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1 Introduction

During the Rel.15 NR study and work items, design of PDCCH in application to ultra-reliable low-latency communication (URLLC) was discussed. Several key design directions were identified:
· High aggregation levels (e.g. 16 or 32) 
· Compact DCI

· PDCCH repetitions

It is noted that highest aggregation level 16 is already defined and support of further higher AL is not currently targeted. From the remaining two key aspects, compact DCI design is discussed in this contribution while support of NR PDCCH repetitions is discussed in our companion contribution [2]. Other NR URLLC related aspects are discussed in [1] and [3].

2 Performance Evaluation of PDCCH Reliability
In this section we present link-level performance for NR PDCCH when targeting ultra-reliability with BLER of 10-5 for different channel models and parameterized by the DCI format payload size.
We consider the fallback DCI formats (DCI format 0_0 and 1_0) as the starting point with at least a BWP with 100 PRBs (20 MHz @ 15 kHz SCS) as a nominal assumption on the size of the DL/UL BWP for URLLC scheduling. Although the bit-width of some of the fields are still open for the fallback DCI formats, a rough estimate indicates a DCI format size of around 34 to 40 bits for the fallback DCI formats. Note that relatively large-sized BWPs can be expected to be used for scheduling of URLLC traffic due to the coupled target of achieving ultra-reliability and very low latency.
Following the above, we evaluate the BLER performance of NR PDCCH corresponding to different DCI payload sizes and for AL8 and AL16.
Other details of the link-level simulation parameters are presented in the Appendix.

Figures 1 through 3 show the BLER performance as the DCI payload size is reduced from 40 bits to 16 bits for different channel models.
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Figure 1. PDCCH BLER, AL8 and AL16, 15 kHz SCS, DCI format size: 16 – 40 bits, TDL-A, 30ns.
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Figure 2. PDCCH BLER, AL8 and AL16, 15 kHz SCS, DCI format size: 16 – 40 bits, TDL-A, 300ns.
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Figure 3. PDCCH BLER, AL8 and AL16, 15 kHz SCS, DCI format size: 16 – 40 bits, TDL-A, 1000ns.

The results indicate that, depending on the AL and channel model, there can be SNR gains of at least 1 dB and up to 1.8 dB if the DCI payload size is reduced from 40 bits to 16 bits. For a DCI payload size reduction by about 16 bits, from 36 bits to 20 bits, link-level gains of around 1 to 1.5 dB can be realized. 
Observation 1

· For the evaluated range of DCI format sizes, a DCI payload size reduction by about 15 bits provides SNR gains ranging from 1 dB to 1.5 dB.
SNR gains in excess of 1 dB can be quite beneficial towards achieving the URLLC targets for NR PDCCH. For instance, while additional enhancements, like PDCCH repetitions, are also being considered, such enhancements either could have impact on latency or UE and specification complexity. Thus, defining a very compact DCI format can be quite helpful towards achieving the URLLC targets, even when considering practical implementation margins. Thus, in our view, DCI payload size reduction should be considered with the aim of sufficient reduction in the payload size to realize meaningful link-level gains. 
Proposal 1

· DCI payload size reduction should be considered further to realize meaningful link-level gains towards achieving URLLC targets for NR PDCCH.

· A DCI payload size reduction of around 10 – 15 bits should be targeted, subject to feasibility considering the impact on scheduling flexibility.
3 Compact DCI format for NR URLLC
As motivated in the previous section, RAN1 should study further towards specifying a very compact DCI format for URLLC use cases. In this regard, in our view, the fallback DCI formats (DCI formats 0_0 and 1_0) should be considered as the starting point and then certain fields may be modified to reduce their bit-width or removed entirely by relying on higher layer configuration or pre-defined rules.

Although an obvious impact to reduction in DCI payload size is on the scheduling flexibility, it should be noted that for URLLC traffic, the maximum TBS is likely to be limited and hence, compared to eMBB operation, the overall impact from certain scheduling restrictions may be quite limited. Needless to state, the exercise of DCI payload size reduction should be performed carefully considering the involved trade-offs. Further, it may be the case that certain new fields or fields from the non-fallback DCI formats be included in the compact DCI format for URLLC based on technical justification.
Observation 2
· Considering relatively limited TBS values necessary for URLLC traffic, the impact from potential scheduling restrictions, as a result of DCI format size reduction, on overall support of URLLC and eMBB services can be expected to be quite limited.

Proposal 2
· The maximum TBS for URLLC traffic should be limited to a rather small value.

· Exact value FFS.

Proposal 3
· Consider the fallback DCI formats (DCI formats 0_0 and 1_0) as the starting points towards the design of compact DCI formats for DL and UL scheduling for URLLC.
· New fields or fields from non-fallback DCI formats may still be added to the new compact DCI format, if justified.
Next we outline a non-exhaustive list of few potential fields that could be reduced or removed from the fallback DCI formats:

· Frequency domain resource allocation

· Considering the typical traffic patterns and URLLC targets, it is most likely that relative larger allocation in frequency domain would be used. Accordingly, for both RA type 1 or RA type 0 (which may be beneficial for PDSCH), the RA field bit-width could be reduced by increasing the scheduling granularity. For RA type 0 this could be achieved by configuring the second set of RBG sizes via RRC signaling, such that relatively large RBG sizes are used compared to the default RBG size table. For RA type 1, the minimum granularity can be changed from 1 PRB to K PRBs, where K could be specified or configured separately for DL and UL scheduling.

· Time domain resource allocation

· Considering the low latency targets, it is rather likely that the PDSCH and PUSCH transmissions may not employ large values of K0 and K2 respectively. Further, mapping type B may be specified as the default mapping type used for PDSCH and PUSCH via the compact DCI format. It can be expected that reducing the bit-width from 4 bits to 1~2 bits in the DCI format with up to 4 rows configured via higher layers for pdsch-symbolAllocation and pusch-symbolAllocation respectively.
· MCS

· Modulation order may be restricted to QPSK or alternatively, no higher than 16QAM; similarly, code rates may be limited to a value lower than 0.95, e.g., 0.75. Accordingly, the MCS field bit width could be reduced to 2 bits.

· RV

· In many cases, the UE may be configured to receive or transmit using repetition of the TB (slot aggregation) for a PDSCH/PUSCH. In such cases, the RV sequence may be configured via higher layers with RV0 as the initial RV. Thus the RV field can be removed.
· PDSCH-to-HARQ_feedback timing indicator

· This field may be reduced from 3 bits to 1 or 2 bits since it is likely that the HARQ feedback would need to be reported with a very short time from the PDSCH-end to facilitate very short RTT.
· VRB-to-PRB indicator

· At least for PDSCH scheduling, this field may be removed and interleaved VRB-to-PRB mapping always applied for PDSCH scheduling.

In addition to the above, other fields may be updated or removed as well. 

Note that, in consideration of PDCCH blocking, similar to fallback DCI formats, the compact DCI formats for DL and UL scheduling should be size-matched. 

If a significant reduction in the bit-width of the frequency domain RA field is necessary, this could be achieved by relying on higher layer configuration to configure the UE with multiple frequency domain RA candidates, and a limited number of bits used in the DCI to indicate the allocation from the set of configured candidates. The higher layer configuration for the resource allocation candidates can itself use either of RA type 0 or 1.
Proposal 4
· DCI format size reduction should consider modifications to at least frequency and time domain RA fields, MCS, RV, VRB-to-PRB indicator, PDSCH-to-HARQ_feedback timing indicator, etc. to reduce their bit-widths. 
· A combination higher layer configuration and pre-defined rules can be assumed to facilitate such reduction in DCI payload size.
4 Conclusions

In this contribution, we discussed some of the URLLC design aspects in application to DL control channel design, in particular the aspect of specifying very compact DCI formats to achieve the URLLC targets. Based on the discussion and analysis, we have the following observations and proposals:
Observation 1

· For the evaluated range of DCI format sizes, a DCI payload size reduction by about 15 bits provides SNR gains ranging from 1 dB to 1.5 dB.

Proposal 1

· DCI payload size reduction should be considered further to realize meaningful link-level gains towards achieving URLLC targets for NR PDCCH.

· A DCI payload size reduction of around 10 – 15 bits should be targeted, subject to feasibility considering the impact on scheduling flexibility.
Observation 2
· Considering relatively limited TBS values necessary for URLLC traffic, the impact from potential scheduling restrictions, as a result of DCI format size reduction, on overall support of URLLC and eMBB services can be expected to be quite limited.

Proposal 2
· The maximum TBS for URLLC traffic should be limited to a rather small value.

· Exact value FFS.

Proposal 3

· Consider the fallback DCI formats (DCI formats 0_0 and 1_0) as the starting points towards the design of compact DCI formats for DL and UL scheduling for URLLC.
· New fields or fields from non-fallback DCI formats may still be added to the new compact DCI format, if justified.
Proposal 4

· DCI format size reduction should consider modifications to at least frequency and time domain RA fields, MCS, RV, VRB-to-PRB indicator, PDSCH-to-HARQ_feedback timing indicator, etc. to reduce their bit-widths. 
· A combination higher layer configuration and pre-defined rules can be assumed to facilitate such reduction in DCI payload size.
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Appendix

Table A-1. Link level simulation parameters for PDCCH reliability performance
	Parameters
	Value

	Carrier frequency [GHz]
	4

	Channel model
	TDL-A, Delay scaling: 30ns, 300ns, 1000ns

	Channel coding
	Polar codes with 24bits CRC

	Number of gNB transmit antennas
	2

	Number of UE receive antennas
	2

	UE speed [km/h]
	3

	Numerology [KHz]
	15

	System bandwidth [MHz]
	20

	DCI payload size [Bits]
	[16, 20, 24, 28, 32, 36, 40]

	RB allocations for control resource set
	[1:48]

	Number of control symbols
	2

	Number of REGs/CCE
	6

	Number of REGs per REG bundle
	6

	CCE-to-REG mapping
	Interleaved.

	Aggregation levels
	8, 16

	Transmission scheme
	Random per-REGB precoder cycling

	DMRS
	DMRS 1/4 density. 

	Channel estimation
	MMSE, averaging within REGB

	UE receiver
	MMSE
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