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Introduction
According to [1], RAN1 should identify techniques for supporting the ultra-reliable part of URLLC requirements set forth in [2] starting in RAN1 NR Ad-hoc#2 meeting in June 2017. Later, [3] provided a scope for URLLC study in NR Rel. 15 covering a few topics including compact DCI. More specifically, whether or not to define a new DCI format(s) that has a smaller DCI payload size than the fallback DCI format 0-0 and DCI format 1-0 unicast data.
[bookmark: _Hlk485323842]In this contribution, we outline basic aspects of DCI message for URLLC in the form of compact DCI and discuss potential performance gain of using the small DCI message. 
[bookmark: _Ref178064866]Discussion
TR 38.913 [2] describes the reliability requirement for URLLC as follows
“Reliability can be evaluated by the success probability of transmitting X bytes within a certain delay, which is the time it takes to deliver a small data packet from the radio protocol layer 2/3 SDU ingress point to the radio protocol layer 2/3 SDU egress point of the radio interface, at a certain channel quality (e.g., coverage-edge).
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.”
According to the text, the reliability target is set for transmission of a “small data packet” with BLER <= 10-5. This BLER needs to be achieved at a certain channel quality (e.g. coverage edge). Therefore, the SINR at which this requirement needs to be met depends on the deployment in which the URLLC service is operated. 
Also, the requirement is set for “transmission of a packet”, i.e., there is no explicit target for individual L1 channels (e.g. PDCCH, PUCCH). However, individual channels should be reliable enough such that overall reliability for transmission of the packet is achieved.  For example, if we assume a single DL transmission, the following should be satisfied assuming independent error events for control and data transmissions. 
Pr(packet error) = Pr(DL control error) + Pr(data error | no DL control error)* Pr(no DL control error) ≤ 10-5
For this case, any UL control error (e.g. PUCCH to send ACK/NACK) generally does not affect reliability as long as the packet is correctly received by the UE. However, for cases with retransmissions, UL control needs to be taken into account along with DL data and control. Also, for retransmissions the reliability of the individual transmissions’ control and data can be relaxed according to the number of possible retransmission attempts. For example, assuming one retransmission, the following should be satisfied assuming independent error events for initial transmission and retransmissions
Pr(packet error) = Pr(1st tx error) * Pr(error in 2nd tx including possible feedback error) ≤ 10-5
[bookmark: _Toc506219839][bookmark: _Toc506578762]For single transmission case, BLER for DL control should be less than 10-5. The BLER requirement is more relaxed for the case with retransmissions. 
[bookmark: _Toc506219840][bookmark: _Toc506578763]SINR at which the BLER requirement needs to be met depends on the deployment in which the URLLC service is operated.
The required DL control reliability can be achieved by several means including 
· Improved UE/gNB hardware capabilities
· More antennas at gNB/UE. 
· Enhanced gNB/UE implementation 
· Time domain/Frequency domain interference avoidance (e.g. using a soft reuse pattern for CORESET resources to reduce inter-cell interference)
· Spatial domain interference management via beamforming
· Advanced UE receivers
· NR PDDCH design choices 
· Distributed CCE mapping
· CORESET spanning multiple OFDM symbols
· Smaller DCI payload size 
· Higher aggregation levels 

[bookmark: _Hlk497317954]Below we consider smaller compact DCI for URLLC and discuss four main aspects associated with it, namely BLER performance gain of using small-size DCI, compact DCI contents relevant for URLLC, CRC overhead trade-off, and decoding complexity handling with a new DCI format.
Performance gain of using small-size DCI
For given control resources, using smaller DCI size means that the code rate of DL control information can be lowered as seen in Table 1. This allows for robust transmission which is beneficial for achieving high reliability in URLLC, and also helps to improve DL control performance for URLLC UEs in poor coverage. The PDCCH performance comparison between different DCI sizes (incl. CRC) is given in Figure A-1 in the appendix. For example, we can see that at the low target BLER the gain of up to 1-2 dB can be expected by reducing DCI size from 49 to 39 bits, especially at low AL. The level of the gain essentially depends on the code rate reduction.
[bookmark: _Toc497318476][bookmark: _Toc497390658][bookmark: _Toc497412475][bookmark: _Toc497468800][bookmark: _Toc497469157][bookmark: _Toc498439255][bookmark: _Toc498506811][bookmark: _Toc498507496][bookmark: _Toc498600635][bookmark: _Toc498693495][bookmark: _Toc498699796][bookmark: _Toc498699802][bookmark: _Toc502751396][bookmark: _Toc502751401][bookmark: _Toc503168609][bookmark: _Toc503170326][bookmark: _Toc505694091][bookmark: _Toc505694142][bookmark: _Toc505845778][bookmark: _Toc505852108][bookmark: _Toc506219841][bookmark: _Toc506578764]Using small DCI size lowers the code rate of PDCCH and thus provides some performance gain. 
[bookmark: _Toc498693496][bookmark: _Toc498699797][bookmark: _Toc498699803][bookmark: _Toc502751397][bookmark: _Toc502751402][bookmark: _Toc503168610][bookmark: _Toc503170327][bookmark: _Toc505694092][bookmark: _Toc505694143][bookmark: _Toc505845779][bookmark: _Toc505852109][bookmark: _Toc506219842][bookmark: _Toc506578765]If the total number of DCI bits including CRC is reduced by half, it is approximately equivalent to using one level of AL higher.

Table 1: Effective code rates for different combinations of DCI payload sizes (incl. CRC) and aggregation levels (taking into account DMRS overhead)
	Payload size (bits) / AL
	AL1
	AL2
	AL4
	AL8
	AL16

	39
	0.3611
	0.1806
	0.0903
	0.0451
	0.0226

	45
	0.4167
	0.2083
	0.1042
	0.0521
	0.0260

	49
	0.4537
	0.2269
	0.1134
	0.0567
	0.0284



Compact DCI contents
Discussions on DCI contents for different DCI formats in NR are ongoing. For the main formats [4], most of the fields have been specified including several new fields introduced for new functionalities in NR as compared to LTE. Apart from the normal-sized DCI formats 0-1 and 1-1, the smaller-size fallback DCI formats 0-0 and 1-0 are also supported in NR. 
From URLLC point of view, it is reasonable to consider compact DCI with small DCI size to obtain the performance gain as discussed above. Since some of the fields in DCI are not relevant for URLLC, it is reasonable to construct a compact DCI by removing some fields in the normal-sized DCI format. 
Since the aim is to have a compact DCI format with very small size, it is reasonable to consider the fallback DCI format 0-0 and 1-0 as a starting point. The size of compact DCI should be significantly reduced compared to that of fallback DCI to justify possible increase in blind decoding complexity. 
For smaller compact DCI, we propose in Tables 1 and 2 below for the DL assignment and UL grant with comments given for the fields which are proposed to be removed or reduced from the fallback DCI in [4].
Table1: Proposed compact DCI for DL assignment
	Proposed compact DCI for DL assignment
	Bits
	Comment

	Header/Identifier for DCI format
	1
	To indicate DL/UL DCI

	Frequency-domain PDSCH resources
	8
	Depending on BWP and RBG sizes. With coarser granularity of RBG, the field can be reduced. Note though that restrictions on the starting position can have an effect when serving a large number of UEs.

	Time-domain PDSCH resources
	2
	

	VRB-to-PRB mapping
	0
	No need for dynamic change of the VRB mapping type, e.g., always using distributed mapping

	Modulation and coding scheme 
	4
	Limited set of MCSs relevant for URLLC (low modulation orders and code rates)

	New data indicator
	1
	

	Redundancy version
	1
	Limited set of RV sequences taking into account no. of retransmission allowed within latency limit.

	HARQ process number 
	2
	With faster HARQ round trip time, the number of processes can be limited. 

	Downlink Assignment Index 
	0
	Dynamic HARQ codebook may not be needed for URLLC, at least for FDD operation

	TPC command for PUCCH 
	0
	Can possibly be part of a separate message

	PUCCH resource indicator
	2
	

	PDSCH-to-HARQ feedback timing indicator
	0
	Fixed configuration of HARQ timing for low latency operation

	Number of information bits
	21
	

	RNTI / CRC
	24
	

	Number of information bits incl. CRC/RNTI
	45
	

	
	
	

	Total
	45
	




Table2: Proposed compact DCI for UL grant
	Proposed compact DCI for UL grant
	Bits
	Comment

	Header/Identifier for DCI format
	1
	To indicate DL/UL DCI

	Frequency-domain PUSCH resources
	8
	Depending on BWP and RBG sizes. With coarser granularity of RBG, the field can be reduced. Note though that restrictions on the starting position can have an effect when serving a large number of UEs.

	Time-domain PUSCH resources
	2
	

	VRB-to-PRB mapping
	0
	No need for dynamic change of the VRB mapping type

	Frequency hopping flag
	1
	To control uplink frequency hopping

	Modulation and coding scheme 
	4
	Limited set of MCSs relevant for URLLC (low modulation orders and code rates)

	New data indicator
	1
	

	Redundancy version
	1
	Limited set of RV sequences taking into account no. of retransmission allowed within latency limit.

	HARQ process number 
	2
	With faster HARQ round trip time, the number of processes can be limited. 

	Downlink Assignment Index 
	0
	Dynamic HARQ codebook may not be needed for URLLC, at least for FDD operation

	TPC command for PUSCH 
	0
	Can possibly be part of a separate message

	Number of information bits
	20
	

	RNTI / CRC
	24
	

	Number of information bits incl. CRC/RNTI
	44
	

	Padding bits
	1
	

	Total
	45
	



[bookmark: _Toc497318477][bookmark: _Toc497390659][bookmark: _Toc497412476][bookmark: _Toc497468801][bookmark: _Toc497469158][bookmark: _Toc498439256][bookmark: _Toc498506812][bookmark: _Toc498507497][bookmark: _Toc498600637][bookmark: _Toc498693498][bookmark: _Toc498699799][bookmark: _Toc498699805][bookmark: _Toc502751398][bookmark: _Toc502751403][bookmark: _Toc503168611][bookmark: _Toc503170328][bookmark: _Toc505694093][bookmark: _Toc505694144][bookmark: _Toc505845780][bookmark: _Toc505852110][bookmark: _Toc506219843][bookmark: _Toc506578766]Some fields in the general DCI are not relevant for URLLC and can be excluded. Examples include fields regarding MCS, NDI, and RV of the second transport block, CBG information, TCI, etc
[bookmark: _Toc497318478][bookmark: _Toc497390660][bookmark: _Toc497412477][bookmark: _Toc497468802][bookmark: _Toc497469159][bookmark: _Toc498439257][bookmark: _Toc498506813][bookmark: _Toc498507498][bookmark: _Toc498600638][bookmark: _Toc498693499][bookmark: _Toc498699800][bookmark: _Toc498699806][bookmark: _Toc502751399][bookmark: _Toc502751404][bookmark: _Toc503168612][bookmark: _Toc503170329][bookmark: _Toc505694094][bookmark: _Toc505694145][bookmark: _Toc505845781][bookmark: _Toc505852111][bookmark: _Toc506219844][bookmark: _Toc506578767]Some fields in the DCI can be shortened for URLLC services. Examples include MCS field (smaller MCS table with only low modulation orders and code rates), resource allocation fields in frequency domain (limited set of RBG sizes for different BWPs), antenna related field, etc.
[bookmark: _Toc497318480][bookmark: _Toc497390662][bookmark: _Toc497412479][bookmark: _Toc497468804][bookmark: _Toc497469161][bookmark: _Toc498439259][bookmark: _Toc498506815][bookmark: _Toc498600640][bookmark: _Toc498693501][bookmark: _Toc498699808][bookmark: _Toc502751408][bookmark: _Toc502751417][bookmark: _Toc502751421][bookmark: _Toc503168614][bookmark: _Toc503170331][bookmark: _Toc505694088][bookmark: _Toc505694147][bookmark: _Toc505845783][bookmark: _Toc505852113][bookmark: _Toc506219846][bookmark: _Toc506578783][bookmark: _Toc506578893]Compact DCI should be considered using the fallback DCI as a starting point. It should be modified by excluding some unnecessary fields and shortening of some other fields.
Low FAR and CRC overhead
It was agreed that false alarm target equivalent to 21-bit CRC is supported for NR DL control channel [5]. Together with CRC-assisted list-8 Polar decoder, the total CRC length for PDCCH is 24 bits. This is increased from 16-bit CRC used in LTE. In general, longer CRC ensures lowered false alarm rate (FAR) or undetected error probability. FAR is very important for URLLC since undetected PDCCH error can lead to several issues jeopardizing the strict reliability and latency requirements.
Some examples of such errors include
· DL assignment error
· Undetected error event for DL assignment can lead to errors in resource allocation information, RV field, HARQ PID, NDI false detection. These errors then lead to PDSCH decoding failure which affects the overall reliability.
· Undetected error also leads to buffer contamination which can cause poor HARQ combining performance.
· Undetected error leads to extra retransmission latency once detected in higher layer. 
· UL related error
· For UL grant missed detection, the UE may transmit data without receiving the actual grant and thus fail to receive any acknowledgement which might be interpreted as ACK depending on the HARQ scheme. 
· For HARQ-ACK information, the error can be NACK->ACK error which is severe for URLLC.
However, long CRC can lead to high overhead especially when considering small compact DCI size for URLLC. There exists a trade-off between FAR and CRC overhead.
[bookmark: _Toc497318479][bookmark: _Toc497390661][bookmark: _Toc497412478][bookmark: _Toc497468803][bookmark: _Toc497469160][bookmark: _Toc498439258][bookmark: _Toc498506814][bookmark: _Toc498507499][bookmark: _Toc498600639][bookmark: _Toc498693500][bookmark: _Toc498699801][bookmark: _Toc498699807][bookmark: _Toc502751400][bookmark: _Toc502751405][bookmark: _Toc503168613][bookmark: _Toc503170330][bookmark: _Toc505694095][bookmark: _Toc505694146][bookmark: _Toc505845782][bookmark: _Toc505852112][bookmark: _Toc506219845][bookmark: _Toc506578768]False alarm target equivalent to 21-bit CRC may lead to high overhead when considering small DCI size for URLLC. There exists a trade-off between low FAR and CRC overhead.
[bookmark: _Toc498506816][bookmark: _Toc498600641][bookmark: _Toc498693502][bookmark: _Toc498699809][bookmark: _Toc502751409][bookmark: _Toc502751418][bookmark: _Toc502751422][bookmark: _Toc503168615][bookmark: _Toc503170332][bookmark: _Toc505694089][bookmark: _Toc505694148][bookmark: _Toc505845784][bookmark: _Toc505852114][bookmark: _Toc506219847][bookmark: _Toc497318481][bookmark: _Toc497390663][bookmark: _Toc497412480][bookmark: _Toc497468805][bookmark: _Toc497469162][bookmark: _Toc498439260][bookmark: _Toc506578784][bookmark: _Toc506578894]Consider compact DCI size with appropriate CRC overhead. 
Blind decoding complexity handling
Introducing new DCI formats with different sizes can lead to an increase in blind decoding complexity in general. In case of compact DCI for URLLC, some pre-configuration can be done so that only specific UEs need to monitor the compact DCI. 
It is reasonable to assume that URLLC UEs are more capable UEs compared to those supporting only eMBB traffic and thus expected to have improved blind decoding capability. Nevertheless, to limit blind decoding complexity at URLLC UE, it is also possible to restrict the number of monitored DCI formats, e.g., by excluding formats that are less relevant for URLLC. For example, the new compact DCI can replace the current x_1 formats.
[bookmark: _Toc505694090][bookmark: _Toc505694149][bookmark: _Toc505845785][bookmark: _Toc505852115][bookmark: _Toc506219848][bookmark: _Toc506578785][bookmark: _Toc506578895]Limit the number of blind decoding by configuring only specific UE to monitor compact DCI. 
Conclusion
In section 2 we made the following observations:
Observation 1	For single transmission case, BLER for DL control should be less than 10-5. The BLER requirement is more relaxed for the case with retransmissions.
Observation 2	SINR at which the BLER requirement needs to be met depends on the deployment in which the URLLC service is operated.
Observation 3	Using small DCI size lowers the code rate of PDCCH and thus provides some performance gain.
Observation 4	If the total number of DCI bits including CRC is reduced by half, it is approximately equivalent to using one level of AL higher.
Observation 5	Some fields in the general DCI are not relevant for URLLC and can be excluded. Examples include fields regarding MCS, NDI, and RV of the second transport block, CBG information, TCI, etc
Observation 6	Some fields in the DCI can be shortened for URLLC services. Examples include MCS field (smaller MCS table with only low modulation orders and code rates), resource allocation fields in frequency domain (limited set of RBG sizes for different BWPs), antenna related field, etc.
Observation 7	False alarm target equivalent to 21-bit CRC may lead to high overhead when considering small DCI size for URLLC. There exists a trade-off between low FAR and CRC overhead.

Based on the discussion in section 2 we propose the following:
[bookmark: _GoBack]Proposal 1	Compact DCI should be considered using the fallback DCI as a starting point. It should be modified by excluding some unnecessary fields and shortening of some other fields.
Proposal 2	Consider compact DCI size with appropriate CRC overhead.
Proposal 3	Limit the number of blind decoding by configuring only specific UE to monitor compact DCI.
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Figure A-1: PDCCH performance with compact DCI and AL1-AL16, distributed CCE, TDLB-300 ns 3kmh, 2Rx antennas
[bookmark: _Ref477421090]Table A-1: Link level simulation parameters
	Parameter
	Value

	Carrier Frequency
	4 GHz

	Control Resource Set Bandwidth
	40 MHz

	Sub-carrier Spacing
	15 kHz

	DCI Payload Size
	39,49 bits including 24-bit CRC 

	Modulation
	QPSK

	Channel Coding
	Polar code with CRC-assisted list-8 decoder

	Aggregation Level
	1, 2, 4, 8, 16

	CCE size
	6 REGs or 72 subcarriers with 2 REG per bundle

	Number of OFDM symbols for NR-PDCCH
	1

	Channel Model
	TDL-B, Delay spread 300 ns, UE spread 3 km/h

	gNB antenna configuration
	2Tx, 2 Rx

	UE antenna configuration
	1Tx, 2Rx

	Channel Estimation
	Practical with MRC

	Noise Estimation
	Ideal

	Transmission Diversity Scheme
	1-port Precoder Cycling

	Resource mapping
	Distributed transmission
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