PDCCH reliability.
[bookmark: _Ref510811549]Table 3: FD-RA field size for 6 RBs granularity.
	#RBs (N)
	min
	7
	13
	19
	31
	43
	61
	91
	133
	187
	265

	
	max
	12
	18
	30
	42
	60
	90
	132
	186
	264
	275

	FD-RA bits
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11


Another alternative is to fix the number of FD-RA bits and change the step size based on the number of RBs (N). Table 4 and Table 5 show an example of the FD-RA granularity when the FD-RA field size is fixed to 9 and 8 bits, respectively. As it can be noticed from the tables below, reducing the FD-RA field size by 1 bit can reduce the FD-RA granularity considerably for large number of RBs.
[bookmark: _Ref510811591]Table 4: FD-RA granularity for 9 bits field size.
	#RBs (N)
	min
	<32
	32
	63
	94
	125
	156
	187
	218
	249

	
	max
	
	62
	93
	124
	155
	186
	217
	248
	275

	granularity
	1
	2
	3
	4
	5
	6
	7
	8
	9


[bookmark: _Ref510811595]Table 5: FD-RA granularity for 8 bits field size.
	#RBs (N)
	min
	<23
	23
	45
	67
	89
	111
	133
	155
	177
	199
	221
	243
	265

	
	max
	
	44
	66
	88
	110
	132
	154
	176
	198
	220
	242
	264
	275

	granularity
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13


Reducing granularity of the FD-RA will have an impact on the scheduling flexibility and the system spectral efficiency. Spectral efficiency loss can occur when the gNB allocates RBs more than what is needed for the transmission due to the coarse resource allocation granularity. Thus, very coarse resource allocation granularity should be avoided.
Proposal 1: Use frequency domain resource allocation Type 1 for compact DCI.
Proposal 2: The FD-RA field size in the compact DCI should be reduced compared to fall-back DCI.
Proposal 3: Use a fixed number of bits for the frequency domain resource allocation field in the compact DCI.
SCS dependent DCI fields
The number of transmissions supported within a given latency constraint is proportional to the number of symbols/slots that can be accommodated within the available latency budget. The symbol duration, and hence the slot duration, are inversely proportional to the SCS as shown in Figure 1. Therefore, larger SCS values will provide more opportunities for (re)transmissions given a latency budget. Due to this dependency of number of slots with SCS, it will be unreasonable to have the same DCI fields’ size for all the SCSs. For example, if for small SCS only a single transmission is possible within the latency constraint, RV index indication wouldn’t be needed, and the relevant DCI field can be reduced or removed. The DCI fields that can be made SCS dependent are discussed below.
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[bookmark: _Ref510778535]Figure 1: Number of slots as a function of SCS
Time-domain resource assignment 
For smaller SCS, due to latency constraints, there are no/few opportunities for retransmissions and hence to give more flexibility for the scheduler it is desirable to have finer time domain allocation (hence more bits for smaller SCS). On contrary, for higher SCS, since the transmission opportunities are more we can reduce the number of bits as the scheduler has flexibility to transmit data over retransmissions. This is applicable to both DCI scheduling DL data and UL data.
In addition, some of the scheduling parameters that are indicated via the time-domain resource assignment field can be implicitly indicated to the UE to reduce the number of bits in the compact DCI. Due the latency requirements in URLLC, it is expected that the gNB schedule the UE with the earliest available resources. Hence, for UL transmission, K2 is more likely to be 0 or 1, and higher values of K2 may not be practical for URLLC applications. Thus, the value of K2 can be implicitly indicated to the UE. One way to implicitly indicated K2 is as follows. If the SLIV in the UL grant points to resources that start after the PDCCH (that allocated the UL resources) combined with N2, then it is implicitly indicated that K2 equals 0. On the other hand, if the SLIV in the UL grant points to resources that start before the PDCCH (that allocated the UL resources) combined with N2, then then it is implicitly indicated that K2 equals 1. Similar approaches can be adopted for implicitly indicating K0 as well.
Proposal 4: For compact DCI, some of the scheduling parameters (e.g. K0, K1, and K2) are implicitly indicate to the UE.
For UEs that support multiple service simultaneously (e.g. eMBB and URLLC), it may not be possible to have a single time domain resource allocation (TD-RA) table (pusch-symbolAllocation and pdsch-symbolAllocation) that is suitable for different services’ requirements. For example, for eMBB, the gNB may configure the UE with TD-RA table that has parameters (K0/K2, SLIV and mapping types) with values suitable for eMBB traffic but not for URLLC. Also, for compact DCI, the TD-RA table may have less entries compared to the table for other scheduling DCI formats to reduce the TD-RA field size.
Proposal 5: The UE is configured with separate tables for the time domain resource allocation (pusch-symbolAllocation and pusch-symbolAllocation) to be used in the compact DCI.
Redundancy version (RV)
For larger SCS there are more opportunities for (re)transmissions and hence the target BLER for each transmission can be relaxed and higher code rates can be used. With higher code rates, incremental redundancy (IR) combining can outperform the performance of chase combining (CC), hence different RV for each (re)transmission will be needed. Therefore, more bits can be allocated to the RV index field in the DCI. For smaller SCS, there are fewer opportunities for transmissions and hence the target BLER for each transmission will be small implying that lower code rates are used. In these scenarios, no gains (or marginal) can be expected from IR combining. Thus, there will not be a need for more RV versions. This is applicable to both DCI scheduling DL data and UL grant.
HARQ process number 
The total/maximum number of HARQ processes depends on how many parallel HARQ processes can be supported within round trip time (RTT) of a transmission (here the RTT is defined as the time between the DL PDSCH transmission and HARQ feedback and equivalently for uplink the time between the UL grant and the actual UL transmission). The RTT depends on at least the UE processing time (N1) for the PDSCH decoding, which is a function of the SCS. Similarly for DCI scheduling UL data, N2 is the UE processing time taken to prepare the packet and it is a function of the SCS. Implying, for shorter RTT, less number of HARQ processes can be supported. Hence, the total/maximum number of HARQ processes can be smaller for smaller SCS compared to larger SCS. 
Downlink assignment index 
The downlink assignment index used to accumulate the HARQ feedback bits of previous transmissions and transmit using a single UL PUCCH resource using a codebook. For larger SCS, the gNB has more opportunities for transmissions within the latency constraint, and hence the gNB can potentially signal the UE to accumulate the HARQ feedback bits and transmit using a single PUCCH resource to improve the UL resource utilization. Hence, more bits in the downlink assignment index will be needed for large SCS – to give more flexibility for gNB in handling HARQ feedback bits. For smaller SCS, due to latency constraint the gNB may signal the UE to accumulate few of the HARQ feedback bits over previous transmissions, and hence very few bits are required to represent this field.
PUCCH resource indicator 
As the number of transmission opportunities increases with SCS, the gNB has more flexibility in allocating PUCCH resources for larger SCS. For higher SCS, a UE can be configured with few PUCCH resources in UL slot as the gNB has the flexibility in using PUCCH resources in the subsequent UL slots and still satisfy the latency constraint. For smaller SCS, due to latency constraint, more PUCCH resources are required to be configured in an UL slot so as to increase the HARQ feedback opportunities. 
PDSCH to HARQ feedback timing indicator 
With smaller SCS, since there are lesser opportunities for HARQ retransmissions and given the latency requirements for URLLC, it is expected that the HARQ timing indicator will point to the earliest slot. Example: K1 pointing to 0 or 1 in small SCS – requiring 1 bit for this field. On the other hand, for larger SCS, there are more opportunities for UL slots for HARQ feedback transmission and the HARQ timing indicator can be configured to have more entries (and hence more bits required to represent the field). 
Observation 1: It’s observed that some of the compact DCI fields take different range of values based on the subcarrier spacing (SCS).
An example of posable reductions for some of the SCS dependent DCI fields are listed in Table 6.
[bookmark: _Ref510816977]Table 6: SCS dependent fields
	Compact DCI fields
	15KHz
	30KHz
	60KHz
	Fallback DCI

	Time-domain PDSCH resources
	4
	3
	2
	0-2

	Redundancy version
	0
	1
	1
	2

	HARQ process number 
	1
	1
	2
	4

	Downlink assignment index
	0
	1
	1
	2

	PUCCH resource indicator
	2
	1
	1
	2

	PDSCH-to-HARQ feedback timing indicator
	0
	0
	1
	3

	Total
	7
	7
	8
	13-15



Observation 2: With DCI fields being SCS dependent, we can expect to reduce the overhead by about 40%-53% compared to fallback DCI.
Proposal 6:  The size of some of the compact DCI fields should depend on the SCS.
Proposed bit fields for compact DCI
An example of possible reductions for the fallback DCI is listed in Table 7. The table gives the different bit width values for different SCS for some of the DCI fields.
[bookmark: _Ref506568689]Table 7: Compact DCI bit-fields for scheduling PDSCH
	Compact DCI fields
	15KHz
	30KHz
	60KHz
	Fallback DCI

	Identifier for DCI formats
	1
	1
	1
	1

	Frequency domain resource assignment
	9
	9
	8
	9-16

	Time-domain PDSCH resources
	4
	3
	2
	0-2

	VRB-to-PRB mapping
	0
	0
	0
	1

	Modulation and coding scheme 
	4
	4
	4
	5

	New data indicator
	1
	1
	1
	1

	Redundancy version
	0
	1
	1
	2

	HARQ process number 
	1
	1
	2
	4

	Downlink assignment index
	0
	1
	1
	2

	TPC command for scheduled PUCCH
	2
	2
	2
	2

	PUCCH resource indicator
	2
	1
	1
	2

	PDSCH-to-HARQ feedback timing indicator
	0
	0
	1
	3

	Payload size
	24
	24
	24
	32-41

	CRC
	24
	24
	24
	24

	Payload size including CRC
	48
	48
	48
	56-65



Table 8: Compact DCI bit-fields for scheduling PUSCH
	Compact DCI fields
	15KHz
	30KHz, 60KHz
	Fallback DCI

	Identifier for DCI formats
	1
	1
	1

	Frequency domain resource assignment
	9
	9
	9-16 

	Time domain resource assignment
	4
	2
	4

	Frequency hopping flag
	1
	1
	1

	Modulation and coding scheme
	4
	4
	4

	New data indicator
	1
	1
	1

	Redundancy version
	1
	2
	2

	HARQ process number
	1
	2
	2

	TPC command for scheduled PUSCH
	2
	2
	2

	UL/SUL indicator
	0
	0
	1

	Payload size
	24
	24
	27-34

	CRC
	24
	24
	24

	Payload size including CRC
	48
	48
	51-58



Observation 3: It is possible to reduce the compact DCI size to 24 bits.
Complexity analysis
In the final agreements of RAN1#92 meeting [7], there was an agreement on the maximum number of PDCCH blind decodes per slot. The agreement is as in the Table 9.
[bookmark: _Ref510794891][bookmark: _Ref510794864]Table 9: Budget for number of blind decodes per slot
	Max no. of PDCCH BDs per slot
	SCS

	
	15kHz
	30kHz
	60kHz
	120kHz

	Case 1-1
	44
	36
	22
	20

	Case 1-2
	44
	
	
	-

	Case 2
	44
	36
	22
	20


We can see that the maximum number of blind decodes per slot is a function of SCS. In order not to increase the blind decodes with additional DCI format, we can have following options:
1. As the number of blind decodes are a function of SCS, we can consider having compact DCI operation for SCS dependent, as for lower SCS as the blind decode budget is more for smaller SCS than higher SCS.
2. The UE is not expected to monitor both the compact DCI and normal DCI in the same monitoring occasion for certain SCS so as to meet the budget for blind decodes.
Performance of Compact DCI
The BLER performance of control channel for different payload sizes, and aggregation levels (AL) are plotted in Figure 2. Simulations are done with 2 symbol CORESET and subcarrier spacing (SCS) of 30KHz. The other simulation parameters used are as agreed from the RAN1#92 meeting and is given in Appendix. We can clearly see that at the BLER target of 10-5 the SNR improvement from using DCI with payload of 24 is ~1dB compared to the DCI of 40bits with AL 16 and ~1.2dB gain with AL 8. From IMT-2020 self-evaluation results, 5 percentile SINR target can be set as -3.1dB for carrier frequency 4GHz and as -3.0dB for carrier frequency 700MHz [6] . The proposed compact DCI format can meet the reliability requirement with a considerable margin both for 4GHx-4Rx for AL8, AL16 and 700MHz-2Rx at AL16.
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[bookmark: _Ref510715046][bookmark: _Ref510715023]Figure 2: Performance comparison of different DCI payload sizes for 4GHz-4Rx and 700MHz-2Rx.
Observation 4: Reducing the DCI size from 40 bits down to 30 bits provides gains of ~0.6dB and ~0.5dB for both for AL 16 and 8 respectively.
Observation 5: Reducing the DCI size from 40 bits down to 24 bits provides gains of ~1dB and ~1.2dB for both for AL 16 and 8 respectively.
Proposal 7: Support compact DCI for NR Rel-15 that has a smaller DCI payload size than DCI format 0-0 and DCI format 1-0.
Proposal 8: A size of 24 bits should be targeted for the compact DCI.
Conclusion
The following summarizes observations and proposals in this contribution.
Observation 1: It’s observed that some of the compact DCI fields take different range of values based on the subcarrier spacing (SCS).
Observation 2: With DCI fields being SCS dependent, we can expect to reduce the overhead by about 40%-53% compared to fallback DCI.
Observation 3: It is possible to reduce the compact DCI size to 24 bits.
Observation 4: Reducing the DCI size from 40 bits down to 30 bits provides gains of ~0.6dB and ~0.5dB for both for AL 16 and 8 respectively.
Observation 5: Reducing the DCI size from 40 bits down to 24 bits provides gains of ~1dB and ~1.2dB for both for AL 16 and 8 respectively.

Proposal 1: Use frequency domain resource allocation Type 1 for compact DCI.
Proposal 2: The FD-RA field size in the compact DCI should be reduced compared to fall-back DCI.
Proposal 3: Use a fixed number of bits for the frequency domain resource allocation field in the compact DCI.
Proposal 4: For compact DCI, some of the scheduling parameters (e.g. K0, K1, and K2) are implicitly indicate to the UE.
Proposal 5: The UE is configured with separate tables for the time domain resource allocation (pusch-symbolAllocation and pusch-symbolAllocation) to be used in the compact DCI.
Proposal 6:  The size of some of the compact DCI fields should depend on the SCS.
Proposal 7: Support compact DCI for NR Rel-15 that has a smaller DCI payload size than DCI format 0-0 and DCI format 1-0.
[bookmark: _GoBack]Proposal 8: A size of 24 bits should be targeted for the compact DCI.
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Appendix
Table 10: Agreed link-level simulation assumptions for studying compact DCI and PDCCH repetition
	Parameters
	Value
	Notes

	DCI payload (excluding 24bits CRC)
	40bits, 30bits, 24bits (optional)  
	

	System bandwidth
	20MHz
	

	Carrier Frequency
	4GHz, 700MHz
	Reported by companies

	Number of symbols for CORESET
	1, 2, 3
	Reported by companies

	CORESET BW (contiguous PRB allocation)
	20MHz, 10MHz (optional for PDCCH repetition in frequency)
	

	Subcarrier spacing
	30KHz, other SCS are not precluded
	Reported by companies

	Aggregation level
	Compact DCI study: 8, 16. (1,2,4 are optional)
PDCCH repetition study (40bits): 4, 8, 16
	

	Transmission type
	Interleaved
	

	REG bundling size
	6
	

	Modulation 
	QPSK
	

	Channel coding
	Polar code (DCI)
	

	Transmission scheme
	1-port precoder cycling
	

	Channel estimation
	Realistic
	

	Channel model
	TDL-A (delay spread: 30ns)
TDL-C (delay spread: 300ns) 
TDL-B (delay spread 100ns) (optional)
	

	UE speed
	3 km/h
	

	Number of BS antennas
	2Tx
	

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

	Residual target BLER 
	10-5
	Applied to one-shot tx, PDCCH repetition, HARQ, and others

	Deployment
	Urban macro as listed in 3GPP 38.802
	

	SINR target
	Compact DCI study: 5th percentile DL geometry
PDCCH Repetition study: look at link curves directly
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