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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
As described in TR 38.913 [1], NR is targeting to support broad range of vertical services categorized by enhanced Mobile Broadband (eMBB), massive Machine Type Communications (mMTC), and Ultra-reliable and low-latency communication (URLLC).  URLLC has been widely envisioned as one of the enablers for future vertical applications such as industrial automation, e-health, autonomous driving and so on. 
Regarding URLLC, various KPI’s including reliability requirement, spectral efficiency, user experience data rate, etc. have been introduced in TR 38.913. In this contribution, we discuss the motivation and methods on CSI reporting enhancement, which is the key aspects to optimize system capacity within strict latency and reliability.
Motivation
In LTE, UE calculates and reports CQI, representing the highest MCS that, if used, would mean PDSCH transmissions were received with a BLER of at most 10%. It is suitable for eMBB use cases to achieve the high spectrum efficiency without tight latency and high reliability requirement.
For URLLC, a general reliability requirement is 10-5 for a 32Byte packet with a user plane latency of 1ms. In this contribution, the effective code rate to meet URLLC KPI of different UEs within one transmission is evaluated. The simulation assumptions are provided in the Appendix. From the results in Table 1, we find that the effective code rate for SNR = -5dB is around 1/6 of the minimum code rate (around 0.1) in current CQI table. Obviously, the LTE CQI and MCS table cannot cover such lower code rate for cell-edge UEs (SNR<0dB).
Table 1. Effective code rate meeting URLLC KPI of different UEs
	SNR
	-5
	0
	5
	10
	15

	Modulation
	2
	2
	4
	6
	6

	Effective code rate
	0.012683
	0.1283
	0.0957
	0.2522
	0.3511



Observation 1: Lower code rate less than 0.1 is needed for CSI reporting and downlink transmission to meet URLLC reliability requirement. 
[bookmark: _GoBack][bookmark: _Ref129681832]On the other hand, even with the help of HARQ, the reported CQI for target BLER of 10% is not reliable enough for URLLC services due to target latency limitation. The system simulation results for outage ratio and capacity of URLLC with different target BLER can be found in [2]. The results show that 10% target BLER is not a good choice for UEs with 10-5 BLER and 1ms latency requirement. Besides, URLLC use cases cover a wide field of different applications, such as industrial automation, e-health, autonomous driving and so on. Different use cases have different reliability (e.g., 10-2~10-5) and/or latency requirements (e.g., 1ms~10ms). Therefore, CSI reporting enhancement for flexible target BLER is a good way to support multiple URLLC services and achieve high spectrum efficiency.
Observation 2: CSI reporting enhancement for flexible target BLER can be considered to support multiple URLLC services and achieve high capacity. 

CSI reporting for high reliability 
Reference repetition number
CSI reporting design in LTE can be a starting point for NR URLLC. In order to realize code rate lower than 0.1, gNB can schedule multiple repetitions within one transmission, which can be aggregated flexibly in time and frequency domain. Obviously, the BLER of one repetition transmission is 10% under legacy CQI. Especially, the more repetitions are scheduled, the lower effective code rate and BLER will be achieved. Thus, gNB can control the BLER by different repetition numbers to support flexible target BLERs for variable URLLC services. However, the repetition number a gNB scheduling, which is related to the BLER of this transmission, has an important impact on the reliability and spectrum efficiency performance. Thus, some additional information is needed to help gNB decide the optimized repetition number. For example, UE can report a reference repetition number X in addition to legacy CQI. As shown in Figure 1, with the information of reference repetition number, gNB can schedule a suitable repetition number K according to the actual target BLER requirement of different URLLC traffic. 
 (
Scheduler
Reference repetition number X
(UE reported)
Legacy CQI
(UE reported, @10%BLER)
Legacy MCS
(@10%BLER)
Scheduled repetition number K
(
achieve
 expected target BLER)
)
Figure 1. An illustration of how to achieve target BLER based on legacy CQI/MCS
The reference repetition number X is defined as the number of required repetition to achieve a reference target BLER (e.g., 0.001%) under a given BLER (e.g., 10%) of initial repetition. Figure 2 shows the BLER performances under different code rates where the packet size is 32byte and the modulation scheme is QPSK. AWGN channel, 60kHz SCS and 7-symbols slot are used. Interestingly, a certain ratio between the code rate realizing a BLER of 0.1 and that realizing a BLER of 0.001% while the MCS index varies is demonstrated. To be specific, the code rate achieving a 99.999% reliability is approximately 1.5 times slower than that achieving a 90% reliability for the same SINR, i.e., a repetition number of 1.5 is necessary for a 99.999% reliability with a 0.1 BLER of one repetition transmission. Besides, the ration is independent of SINR and MCS. The practical reference repetition number may be different in consideration of the channel condition and the receiver implementation. Therefore, URLLC UE can report the ratio (reference repetition number K) and the legacy CQI to help gNB select appropriate MCS index and repetition number to support flexible target BLER for variable URLLC services.  
[image: ]
Figure 2. BLER performance under different code rate
Table 2. Effective code rate meeting URLLC KPI of different UEs
	MCS Index
	Corresponding code rate achieving a BLER of 0.1
	Code rate required to achieve BLER=0.00001 under the same EsN0 
	Ratio between the two code rates

	0
	0.081
	0.053
	1.53

	1
	0.102
	0.065
	1.57

	2
	0.13
	0.081
	1.60

	3
	0.162
	0.102
	1.59

	4
	0.204
	0.13
	1.57

	5
	0.243
	0.162
	1.50

	6
	0.324
	0.204
	1.59

	7
	0.389
	0.243
	1.60

	8
	0.46
	0.324
	1.42

	9
	0.53
	0.389
	1.36


The information of repetition number X can be reported via higher layer signaling (e.g., RRC,  MAC CE) or L1 signaling (e.g. along with the legacy CQI reporting or using low latency CQI (LL-CQI) as discussed in our companion contribution [2]). With the reported reference repetition number, extension of the legacy CQI/MCS table may not be needed.
CQI Table Extension
Extension of the legacy CQI table for URLLC is another possible solution, e.g., covering code rates lower than 0.1 and supporting CQI for variable BLER requirements. 
Firstly, additional CQI indexes can be defined to cover lower code rates, e.g., extending the number of CQI indexes from 16 to 32. However, the new CQI values may not be necessary for all UEs, at least not for the eMBB UE. So, legacy CQI values in LTE can be  at the beginning of the CQI table and the additional CQI values covering the lower code rates following the legacy values, as shown in Table 3. When UE initially gets access to the network, only the legacy CQI values are valid and the same signaling as LTE can be applied. When the legacy CQI values cannot match the channel condition, the UE can trigger gNB to reconfigure a new CQI table, or gNB can directly reconfigures the new CQI table to UE. 
Secondly, different CQI tables can be designed for different target BLER or different services. Legacy CQI table is specifically designed for a target BLER of 10%. As shown in Table 4, different CQI tables based on a series of BLER targets can be further introduced for NR, e.g., for 0.1% BLER. Another example is that legacy CQI table is designed for eMBB UEs and another table can be introduced for URLLC UEs. 
As discussed in Section 3.1, SNR difference for two specific targets BLER is defined, and although given different channel model or different receiver implementations, the detailed SNR difference maybe different but SNR difference range is still limited. Therefore, in order to reduce signaling overhead, introduction of CQI difference table for different target BLERs to NR should be considered. Table 5 is one instance for CQI difference table corresponding to target BLERs ranging from 1% to 0.001%, assuming reference CQI with a target BLER of 10%. 




Table 3. Extended CQI table
	CQI index
	Modulation
	code rate x 1024
	Efficiency

	0
	out of range 

	1
	QPSK 
	78 
	0.1523 

	2
	QPSK 
	193 
	0.3770 

	3
	QPSK 
	449 
	0.8770 

	4
	16QAM 
	378 
	1.4766 

	5
	16QAM 
	490 
	1.9141 

	6
	16QAM 
	616 
	2.4063 

	7
	64QAM 
	466 
	2.7305 

	8
	64QAM 
	567 
	3.3223 

	9
	64QAM 
	666 
	3.9023 

	10
	64QAM 
	772 
	4.5234 

	11
	64QAM 
	873 
	5.1152 

	12
	256QAM 
	711 
	5.5547 

	13
	256QAM 
	797 
	6.2266

	14
	256QAM 
	885 
	6.9141

	15
	256QAM 
	948 
	7.4063 

	16
	QPSK
	4
	0.0078

	17
	QPSK
	8
	0.0156

	18
	QPSK
	16
	0.0312

	19
	QPSK 
	40
	0.0781

	20-31
	Reserved
	Reserved
	Reserved



Table 4. Extended CQI table
	CQI index
	BLER @10%
(legacy CQI)
	BLER @1%
	BLER @0.1%

	0
	Modulation00, CR00
	Modulation01, CR01
	Modulation02, CR02

	1
	Modulation10, CR10
	Modulation11, CR11
	Modulation12, CR12

	2
	Modulation20, CR20
	Modulation21, CR21
	Modulation22, CR22

	…
	…
	..
	…

	15
	…
	…
	…



Table 5. CQI difference table
	Target BLER
10^(-n)
	CQI difference index 0
	CQI difference index 1
	CQI difference index 2
	CQI difference index 4

	1
	0
	0
	0
	0

	2
	0
	1
	2
	3

	3
	1
	2
	3
	4

	4
	2
	3
	5
	7

	5
	2
	4
	6
	8



No matter which way is adopted to extend the CQI tables, further evaluation is needed to choose a suitable code rate and modulation value for each CQI entrance. Besides, the overhead for MCS field in DCI and/or CSI reporting in UCI would be larger than LTE due to bigger table or more tables. However, in view of URLLC, compact signaling indication is benefit for reliability, so how to compact CQI indication needs to be considered. One method is to configure smaller and UE-specific CQI table to UE. As listed in [3], different UEs experience different SINR regions, so UE-specific CQI table is reasonable and further reduces signaling overhead. To be specific, RRC signaling is first used to report/indicate which subset of a big table is used; then the detailed CQI index in a given table (or a subset of the big table) is reported with L1 signaling.
As shown in Figure 3, with the extended CQI tables, gNB can schedule appropriate MCS to achieve flexible target BLER.
 (
Scheduler
Extended CQI
(UE reported, @target BLER)
Extended MCS
 (@expected target BLER)
)
Figure 3. An illusion of how to achieve target BLER based on extended CQI/MCS
Based on the above discussion, we have the following proposal.
Proposal 1: Enhanced CQI reporting for flexible target BLER should be supported and the following options can be considered 
· Option 1: Reporting reference repetition number on the top of legacy CQI/MCS tables. 
· Option 2: CQI reporting based on extended CQI/MCS tables
· A UE-specific CQI table can be considered to reduce the signaling overhead
· Option 3: Differential CQI reporting with multiple BLER targets.
Low-latency CSI mechanism
In [4], a low-latency CSI mechanism is proposed and evaluated. The simulation results show that this scheme is very effective in improving the resource efficiency which is critical for the overall URLLC system capacity. Based on the low latency CSI, the transmit power, MCS and the resource allocation for the subsequent repetitions for the same TB can be dynamically adjusted so that the target BLER can be achieved without compromising resource efficiency too much. 
In general, the CSI measurement is mainly for scheduling and MCS selection for PDSCH. Low-latency CSI as indicated by its name is mainly used to report the instantaneous channel quality. This is especially crucial for URLLC with strict latency constraint. The low-latency CSI can be used for predicting a certain transmission of a URLLC urgent burst and/or choosing proper parameters for the following transmissions. Therefore, the measurement of low latency CSI could be based the most recent data transmission. Besides, considering that the resource of URLLC transmission may be obtained by pre-empting an ongoing eMBB transmission, using the DMRS to measure the low-latency CSI is rational because this could limit the impact to preempted eMBB transmissions. This could also save the need of allocating additional resources for CSI measurement. The details of the above low latency CSI mechanism can be discussed further, e.g. definition of CSI reference resource, CSI measurement resources and interference measurement, etc.
The low-latency CSI report could be defined in different ways: a normal CSI or a differential CSI, e.g. based on the difference between the most recent data transmission and a predefined CSI report. The latter one may be beneficial from signaling overhead point of view. As another alternative, the low latency CSI can also be defined as a reference repetition number. Based on the reported number of repetitions, the gNB could schedule a number of repetitions for the same TB.
The low-latency CSI feedback can be carried by an UL control channel, e.g. short PUCCH [5]. The resource and indication for PUCCH carrying different kinds of UCI should be studied further.
Proposal 2: Low-latency CSI should be supported and the following aspects can be discussed further 
· CSI measurement resources and procedures, e.g. definition of CSI reference resource
· Content of low latency CSI, e.g. normal CSI, differential CSI or  reference repetition number
· Resources carrying the low latency CSI, e.g. indication of PUCCH resource for the CSI
Conclusions
Observation 1: Lower code rate less than 0.1 is needed for CSI reporting and downlink transmission to meet URLLC reliability requirement. 
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Observation 2: CSI reporting enhancement for flexible target BLER can be considered to support multiple URLLC services and achieve high capacity. 
Proposal 1: Enhanced CQI reporting for flexible target BLER should be supported and the following options can be considered 
· Option 1: Reporting reference repetition number on the top of legacy CQI/MCS tables. 
· Option 2: CQI reporting based on extended CQI/MCS tables
· A UE-specific CQI table can be considered to reduce the signaling overhead
· Option 3: Differential CQI reporting with multiple BLER targets.
Proposal 2: Low-latency CSI should be supported and the following aspects can be discussed further 
· CSI measurement resources and procedures, e.g. definition of CSI reference resource
· Content of low latency CSI, e.g. normal CSI, differential CSI or  reference repetition number
· Resources carrying the low latency CSI, e.g. indication of PUCCH resource for the CSI
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Appendix A
Link level simulation assumptions
	Parameter
	Value

	Bandwidth
	20MHz

	Numerology
	60 kHz 7 symbol NCP

	MIMO
	2X2

	Rank
	1

	Transmission Mode
	TM2

	PUCCH MODE
	PUCCH 1-0

	Channel Model
	TDL-300ns

	Channel Estimation
	Real

	Overhead
	None Control overhead

	HARQ
	Unabled. Only 1 Tx

	Receiver
	MMSE
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