3GPP TSG RAN WG1 Meeting #92bis								    R1-1804853
Sanya, China, April 16th – 20th, 2018

Agenda Item:	7.2.3
Source:	InterDigital Inc.
Title:	Evaluation of PDCCH repetition for URLLC
Document for:	Discussion and Decision

Introduction
In RAN1 meeting #92 [1], it was agreed to study the necessity of compact DCI and PDCCH repetition. Also, the link-level simulation assumptions for this study was agreed as shown in Appendix A. 

In this document, we first discuss the need for the PDCCH repetition and then present simulation results for the performance of PDCCH repetition for URLLC applications based on the agreed simulation assumptions. 
1 Discussion on PDCCH repetition techniques
1. URLLC 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.  
1. 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.  
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.  
1. 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.  
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 because 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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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. 
1. 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.
Proposal 2: NR should support paired search spaces over multiple CORESETs 
· FFS: One-to-one correspondence between the candidates of the paired search spaces.  

Simulation results 
In this section, we provide simulation results for PDCCH repetition assuming two CORESETs each spanning one OFDM symbol on the first and second symbols of a slot. Based on the agreed bandwidth assumptions (i.e., 20MHz), the size of the 1-symbol CORESETs is assumed to be 48 RBs for the case of 30 KHz subcarrier spacing and 96 RBs for the case of 15 KHz subcarrier spacing, respectively. In the simulations presented in this section, the channel is assumed to be TDL-A (delay spread of 30ns) with UE speed of 3 km/h. The reason to focus on this channel model which is not highly frequency selective is that this channel is the most challenging environment for achieving the reliability requirement of the URLLC (due to the lack of frequency diversity).  

We further assumed that an independent precoder is used for each CORESET. However, the interleaver is assumed to be the same for both CORESETs. As for the receiver, the soft combination of the two PDCCHs is performed prior to blind decoding and CRC check. It should be noted that soft combining of the repeated PDCCH provides better performance compared to the alternative of having independent blind detection of the two PDCCH repetition. However, the UE should have a priori knowledge of the paired PDCCH candidates.

Figure 3 & Figure 4 show the performance of PDCCH repetition vs. no repetition for the aggregation level of 4 & 8, respectively, with subcarrier spacing of 30 KHz, and carrier frequency of 4GHz. As shown in the simulation results, PDCCH repetition with soft combining improves the performance by about 3 dB. It should be noted that if PDCCH repetition had been done in different subbands with large frequency gaps, one may expect a larger performance improvement due to the extra frequency diversity. However, based on the agreed simulation assumptions, the achievable diversity gain is limited due to the narrow system BW and the lack of frequency selectivity of the channel. In the case of one-shot transmission, as shown in Figure 4, the block error rate of less than 10-5 can be achieved using PDCCH repetition with aggregation level 8. 
Observation 1: PDCCH repetition is needed for achieving the block error rate of less than 10-5 for URLLC with one-shot transmission.   
Figure 5 shows the performance of PDCCH repetition vs. no repetition for the aggregation level of 16, subcarrier spacing of 15 KHz, and carrier frequency of 700 MHz. The main difference of this scenario compared to Figure 3 & Figure 4 is that the number of UE receive antennas is limited to 2 for the case of 700 MHz while it was 4 for the case of 4 GHz. As shown in Figure 5, in this case, the repetition of PDCCH with highest aggregation level is not sufficient to meet the requirement for URLLC with one-shot transmission. This is due to the lack of frequency selectivity of the channel and smaller spatial diversity at the receiver. In this case, using mechanisms such as HARQ with multiple transmissions of DCI (multi-shot transmission) and/or compact DCI and/or PDCCH repetition across well-separated subbands might be needed to achieve the 10-5 reliability target of URLLC.
Observation 2: For the case of 2 receive antennas at the UE and the lack of frequency selectivity, PDCCH repetition with the highest aggregation level of 16 is not sufficient to satisfy URLLC requirement with one-shot transmission. 
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[bookmark: _Ref510790411]Figure 3. Performance of PDCCH repetition vs. no repetition for the aggregation level of 4, subcarrier spacing of 30 KHz, and carrier frequency of 4 GHz, with four receive antennas 
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[bookmark: _Ref510790396]Figure 4. Performance of PDCCH repetition vs. no repetition for the aggregation level of 8, subcarrier spacing of 30 KHz, and carrier frequency of 4 GHz, with four receive antennas
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[bookmark: _Ref510791731]Figure 5. Performance of PDCCH repetition vs. no repetition for the aggregation level of 16, subcarrier spacing of 15 KHz, and carrier frequency of 700 MHz, with two receive antennas

Summary

In this contribution, simulation results were presented for the performance of PDCCH repetition for URLLC applications. The following observations are concluded from the simulation results:
[bookmark: _Ref455734493][bookmark: _Ref434502751][bookmark: _Ref419296613][bookmark: _Ref434227915][bookmark: _Ref434501473]Observation 1: PDCCH repetition is needed for achieving the block error rate of less than 10-5 for URLLC with one-shot transmission.   
Observation 2: For the case of 2 receive antennas at the UE and the lack of frequency selectivity, PDCCH repetition with the highest aggregation level of 16 is not sufficient to satisfy URLLC requirement with one-shot transmission. 
Also, the following proposals are presented:

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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Appendix A: Agreed Link-Level Simulation Assumptions [1]

	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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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.

DL CC 2|
|
I

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.
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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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