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Introduction
[bookmark: _Ref378529477]In RAN #80, a new study item on Physical layer enhancements for NR URLLC was approved.  The objective of the study item is to investigate different URLLC L1 improvements to further improve reliability/latency. In the previous RAN1 meeting, the following agreements were made.
Agreements:
Further evaluate the potential PDCCH enhancements for NR Rel-16 URLLC.
· Further evaluate PDCCH reliability 
· Further evaluate PDCCH blocking 
· Companies describe the resource utilization 
· Complexity should be considered
· Latency of the enhancement(s) should be considered

Agreement: 
· Study further how to enable more than one PUCCH for HARQ-ACK transmission within a slot.

Agreements: 
Study further whether/how to enable enhanced reporting procedure/feedback for HARQ-ACK.
· Enhanced HARQ-ACK multiplexing on PUSCH and PUCCH
· Finer indication for HARQ feedback timing, e.g. symbol-level, half-slot, etc.
· Note: this may be related to more than one PUCCH for HARQ-ACK tx within a slot
· Other enablers are not precluded

Agreements:
Study the need for enhanced CSI reporting/measurement mechanisms. E.g.,  
· DMRS based CSI
· A-CSI on PUCCH
· Trigger by DL assignment
· Enhanced CSI reporting mode
· Other approaches are not precluded

In this contribution, we provide a comprehensive overview of physical layer enhancements for NR URLLC. 
Fast CSI Computation Using DMRS
NR Release 15 supports two BLER thresholds (10-1, 10-5) for CQI reporting. The second threshold improves the reliability of URLLC. However, NR release 15 supports CSI estimation using CSI-RS and reporting using a dedicated PUCCH/PUSCH resources for CSI reporting.  Note that in practice CSI-RS is transmitted periodically (say for every 5 slots) and CSI is reported periodically with a period say 5 slots (for periodic and semi-persistent reporting).  In our view the conventional procedure for CSI estimation and reporting is very inefficient for accurate CSI and delay sensitive applications such as NR-URLLC. Hence we propose to use DM-RS based CSI estimation. Note that DMRS is transmitted along with PDSCH and uses the same precoding as that of PDSCH.  

Another drawback with conventional CSI-RS (only) based technique is that with target BLER of 10-5, small variations in the channel causes significant BLER. This is because, the BLER curves are very steep around BLER of 10-5 compared to the BLER targets of 10-1. Hence we need an accurate CSI with these low BLER targets. 
Motivation for DMRS based CSI Estimation:
Figure 1 and 2 show a  snapshot of RI reported using conventional CSI-RS based CSI estimation for 2 and 4 CSI-RS ports with 2 and 4 receiving antennas, respectively. Since the rank information (second order statistics) is computed over the whole wideband, RI does not change instantaneously. This means that if, for example, the network schedules the UE with a certain number of layers at time T1, it is unlikely that the number of layers changes significantly for the next scheduling  interval T2 = T1+ 1, 2.. n.  
[image: ]
Figure 1 Snapshot of RI reported with 2 CSI-RS ports
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Figure 2 Snapshot of RI reported with 4 CSI-RS ports
Figure 3 and 4 shows the PMI reported using conventional CSI-RS based CSI estimation for 2 and 4 CSI-RS ports with 2 and 4 receiving antennas respectively. Similar to RI, in this case also the PMI reported is almost constant over a period of time. Hence we can conclude that if the UE can estimate the SINR on the scheduled rank and scheduled PMI (via precoded DMRS), the SINR variation is not significant. There are many benefits of such a scheme such as reduced CSI reporting delay, reduced number of resources for PUCCH, reduced CSI-RS transmissions etc. We will explain the detailed procedure in the next subsections.
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Figure 3 Snapshot of PMI reported with 2 CSI-RS ports
[image: ]
Figure 4 Snapshot of PMII reported with 4 CSI-RS ports

Observation 1: Since the RI and PMI do not change significantly over a period of time, the UE can estimate the channel and the SINR using precoded DMRS and can report the CSI along with HARQ-ACK of the current transmission.   

Details of DMRS based CSI computation
Figure 5 shows the message sequence chart for DMRS based CSI computation. Note that for our method to work, we need CSI-RS transmission albeit less frequently for estimating the complete CSI. During the muting period of CSI-RS, the UE can estimate the SINR using DMRS and feedback the CSI to the network.

[image: ]
Figure 5 Message sequence chart using DMRS based CSI estimation

Note that with DMRS based CSI estimation the UE can estimate CQI, LI. Assuming wideband PDSCH transmission, Table 1 shows the possible CSI reporting entries using DMRS based CSI estimation.

Table 1 Possible CSI entries using DMRS based CSI estimation
	PMI-FormatIndicator=widebandPMI and CQI-FormatIndicator=widebandCQI
	PMI-FormatIndicator= subbandPMI or CQI-FormatIndicator=subbandCQI

	
	CSI Part I
	CSI Part II

	
	
	wideband
	Subband

	· CRI 
	· CRI
	· Wideband CQI for the second TB
	· Subband differential CQI for the second TB of all even subbands

	· Rank Indicator 
	· Rank Indicator
	· PMI  wideband (X1 and X2)
	· 
PMI subband information fields  of all even subbands

	· Layer Indicator 
	· Layer Indicator
	---------
	· Subband differential CQI for the second TB of all odd subbands

	· PMI  wideband (X1 and X2)
	· Wideband CQI for the first TB
	---------
	· 
PMI subband information fields  of all odd subbands

	· Wideband CQI 
	· Subband differential CQI for the first TB
	---------
	---------



Where  indicates that the configuration is not possible with DMRS based CSI estimation.

Simulation Results with DMRS based CSI Computation
To check the benefits of DMRS based CSI estimation, we performed link simulations with 4 CSI-RS ports and 4 receiving antennas.  Figure 6 shows the spectral efficiency as a function of SINR for two schemes namely CSI estimation using CSI-RS only and the other CSI estimation using DMRS+CSI-RS. Note that in this case, the spectral efficiency is computed as 

Spectral efficiency = TBS*(1-BLER)/(T*BW)
Where, TBS is the transport block size in bits, BLER is the block error rate, T is the time duration of one subframe, and BW is the actual bandwidth. The link level simulation assumptions are shown in Table 2.
We consider 4 port MIMO configurations with single codeword with link adaptation. In our simulations, the feedback is assumed to have 5 slot delay and is assumed to be error free. Similarly, we assumed CSI-RS is transmitted for every 5 slots. Simulations are run for a UE with different SNRs and the wireless channel assumed is TDL-A channel. The velocity of the mobile is assumed to be 3 Kmph.  

Table 2 Link Level simulation assumptions
	Parameter
	Value

	Carrier frequency for evaluation
	2GHz

	Slot length
	1 msec

	Channel model
	TDL-A as in 38.901

	UE speed
	3 km/h

	BS TX antenna configuration
	4 TX ports

	UE RX antenna configuration
	4 RX ports 

	System bandwidth
	10 MHz, with 10 RBs are scheduled for transmission

	Sub-carrier spacing
	15 kHz

	Number of UEs
	1 UE 

	Channel estimation
	Practical

	Receiver type
	MMSE

	DMRS configuration
	Type 1 with single symbol front loaded

	CSI-RS configuration
	CDM in frequency

	CQI/MCS
	Link adaptation with QPSK, 16 QAM and 64 QAM

	CSI Reporting period
	5msec

	CSI-RS periodicity
	5 msec

	FEC
	LDPC code with 25 decoding iterations

	Precoding codebook
	NR Release 15



 
It can be observed from Figure 6 that DMRS+CSI-RS based CSI estimation outperforms at all SINRs. This is because the UE is feeding back the accurate CSI at no additional overhead. 
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Figure 6 Spectral efficiency comparison between DMRS based CSI estimation and conventional CSI estimation

Note that in our simulations for Figure 6 we used 5 msec reporting period for both CSI-RS transmission and CSI reporting. However with this DMRS based technique, we can relax that constraint and the gains with higher reporting periods are significant.  Figures 7 and 8 shows the performance benefits with the proposed schemes when CSI-RS is transmitted every 10 msec and 20 msec, respectively.  It can bee observed that the gains  are more considerable for larger CSI transmission and reporting. We thus propose that RAN1 should study DMRS based CSI computation for fast CSI computation and reporting.

[image: ]
Figure 7 Spectral efficiency comparison between DMRS based CSI estimation and conventional CSI estimation with transmission and reporting period is set to 10 slots
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Figure 8 Spectral efficiency comparison between DMRS based CSI estimation and conventional CSI estimation with transmission and reporting period is set to 20 slots
Proposal 1:  RAN1 should study enhanced CSI estimation techniques using DMRS for fast CSI estimation and reporting as with very low BLER targets the accuracy of CSI is very low
Enhanced HARQ Reporting with DMRS based CSI estimation 
Main Principle
In Release 15, HARQ is conveyed using PUCCH format 0-4. Formats 0 and 1 can convey information up to 2 bits. However with DMRS based CSI estimation, we can envision that format 0 and 1 can support more than 2 bits. As an example, consider PUCCH format 0. Since only ZC sequences with different phase shifts (m_cs) are used to differentiate between HARQ possibilities, we propose that RAN1 should study enhanced HARQ mechanisms such that different sequences can indicate HARQ+CSI information.  For example let’s say the HARQ is combined with differential CQI (say WB) and let’s define the offset level as
Offset level (s) = CQI index computed using CSI-RS –CQI index computed using DM-RS
Then we can use the following table as an example to report both HARQ-ACK and differential CQI.
Note that with the proposed scheme the signalling overhead for reporting the CQI is zero, i.e. we are reusing the NR Release 15 framework to report HARQ. In the next section, we analyse the probability of misdetection due to the multiplexing of HARQ-ACK+CSI.

Table 3: Proposed Mapping of HARQ-ACK and CQI to offset level with DMRS based CSI estimation
	Sequence
	HARQ-ACK
	Offset level

	Sequence1 (m_cs= 0)
	ACK
	0

	Sequence2 (m_cs= 2 )
	ACK
	1

	Sequence3(m_cs=4)
	ACK
	≥ 2

	Sequence4(m_cs =1)
	ACK
	≤-1

	Sequence5(mcs= 5)
	NAK
	0

	Sequence6(m_cs =7)
	NAK
	1

	Sequence7(m_cs =9)
	NAK
	≥ 2

	Sequence8(m_cs=8)
	NAK
	≤-1



Simulation Results
To check the performance impact of using more sequences for sending CSI (say differential CQI), we did link simulations with PUCCH format 0.  As a performance metric we used probability of misdetection of HARQ-ACK i.e. the first entry in Table 3. At the receiver we used non coherent maximum likelihood detection.  The link simulation assumptions are shown in Table 4. It can be observed that with 4 and 8 sequences the impact of probability of misdetection is very minimal.
[image: ]
Figure 9  Probability of HARQ-ACK misdetection with 16 Receiver antennas


Table 4 Link simulations for HARQ-ACK performance
	Assumptions 
	Value 

	Carrier frequency
	2 GHz  

	System Bandwidth 
	10 MHz 

	Slot length 
	1 ms

	Subcarrier spacing 
	Single numerology case: 15KHz

	FFT size 
	1024 for 15KHz subcarrier spacing

	Channel model
	TDL-A, 3 Kmph

	Antenna  config.
	1T NR, where N is 4,16

	Channel estimation 
	MMSE 

	PUCCH Format
	0



Figure 10 shows the probability of misdetection with 4 receiver antennas. In this case too, we observed the performance impact is very minimal if we increase the number of sequences to 4 or 8.
[image: ]
Figure 10 Probability of HARQ-ACK misdetection with 4 Receiver antennas
Based on above observations, we recommend RAN1 to study techniques to multiplex HARQ-ACK with differential CQI for DMRS based CSI estimation. 
Proposal 2:  RAN1 should study mechanism to multiplex HARQ-ACK with CSI for DMRS based CSI estimation
Enhancements to Frequency Hopping for Slot and Mini slot based Transmissions 
Current NR specification supports frequency hopping for uplink transmissions when transform precoding is enabled. In our view, frequency hopping is very important as it provides diversity gain. Hence for Release 16, we would like to extend the frequency hopping mechanism even when transform precoding is not enabled, i.e. for CP-OFDM waveform.  
Enhanced Frequency Hopping mechanisms with more than 1 codeblock

For uplink data transmission using CP-OFDM, the codeword to layer mapping can be done similar to DL, i.e. the modulated symbols after the channel encoder and modulation mapper are mapped first to the subcarriers then OFDM symbols. However, if the layer mapping order is reversed, then gains can be achieved when transform precoding is enabled and when the number of code block levels are high when frequency hopping is enabled.  We would like to extend those ideas for CP-OFDM. Hence with frequency hopping the design options are
· Option 1: Subcarriers then OFDM symbols:    As shown in Figure 11, once the transport block is segmented say into 2 codeblocks, the codeblocks are mapped sequentially, i.e. the first code block is mapped to the first frequency hop and then the second code block. The problem with this technique is that the frequency hopping gains can’t be achieved as the whole code block is carried by one frequency hop.  


[image: ]
Figure 11 An example of RE mapping for Option 1

· Option 2: OFDM symbols then subcarriers: In this option, the codeblocks are first mapped in time domain first and then the mapped in the frequency domain as shown in Figure 12.  This option can get the benefit when frequency hopping is enabled, however, the receiver can’t decide until the decoding of all the OFDM symbols. 
[image: ]
Figure 12 An example of RE mapping for Option 2

· Option 3: Subcarriers then OFDM symbols with codeblock level hopping: In this option, the codeblocks’mapping order is similar to Option 1, however,  the modulated symbols that belong to a given codeblock are equally mapped between the two hops as shown in Figure 13. Hence in this scheme, the codeblocks can get frequency hopping gain. 

[image: ]
Figure 13 An example of RE mapping for Option 3

Simulation Results 

In this section, we provide our simulation results for analysing the benefits for these options. The link simulations assumptions are given in Table 5. In our simulations, we consider only option 1 and option 3.  
Table 5 Simulation assumptions
	Assumptions 
	Value 

	Carrier frequency
	4.0 GHz 

	Duplex 
	FDD

	System Bandwidth 
	20 MHz 

	Slot length 
	14 OFDM symbols

	Subcarrier spacing 
	15KHz

	Guard time interval
	4.7us 

	FFT size 
	2048

	Data transmission bandwidth 
	20 RB for 15 KHZ spacing 

	Antenna  configuration
	(1, 2)

	Number of codewords
	1

	Channel encoder
	LDPC

	MCS 
	16-QAM 3/4  , 64 QAM 1/2

	Control Overhead 
	Zero

	Channel estimation 
	Practical

	UE speed
	3Kmph, 120 Kmph

	Channel Model
	 TDL-A



Figure 14 shows the performance of the two options (option 1 and option 3) with 16 QAM modulation with code rate of ¾ and with 20 RB allocation with 3 kmph channel. Note that we define the spectral efficiency as 
Spectral efficiency = TBS*(1-BLER)/ (T*BW)
Where, TBS is the transport block size in bits, BLER is the block error rate, T is the time duration of one subframe, and BW is the actual bandwidth used for data transmission.   It can be observed from Figure 14 that option 3 is better compared to option 1. This is due to additional diversity due to frequency hopping for both the codeblocks in option 3.  Similarly, we observed the same phenomena for 64 QAM modulations with a code rate of ½ as shown in Figure 15. Note that in this case, the number of RB is equal to 20 , this implies two code blocks are transmitted. 
[image: ]
Figure 14 Spectral efficiency comparison with 20 PRB allocation with 16 QAM modulation

[image: ]
Figure 15 Spectral efficiency comparison with 20 PRB allocation with 64 QAM modulation

Figure 16-17 shows the performance with 20 RB allocation for 120 kmph channel as the frequency hopping gains are more significant at high Doppler frequencies. It can be observed that in this case too, option 3 is better compared to option 1.  The performance gap between option 1 and option 3 is significant at high Doppler. Hence in our view, when frequency hopping is enabled, the mapping should be according to Option 3 such that each codeblock can get the benefits of frequency hopping.
[image: ]
Figure 16 Spectral efficiency comparison with 20 PRB allocation with 16 QAM modulation with 120 Kmph
[image: ]
Figure 17 Spectral efficiency comparison with 20 PRB allocation with 64 QAM modulation with 120 Kmph

Proposal 3:  For both slot and mini slot based transmissions, when frequency hopping is enabled, the modulated symbols are first mapped to subcarriers in 1st hop, then to subcarriers in 2nd hop, and the mapping is repeated by starting from the subsequent OFDM symbol in the 1st hop.
PDDCH Enhancements
For PDSCH transmission, NR Release 15 provides two DCI formats format1-0 and format 1-1. However, in our view we need to revisit the contents for NR-URLLC applications. For example many entries are not applicable for URLLC or we can optimize the number of bits for compact DCI design. In this section, we focus on the redundancy version indication in downlink control channel for URLLC. 
Indication of redundancy version in DCI
In section 7.3.1.2 of TS 38.212, it is mentioned that each transport block

For transport block 1: 
-	Modulation and coding scheme – 5 bits
-	New data indicator – 1 bit
-	Redundancy version – 2 bits as defined in Table 7.3.1.1.1-2
For transport block 2 (only present if Number-MCS-HARQ-DL-DCI equals 2): 
-	Modulation and coding scheme – 5 bits as defined in Subclause x.x of [6, TS38.214]
-	New data indicator – 1 bit
-	Redundancy version – 2 bits as defined in Table 7.3.1.1.1-2
That is the signaling overhead for the redundancy version is 2 bits per each transport block. Note that the RV indication in the DCI structure is taken from the legacy LTE/HSPA DCI structure.  However, we would like to mention that subblock interleaving and rate matching procedure are different for LDPC and turbo codes. For LDPC codes the starting position of each redundancy version is indicated in Table 6, and also shown as circular buffer in Figure 18.

Table 6: Starting position of different redundancy versions, 
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Figure 18 Redundancy versions using circular buffer


In NR, for each transmission, the network needs to inform to the UE which redundancy version it is currently scheduling.  From simulations, we observed that the only few redundancy versions (RV0 and RV3) are self-decodable for all code rates.  From network perspective, we observed that first transmission always uses RV0, since the systematic bits are sent in RV0 and it is beneficial to send RV0 in the first transmission. However, if we send RV0 in initial transmission irrespective of the deployment or the UE channel characteristics, we feel that there is no need to indicate RV0 in the first transmission (new transmission).  
For the  first transmission, the network can use the following structure to indicate RV0.
Thefirst transmission is indicated using a bit called New Data Indicator (NDI) for each TB. This implies that for the first transmission, without indicating RV explicitly, we can use NDI bit so that UE knows that this is first transmission and use RV0 for this transmission.  i.e. whenever the NDI bit is toggled from previous successful transmission, it implies that RV0 is being used for the transmission. Hence we can save 2 bits for each TB for the first transmission.


           DCI without RV for each TB, NDI=1 indicate RV0



Figure 19 Downlink control channel structure for the first transmission
For all the other (re) transmissions, conventional downlink structure as shown in Figure 20 is reused to indicate the RV, i.e. same structure as that of TS 38.212


Part 2
RV
Part 1	



Figure 20 Downlink control channel for re transmissions. 

In another technique, we can use joint encoding of NDI and RV as below. That is instead of using separate fields for RV and NDI for each TB, the bits are jointly encoded as shown in Table 7. In this case we can save 1 bit overhead for each TB in the DCI.

Table 7: Joint encoding of NDI and RV for DCI
	Joint Indication
	RV
	NDI

	00
	RV0
	1

	01
	RV1
	0

	10
	RV2
	0

	11
	RV3
	0




In another technique the network uses RV0 for every transmission i.e. HARQ-Chase combining, then the network can use a single bit to indicate this rather than using 2 bit to indicate RV.  i.e. introduce a new bit to differentiate  HARQ-CC or HARQ-IR. If that bit is set to 0 (HARQ-CC) means, RV0 is used for the current transmission, however when that bit is set to 1 (HARQ-IR), then additional 2 bits are used for each TB to indicate the RV for the current transmission. Hence for CC, only 1 bit is used, while for IR, 3 bits are used to indicate RV.  Hence we propose

Proposal 4: For NR-URLLC, to reduce the DCI payload, for the first transmission, RV is implicitly indicated as part of NDI

Proposal 5: Joint encoding of NDI and RV is used to reduce the DCI payload for NR-URLLC

Proposal 6: Adaptive payload structure should be used for indicating RV for NR-URLLC

Indication of redundancy version using RRC

As explained in above section, for URLLC applications, we can save 2 bits for each TB if we can avoid the RV indication.  Since the reliability of URLLC is high say 1% or 0.1%. In these cases, the probability of packet pass is very high. Hence most of the packets pass in the first attempt itself. In these cases, indicating RV0 in the first transmission does not carry any new information to the UE. In addition, we believe that for URLLC applications, retransmitting RV0 does not penalize the performance compared to re transmitting RV1, RV2 or RV3. Hence we propose that the network can indicate RV 0 for all transmissions or multiple RV states through RRC signaling. By doing this, we can save 2 bits in each transmission for majority of the UEs. The method provides flexibility to the network vendor if the network believes HARQ-IR provides gains for a particular UE, they can enable multi state RV such that the gains can be obtained with 2 bit overhead for indicating RV. 
Hence we propose

Proposal 7: Indication of single state RV0 (HARQ-CC) or multiple state RV (HARQ-IR, RV0, 1, 2, 3) is done using RRC signaling to reduce the payload of DCI 

[bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]Conclusions
In this contribution we described our views on Physical layer enhancements for NR URLLC.
[bookmark: _Ref450342757]Based on our observations, we have the following proposal:
Proposal 1:  RAN1 should study enhanced CSI estimation techniques using DMRS for fast CSI estimation and reporting as with very low BLER targets the accuracy of CSI is very low

Proposal 2:  RAN1 should study mechanism to multiplex HARQ-ACK with CSI for DMRS based CSI estimation

Proposal 3:  For both slot and mini slot based transmissions, when frequency hopping is enabled the modulated symbols are first mapped to subcarriers in 1st hop, then subcarriers in 2nd hop, repeat the mapping by starting from the subsequent OFDM symbol in the 1st hop.
Proposal 4: For NR-URLLC, to reduce the DCI payload, for the first transmission, RV is indicated using implicitly indication as part of NDI

Proposal 5: Joint encoding of NDI and RV is used to reduce the DCI payload for NR-URLLC

Proposal 6: Adaptive payload structure should be used for indicating RV for NR-URLLC

Proposal 7: Indication of single state RV0 (HARQ-CC) or multiple state RV (HARQ-IR, RV0,1, 2,3) is done using RRC signaling for reducing the payload of DCI 
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