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1 Introduction
The URLLC reliability requirements described below have been agreed and stated in the NR WI in 3GPP TR 38.913 [1] that was approved at RAN #75 meeting.
“For URLLC, the target for user plane latency should be 0.5ms for UL, and 0.5ms for DL. Furthermore, if possible, the latency should also be low enough to support the use of the next generation access technologies as a wireless transport technology that can be used within the next generation access architecture.

NOTE1:
The reliability KPI also provides a latency value with an associated reliability requirement. The value above should be considered an average value and does not have an associated high reliability requirement.”
“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.”
To satisfy the general reliability requirement above, specific design considerations for the downlink control channel (NR PDCCH) transmission are needed. The NR PDCCH robustness and reliability is being discussed in connection with a few Agenda Items (AI) at RAN1 meetings.  

Furthermore, during the RAN#78 meeting, on the scope of URLLC for Rel-15 second drop, the document RP-172817 was endorsed with the following text:

· 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 considerations for NR control channel transmission techniques based on DCI diversity to improve NR PDCCH reliability for URLLC applications.   

2 Discussion

2.1 URLLC NR PDCCH BLER requirement

The general URLLC reliability requirement specified in [1] entails separate URLLC NR PDCCH BLER and PDSCH BLER requirement, as the URLLC data transmission error is a result of single NR PDCCH BLER or NR PDSCH BLER following NR PDCCH success. The relationship can be expressed as below:

Pdata-transmission-error = 1 - (1-PPDCCH-error) x (1-PPDSCH-error)

The URLLC NR PDSCH BLER (PPDSCH-error) also varies based on the HARQ configuration, e.g. between HARQ-less or HARQ-based transmission, between HARQ-based transmission of different number of HARQ re-transmissions, etc.  NR may for example support HARQ-less transmission for system information broadcasting and HARQ-based transmission for unicast data transmission.  

Observation 1: URLLC NR PDCCH BLER requirement can be lower than 1-10-5.
2.2 Downlink control channel transmission techniques

The LTE downlink control channel transmission (PDCCH/ePDCCH/mPDCCH) has employed a number of transmission techniques to ensure the control channel coverage as listed below:

· Resource allocation: CCE aggregation level depending on the DCI size and coding rate

· Frequency diversity: Interleaving and distributed control channel mapping

· Spatial diversity: open loop transmit diversity based on SFBC/FSTD (PDCCH) and beamforming (ePDCCH)

· Time diversity: time domain repetition (mPDCCH)

Clearly the LTE downlink control channel utilizes various types of channel diversity to improve the control channel reliability.  

Observation 2: LTE downlink control channel transmission employs a number of diversity-based techniques.  

Based on NR eMBB PDCCH design, enhancement similar to these legacy techniques can be considered to meet the high reliability requirement of URLLC DCI transmission.  For example, URLLC PDCCH design can use increased aggregation level (AL16 currently agreed in NR), reduced DCI payload size and large CORESET allocation (e.g. more than three symbols).  In addition, NR UEs can have more advanced capability, e.g. advanced receiver and four receiver antennas.  

However, large aggregation level such as 16 CCE (96 PRBs) or 32 CCE (192 PRBs), CORESET of more symbols, can require significantly more resource and will impact PDCCH capacity and latency.  Four receive antenna is specified as a baseline for UEs in several NR bands ([6]), but it is also stated UEs of certain type and category can be exempted.  
In the meantime, further enhancement techniques are made possible by the wide bandwidth operation and beam-based transmission in NR.  For example, a DCI diversity transmission based on DCI repetition in frequency and spatial domain.  

Observation 3: NR wide-band and beam-based operation enable further DCI transmission enhancement techniques to meet the URLLC DCI reliability requirement.   

2.3 URLLC NR DCI diversity transmission

A DCI diversity is realized by multiple transmissions of the same DCI information over different and uncorrelated channels.  DCI transmission repetition can be introduced to increase DCI diversity and can result in higher energy consumption and lower spectral efficiency.  However, the URLLC design shall prioritize achieving the required URLLC NR PDCCH BLER and place less weight on the aspects of energy and spectrum efficiency.  

It is agreed that NR UE can be configured to monitor NR PDCCH over multiple beams and thus enable a spatial DCI diversity. A UE supporting multiple TRXs can simultaneously monitor and receive as many DCI transmissions as the number of supported TRXs.  When the number of supported TRX is less than the number of configured beam for monitoring, the UE can monitor the same DCI transmission at different DCI instances. For example, a block of consecutive of symbols can be configured as DCI instances and allocated with a specific beamforming configuration.  

In order to achieve the intended DCI diversity gain of the multi-beam monitoring, a UE can be configured with downlink beams that are spatially uncorrelated and such information can be provided by UE to the network during beam management procedures, e.g. P1 and/or P2. NR DCI transmission design can also take advantage of a much wider carrier bandwidth and more flexible configurability for control channel frequency resource allocation and employ a larger-scale frequency diversity. It is conceivable in NR that a UE monitors DCI over multiple non-contiguous frequency allocations, i.e. CORESETs, with a considerable distance between each other. The DCI diversity thus can be enabled by simultaneous UE monitoring of multiple disjoint CORESETs configured in a single carrier or different carriers based on the UE capability.  

DCI transmission repetition at disjoint frequency allocations with a large frequency distance is also beneficial considering the large coherence bandwidth as a result of narrow beamforming, especially at high frequency. For example, at short distance a LOS channel with narrow analogue beamforming can result in a coherence bandwidth at a few tens of MHz.  In that case it would be helpful to assign one search space in one carrier and another one adequately separated in another carrier in order to achieve the frequency diversity gain for the DCI transmission as shown below in Figure 1.    
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Based on the standard excerpts above, we can conclude:

Observation 1: LTE PHY layer does not maintain a counter of power ramping for RACH procedure.

Observation 2: LTE MAC layer administers the PRACH power ramping by using a preamble transmission
counter.
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In addition, LTE MAC layer uses the preamble transmission counter to ensure a UE will not transmit more PRACH
preambles than the maximum preamble transmission value configured in RACH configuration by the network.

Same DCI y 3 % - " + 1

439PM

contents 6/9/2017

English (United States) ~

PDCCH
PDSCH
PDSCH

Figure 1. DCI diversity.

[DCI index]

In some solutions, each DCI instance may contain a field (DCI index) identifying the
DCI contents, such that the UE may readily discard DCI instances containing the same
information and reduce processing. For example, a UE may receive a first DCI instance
with a first value of the DCI index, and upon reception of subsequent DCI instances
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Figure 1 DCI diversity based on repeated DCI transmission in multiple carriers 

In addition, NR DCI transmission can consider time-based DCI diversity e.g. by having DCI transmission repeated at multiple DCI instances configured in the NR PDCCH monitoring occasions by the network. However, the increased latency may not meet the URLLC latency requirement and should be carefully evaluated.
Proposal 1:
Introduce URLLC DCI diversity transmission by exploring DCI diversity based on:

· Uncorrelated spatial resource assignment 

· Disjoint frequency allocations with large frequency distance, e.g. carrier assignment for DCI transmission

  for the same UE. 

2.4 Paired search spaces for repeated PDCCH

To utilise the main benefit of space/frequency diversity in PDCCH transmission, in terms of performance enhancement, it is desirable to use this repetition together with soft combination of received data at the time of blind detection. This repetition of the same DCI over two or more PDCCH can be done over two CORESETs over two different beams (see Figure 2) or over CORESETs that are well-separated in frequency.
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Figure 2. DCI repetition over two search spaces of two CORESETs with different beams 

In this approach, two sets of search spaces (from different CORESETs) are assigned to a UE to monitor one DCI. In the case that the aggregation levels of the multiple PDCCHs are the same, there can be a one-to-one correspondence between the candidates of the sets of search spaces. In this case, the scheduling of the corresponding candidates in different set of search spaces can be linked to each other (i.e. corresponding candidates be scheduled simultaneously) and this correspondence can be indicated in the configuration of the CORESETs and the sets of search spaces. This correspondence can help the UE to simplify the blind detection. In this case, each of them may be associated with a different beam. The one-to-one correspondence between the candidates of two different sets of search spaces may be implemented by using the same RNTI and the same set of aggregation levels and numbers of candidates for each aggregation level as the parameters for the hashing functions of the two or more sets of search spaces. When the sets of aggregation levels and the numbers of candidates of each aggregation level for the two or more sets of search spaces is the same, the one-to-one correspondence can be simply based on the index of candidates for each aggregation level. 

At the receiver, if there is one-to-one correspondence between the candidates of different sets of search spaces, the UE first does the channel estimation separately for each of the candidates and then combines the soft decoding information of the corresponding candidates and then do the decoding and CRC check for the corresponding candidates together. This method of combining the soft decoding information can be done if the set of bits that are sent over the corresponding PDCCHs are the same, which is the case if the DCI is the same for the corresponding PDCCH, and also channel coding and CRC is the same for the corresponding PDCCH.

Observation 4: Paired search spaces can be configured on multiple CORESETs for DCI repetition with soft combination at blind detection.  

Proposal 2: NR should support paired search spaces over multiple CORESETs 

· FFS: One-to-one correspondence between the candidates of the paired search spaces.  

3 Conclusion

This contribution discusses considerations for NR control channel transmission techniques based on DCI diversity to improve NR PDCCH reliability for URLLC applications.   

The following observations are made:
Observation 1: URLLC NR PDCCH BLER requirement can be lower than 1-10-5. 
Observation 2: LTE downlink control channel transmission employs a number of diversity-based techniques.  

Observation 3: NR wide-band and beam-based operation enable further DCI transmission enhancement techniques to meet the URLLC DCI reliability requirement.   

Observation 4: Paired search spaces can be configured on multiple CORESETs for DCI repetition with soft combination at blind detection.  

The proposals based on the discussions above are summarized below:

Proposal 1:
Introduce URLLC DCI diversity transmission by exploring DCI diversity based on:

· Uncorrelated spatial resource assignment 

· Disjoint frequency allocations with large frequency distance, e.g. carrier assignment for DCI transmission

  for the same UE. 

Proposal 2: NR should support paired search spaces over multiple CORESETs 

· FFS: One-to-one correspondence between the candidates of the paired search spaces.  
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