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1 Introduction
For NR, three usage scenarios have been mainly considered; eMBB (enhanced Mobile Broadband), mMTC (massive Machine Type Communications) and URLLC (Ultra-Reliable and Low Latency Communications). Regarding URLLC, the following are main design targets.
· Reliability: A general URLLC reliability requirement for one transmission of a packet is 1-10-5 for X bytes (e.g., 20 bytes) with a user plane latency of 1ms.
· Latency: For URLLC the target for user plane latency should be 0.5ms for UL and 0.5ms for DL.
There have been many efforts to sufficiently satisfy the above target requirements of latency and reliability so far in RAN1 meetings. From mini-slot related agreements from RAN1 NR#1, low latency aspects for URLLC could be supported by mini-slots, and also it was made that DL control channel format/structure/configuration for mini-slot level data scheduling may have those of slot level data scheduling. Followings show detailed agreements in [1]. 
	Agreements:
· Take into account following targets/use-cases to design mini-slots:

· Support of very low latency including URLLC for certain slot lengths

· Target slot lengths are at least 1ms, 0.5ms.

· Support of finer TDM granularity of scheduling for the same/different UEs within a slot

· Especially if TRxP uses beam-sweeping (e.g., above 6GHz).

· NR-LTE co-existence
· Note that this use case also exists for slot-based scheduling
· Forward compatibility towards unlicensed spectrum operation

· FFS until phase II

· Take the following into account for designing slot-level channels/signals/procedures:

· Possible occurrence of mini-slot/slot transmission(s) occupying resources scheduled for ongoing slot transmission(s) of a given carrier for the same/different UEs

· At least one of DMRS format/structure/configuration for slot-level data channel is re-used for mini-slot-level data channel

· At least one of DL control channel format/structure/configuration for slot-level data scheduling is designed to be applicable to mini-slot-level data scheduling

· At least one of UL control channel format/structure/configuration for slot-level UCI feedback is designed to be applicable to mini-slot-level UCI feedback

· Take the following into account as starting point for designing mini-slot-level channels/signals/procedures:

· Possible occurrence of mini-slot/slot transmission(s) occupying resources scheduled for ongoing slot transmission(s) of a given carrier for the same/different UEs

· DMRS for mini-slot-level data channel is just a re-use of that for slot-level data channel
· DL control channel for mini-slot-level data scheduling is just a re-use of that for slot-level data scheduling

· UL control channel for mini-slot-level UCI feedback is just a re-use of that for slot-level UCI feedback

· Scheduling/HARQ timelines for a mini-slot can be based on scheduling/HARQ timelines for a slot

· Scheduling/HARQ timelines for a mini-slot can be based on scheduling/HARQ timelines shorter than those for a slot

· FFS: exact timelines

FFS: One mini-slot does not contain symbols for different link directions (i.e., DL-only or UL-only)


In addition, high reliability aspects for URLLC were discussed by considering blocking probability and reliability requirements in DL control channel design aspects. The following agreements were made in [1].
	Agreements:
· Blocking probability of DL control channel should be taken into account in NR-PDCCH design

Agreements:
· To ensure the reliability requirement of NR-PDCCH for URLLC, at least the following aspects should be supported

· Defining a compact DCI format targeting low BLER operation 
· The highest aggregation level should target a BLER of Y for this compact DCI format
· FFS Y, Y<1% 
· FFS highest aggregation levels, e.g., 16, 32
· FFS other enhancements 


In recent RAN1 meeting, there was the discussion on NR-PDCCH resource mapping in terms of REGs to CCEs and CCEs to search space, respectively. The following is the agreement in [2].
	Agreements:

· FFS details of mapping of NR-PDCCH in time and frequency, considering the following options:

· Frequency first mapping of REGs to CCEs, frequency first mapping of CCEs to search space candidate 

· Time first mapping of REGs to CCEs, time first mapping of CCEs to search space candidate

· Frequency first mapping of REGs to CCEs, time first mapping of CCEs to search space candidate

· Time first mapping of REGs to CCEs, frequency first mapping of CCEs to search space candidate

· Down-selection should be discussed, including of the number of supported option(s)


This contribution considers how to design DL control channel for URLLC by considering several design aspects such as monitoring, resource mapping, slot aggregation and control/data multiplexing to satisfy low latency requirements of URLLC based on the above agreements. Especially, NR-PDCCH for mini-slot level is mainly discussed in this contribution because mini-slot operation takes into account URLLC as one of use-cases/targets. Also, some points such as aggregation level and DCI format are discussed to improve reliability for URLLC. 
2 Low Latency Aspects for URLLC
In NR, the concept of front-loaded DMRS has been introduced to reduce delay which is required for demodulation and decoding of NR-PDCCH as well as NR-PDSCH. In addition, one of benefits for having UE-group common PDCCH is that UE can skip or reduce blind decoding of NR-PDCCH by using some information which is indicated from UE-group common PDCCH. In this section, low latency aspects for URLLC NR-PDCCH are discussed. 
1.1 NR-PDCCH monitoring for URLLC
As for LTE, a UE has to monitor CSS(Common Search Space) and USS(UE-specific Search Space) to get information about DL assignments or UL grants or TPC by assuming different CCE aggregation levels having 1, 2, 4 and 8) as the UE doesn’t know what types of PDCCH eNB transmits to. The UE monitors different sets of DCI formats depending on CSS and USS. Also, there are different numbers of PDCCH candidates according to aggregation level and search space type (CSS and USS) as shown in Table 1. For example, the UE has to monitor 16 times per one DCI format at UE-specific search space and 6 times per one DCI format at common search space. The reason why LTE allows many PDCCH candidates monitored by the UE is to reduce blocking probability and provide high scheduling flexibility when transmitting PDCCH.
Table 1: PDCCH candidates monitored by a UE
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	Size [in CCEs]
	

	UE-specific
	1
	6
	6

	
	2
	12
	6

	
	4
	8
	2

	
	8
	16
	2

	Common
	4
	16
	4

	
	8
	16
	2


Since there are many possible combinations according to aggregation levels, DCI formats and candidates at USS/CSS, a UE needs large processing time to monitor those PDCCH candidates in LTE. However, in the NR environment where the UE supports URLLC, it should consider how to reduce latency for monitoring NR-PDCCH candidates. Furthermore, in order to satisfy various latency requirements of URLLC and/or support a scenario operating with variable subcarrier spacing including 15kHz SCS, it is beneficial to allow mini-slot with short length to be started from any symbol in a slot. Although it may increase overhead and/or latency of the UE to monitor control channel in every symbol, it can be controlled by network based on information of the UE capability and/or latency requirements of target URLLC services. Note that it was agreed that UE-specific DL control information monitoring occasions at least in time domain can be configured. The details on the configuration of NR-PDCCH monitoring occasion can be found in our companion contribution [5].

Proposal 1: Support NR-PDCCH monitoring occasion per symbol at least for URLLC.

Minimization of NR-PDCCH monitoring for URLLC
For URLLC, if NR-PDCCH monitoring occasion can be configured for any symbol, it is desirable for a UE to minimize unnecessary NR-PDCCH monitoring in each occasion as much as possible while satisfying the latency requirements. For example, NR-PDCCH decoding candidates for DL assignment and/or UL grant of URLLC can be limited (e.g. the UE can be configured to monitor only one NR-PDCCH with a fixed aggregation level) so that latency and/or UE power consumption for NR-PDCCH monitoring can be minimized. Note that the blocking probability among UEs can be controlled by gNB to configure different control resource set (or search space) for among UEs to some extent. In this case, LTE PDCCH candidate reduction/adjustment schemes introduced for eCA/eLAA can be a baseline.

Additional approach to minimize NR-PDCCH decoding can be considered when a mini-slot aggregation is also supported for URLLC. For example, if the UE is scheduled to receive one or multiple NR-PDSCHs for N consecutive mini-slots, the UE may be configured to skip NR-PDCCH monitoring for DL and/or UL grant at least during the scheduled mini-slots. Note that skipping NR-PDCCH monitoring should be carefully considered because it may cause the additional delay for receiving or transmitting another NR-PDSCH for URLLC.

Proposal 2: Support to minimize NR-PDCCH monitoring trials of a UE to minimize latency and/or UE power consumption.
1.2 NR-PDCCH resource mapping for URLLC
In LTE, it has been considered that RE to REG is frequency first mapping, REG to CCE is time first mapping and CCE to PDCCH (or search space candidate) is frequency first mapping. Here, CCE to PDCCH mapping is considered as logical index mapping. For NR, it was already agreed that RE to REG is frequency first mapping. And our companion’s contribution analysed time/frequency first mapping of REG to CCE in [3]. In there, time first mapping for localized NR-PDCCH transmissions has benefits in terms of performance, DMRS reuse, and simplifying multiplexing between NR-PDSCH and NR-PDCCH. Frequency first mapping for localized NR-PDCCH transmissions has benefits in terms of decoding latency and frequency diversity. For distributed transmission, time first mapping does not provide meaningful benefits while frequency first mapping can reduce latency and obtain frequency diversity gain. In other words, time first mapping and frequency first mapping have at least respective merit and demerit at the same time in view of localized NR-PDCCH transmission, while frequency first mapping shows better advantages than time first mapping in view of distributed NR-PDCCH transmission. Since latency and reliability requirements are very important metric for designing NR-PDCCH for URLLC, frequency first mapping should be considered in terms of REG to CCE mapping. 
Regarding CCE to NR-PDCCH (or search space candidate), there are also two options such as time first mapping and frequency first mapping. Since it may be expected to show similar views between REG to CCE and CCE to NR-PDCCH in terms of time and frequency first mapping respectively, frequency first mapping may have benefits of reducing latency rather than time first mapping. So, CCE to NR-PDCCH should also consider frequency first mapping for URLLC NR-PDCCH. 
Proposal 3: Support frequency first mapping for REG to CCE and for CCE to NR-PDCCH (or search space) for URLLC.
1.3 Multiplexing control and data for URLLC
It is quite obvious that resource sharing between control and data is beneficial to improve a spectral efficiency especially for the mini-slot. Unlike LTE where the unused resources in the control region cannot be reused for data transmission, NR supports dynamic reuse of at least part of resource in the control resource set for data for the same or a different UE at least in frequency domain. Detail aspects on resource sharing between control and data for NR can be found in our companion contribution [7]. As discussed in [7], a mechanism to enable resource sharing between control and data especially for eMBB transmission can be different according to the configuration of control resource sets in the system (e.g. number of control resource sets, the number of UEs in a control resource set and so on). For mini-slot, it is clear that on-going eMBB transmission (or slot-based transmission) can be punctured by URLLC transmission (or mini-slot-based transmission), and the control resource set (or search space) for URLLC may be configured for each UE separately. Note that probability of occurrence of PDCCH in the same resource set (or search space) from different UE can be ignored due to sparse of URLLC. Therefore, at least for URLLC, the UE may assume that there is no PDCCH for other UE in the configured control resource set (or search space) so that the PDCCH can be allowed to transmit in the unused resources in the control region.

Proposal 4: Support dynamic reuse of at least part of resources in the control resource sets for data transmission based on mini-slot.
3 High Reliability Aspects for URLLC
1.4  Aggregation level for URLLC
As shown in Fig. 1, an aggregation level of 16 NR-CCEs can achieve BLER of 10-5 when SNR is around -4 dB. The aggregation level of 16 NR-CCEs also shows about 2 dB SNR gain compared to the aggregation level of 8 (there is ~1 dB loss due to worse channel estimation at lower SINR). The detailed parameters of Fig. 1 are provided in Table 1 of the Appendix. 
Appropriate NR-CCE aggregation levels to achieve low BLERs need to be considered in conjunction with the DCI format size (the DCI format size may be less that the 30 bits assumed for the LLS) and after determining the channel that results to coverage limitation (e.g. PDSCH/PUSCH can have similar target BLER as PDCCH while conveying larger payload sizes making them the coverage limiting channels). The above can result to smaller requirements for the NR-CCE aggregation levels. Nevertheless, for robust operation in achieving low BLER targets, the NR PDCCH design should consider support of NR-CCE aggregation levels larger than 8 NR-CCEs. In general, a gNB can configure a UE the NR-CCE aggregation levels and the number of PDCCH candidates per aggregation level for the UE to monitor [5].
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Figure 1
 LLS evaluation results for NR-PDCCH regarding different aggregation levels
Proposal 5: Support at least 16 NR-CCE aggregation levels for the PDCCH design in NR. 
1.5  Compact DCI for URLLC
Compact DCI is important to facilitate reliable DL control channel transmission such as for URLLC or for fall-back operation. As shown in Fig. 1 and in [4], a DCI size of 30 bits on a PDCCH transmitted with 16 NR-CCE aggregation level can satisfy the reliability requirement of URLLC at relatively low SINRs near the 5% or below of typical geometry CDFs. Two approaches can be considered for a compact DCI. 
A first approach is to individually reduce the size of DCI components (such as RB allocation, HARQ process and MCS). This approach can be possible due to URLLC characteristics requiring lower coding rate/modulation level as well as limited HARQ processes. Therefore, the range of MCS (TBS), and HARQ process number fields for URLLC can be smaller than those for eMBB, thereby requiring a smaller number of bits to represent. 
A second approach is to jointly indicate a certain value of RB allocation, HARQ process number and MCS. This can be useful to exploit redundancies when each DCI component does not fully utilize an allocated number of bits. Fig. 2 provides a comparison between individual indication and joint indication for fields of a DCI format. 
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Figure 2
 Examples of two indication methods for URLLC DCI.
Proposal 6:
The range and coding of parameters such as PRB allocation, MCS, and HARQ process numbers could be designed individually or jointly for a compact DCI format. 
In our companion contribution [6], it was suggested that DCI for UL grant at least has HARQ process number, RV, UL data transmission timing and additional DMRS, and DCI for DL assignment at least has DL HARQ timing and UL control channel resource, DL data transmission timing and additional DMRS. As for URLLC, some fields of DCI for UL grant (or DL assignment) could be combined with others or omitted if it is possible to implement implicitly.
In addition of things mentioned above, power boosting and other diversity based transmission schemes can be considered for URLLC control transmission. Also, the number of available NR-CCEs, the aggregation level and the search space design have to be carefully considered jointly to reduce blocking probability of DL control channel.
4 Conclusions
This contribution considered design aspects for PDCCH transmissions in order to reduce latency and improve reception reliability and proposed the following. 
Proposal 1: Support NR-PDCCH monitoring occasion per symbol at least for URLLC.
Proposal 2: Support to minimize NR-PDCCH monitoring trials of a UE to minimize latency and/or UE power consumption.
Proposal 3: Support frequency first mapping for REG to CCE and for CCE to NR-PDCCH (or search space) for URLLC.
Proposal 4: Support dynamic reuse of at least part of resources in the control resource sets for data transmission based on mini-slot.
Proposal 5: Support at least 16 NR-CCE aggregation levels for the PDCCH design in NR.
Proposal 6:
The range and coding of parameters such as PRB allocation, MCS, and HARQ process numbers could be designed individually or jointly for a compact DCI format.
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5 Appendix
Table 1 
Parameters for LLS evaluation
	Parameters
	Values

	DCI size
	30 bits

	Channel codes
	TBCC

	Pilot overhead
	1/3

	Tx antenna configuration
	2 Tx (SFBC)

	Rx antenna configuration
	2 Rx (MRC)

	Channel estimation
	MMSE

	Channel model
	CDL-C 
(RMS DS 300ns)

	Aggregation levels
	8, 16

	Size of 1 CCE
	5 PRB

	Resource mapping
	Distributed
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