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[bookmark: _Ref465963108]Introduction
 In RAN plenary #86, the work item on Enhanced Industrial Internet of Things (IIOT) and URLLC Support was agreed [1]. One of the main objectives of the work item is to 
“Study, identify and specify if needed, required Physical Layer feedback enhancements for meeting URLLC requirements covering 
· UE feedback enhancements for HARQ-ACK [RAN1]
· CSI feedback enhancements to allow for more accurate MCS selection [RAN1]
Note: DMRS-based CSI feedback is not in scope of this WI”
  
In this contribution, the enhancement of CSI for IOT and URLLC is discussed. 
[bookmark: _Ref525738522][bookmark: _Ref471731770][bookmark: _Ref462669569]Case 1: Channel/interference measurement for new CSI reporting
[bookmark: _Hlk68518008][bookmark: _Hlk68602299][bookmark: _Hlk68252870]Increase granularity of subband CQI 
In RAN-P 92e, it was agreed that for case 1, RAN1 should focus on study increasing granularity of subband CQI. There are two options to increase the granularity of subband CQI, which are applying either 3-bits differential subband CQI or 4-bits CQI. Given that in Rel-15/16 the subband CQI report is based on 2-bits differential CQI, it is a natural extension to expand 2-bits differential to 3-bits differential for subband CQI report in Rel-17. 
[bookmark: _Hlk78879601]Proposal 1: Support 3-bits differential subband CQI in Rel-17. FFS 3-bits quantization table for the differential subband CQI. 
Case 2: CSI feedback measurement based on PDSCH  
Instantaneous CQI feedback based on PDSCH decoding  
In order to achieve the 1e-5 BLER, traditional link adaptation schemes based on outer loop + CSI feedback do not seem to meet the reliability requirement, because they cannot track the channel fading and interference fast enough to meet the 1e-5 residual BLER target. In a conventional link adaptation scheme, targeting e.g., 10% error rate, we can have the following, as an example,

with  
where  is the SNR derived based on the previous reported CQI by the UE, and  is the SNR outer loop driving by HARQ-ACK feedback.  in case feedback is ACK;  in case feedback is NACK. =0 in case of feedback is ACK;  in case of feedback is NACK. Finally,  is the step size.
The problem of the traditional outer loop is that the outer loop is driven by HARQ-ACK feedback with a certain step size and it is not agile enough to catch up with channel/interference variation, unless with a huge step size. When channel gets into a sudden deep fading, as shown in the following left subfigure of Figure 1, around slot 7690, the outer loop needs a few consecutive NACKs to push down the  to catch up with the channel fading. With a few NACKs, the URLLC 1e-5 BLER requirement is already violated. 
There are following a few potential solutions to resolve this issue. 
· Boosting Tx power/operating SNR 
· Unfortunately, boosting the Tx power/operating SNR does not seem to work. On the contrary, boosting SNR can make things even worse. As shown in the following right subfigure of Figure 1, residual BLER actually increases with SNR. This is a little counter intuitive, but it can be justified as following. Boosting SNR actually pushed the  to its cap value. When channel falls into a deep fading state, it needs more NACKs to push down the outer loop. 
· Increase step size in outer loop
· This can help but cannot fully solve the problem. Unless NACK step size is set to 9999 times of ACK step size, relying on larger step size in outer loop cannot guarantee 1e-5 BLER.  However, setting step size of NACK 9999 times of ACK is effectively setting MCS to MCS 0 all the time, regardless of the channel conditions. This is a conservative approach at the base station , but it is not an efficient way to support URLLC service and the required number of allocated resourced (or power) will increase significantly. 
· UE provides fast instantaneous MCS/CQI feedback 
· If the UE can feedback instantaneous CQI in every slot, then base station can react to the channel deep fading immediately and lower the MCS of ReTx  to the correct MCS based on the instantaneous CQI feedback, to guarantee the residual BLER <= 1e-5 for ReTx . 
In summary, based on the above analysis and simulation results, UE providing fast instantaneous MCS/CQI feedback is the most appealing solution for link adaptation for URLLC. Therefore, we make the following observations: 
Observation 1: URLLC link adaptation needs fast and instantaneous MCS/CQI feedback (ideally per slot/sub-slot) to achieve the target 1e-5 residual BLER. 

[bookmark: _Ref71648790]Figure 1: Conventional outer-loop based link adaptation performance
There are in general three approaches for UE to provide fast instantaneous MCS/CQI report
· Approach 1: base station configures very dense CSI-RS (ideally every slot/sub-slot) and ask UE to report CQI very frequently (ideally every slot/sub-slot) to do link adaption. 
· Approach 2: UE feedback MCS/CQI information based on PDSCH decoding. 
· Approach 3: base station configures very dense SRS to facilitate fast link adaptation. 

First of all, approach 3 requires heavy SRS on UL which increase UL RS overhead significantly. Secondly, in TDD, due to U/D pattern, SRS transmission in every slot is not feasible in practice. Therefore, approach 3 is the least attractive approach. Comparing approach 1 and approach 2, the UL feedback overhead is almost the same. But approach 1 requires very dense CSI-RS resource configuration on DL, which imposes intensive overhead on DL. Approach 2 can generate MCS/CQI based on PDSCH decoding information such as averaged post MMSE SNR on data tones and/or LLRs, which does not need very dense CSI-RS to measure the channel. Another advantage of approach 2 is the availability to achieve fast and instantaneous CQI feedback, because the LLRs and/or post MMSE SNR values are already available from PDSCH decoding. UE just need to derive a MCS/CQI value from them, which should be relatively simple. On the other hand, feedback CQI based on CSI-RS requires additional channel estimation based on CSI-RS, which may delay the CSI report timeline and increase UE implementation complexity. 
Observation 2: PDSCH decoding based instantaneous MCS/CQI feedback is an appealing approach to achieve 1e-5 BLER. 

[bookmark: _Ref47535221]Figure 2: An example of using 1 ReTx to meet 1ms URLLC latency requirement
Following the above observations, we illustrate a scheme which provides instantaneous fast MCS/ feedback based on PDCCH decoding. The scheme aims to achieve 1e-5 BLER within 2 transmissions, i.e., 1st transmission and retransmission. A timeline analysis illustrated in Figure 2 demonstrates that 2 transmissions can be fit into the URLLC delay requirement of 1 ms in FR1 with 30K SCS. In FR2, given larger SCS and shorter OFDM symbols duration, meeting the 1ms latency requirement should not be an issue neither.  
With this scheme, as illustrated in Figure 3, in the first Tx, the base station tries to achieve the 10% BLER based on the conventional link adaptation outer-loop. Together with the HARQ-ACK feedback, The UE feeds back some additional information, such as CQI, new precoder, preferred transmission rank, based on PDSCH decoding. For the simplicity of the discussion, in the following, we assume UE only feedback instantaneous CQI/MCS to help base station to pick the appropriate MCS for the ReTx to achieve 1e-4 BLER. Combining the two transmissions, 1e-5 BLER can be achieved.  
[image: ]
[bookmark: _Ref47726135]Figure 3: A scheme to provide instantaneous CQI/MCS feedback
In this scheme, by UE implementation, the UE could utilize the information from post MMSE SINR on the 1st transmission PDSCH symbols, LLRs of PDSCH decoding, or other means, to derive the SINR the UE observes on PDSCH decoding. UE then converts the derived SINR to the corresponding spectral-efficiency (SPEF) value which will be quantized into a CQI and reported to the base station. The base station will use this instantaneous CQI to reconfigure the retransmission, given fixed TBS, through boosting the number of allocated resources and/or lower the modulation order. 
As mentioned before, comparing to the new scheme, base station can try to achieve 1e-5 via super conservative link adaptation. For example, for the ReTx, base station can apply a very aggressive SNR backoff blindly and expecting that can reach 1e-4 BLER for the 2nd transmission. In other words, without instantaneous CQI feedback, after base station obtains the  based on an outdated CQI feedback plus an offset from the outer-loop, base station can backoff the  by 30 dB for example and use the backed off SNR to determine RB allocation and modulation order for the retransmission. We refer this approach as “conventional approach with SNR back-off”. As expected, this conventional approach with SNR back-off might able to achieve 1e-4 BLER for the 2nd transmission at the cost of wasting RB and base station transmission power. Furthermore, it is observed later in simulation, even with 22 dB backoff, this approach may not be able to guarantee 1e-4 BLER in the 2nd transmission (effectively 1e-5 residual BLER) at all operating SNRs. 
On the other hand, in the new scheme, since UE feeds back instantaneous CQI, base station can boost the RB allocation for ReTx in an appropriate amount such that the 1e-4 BLER in ReTx (effectively 1e-5 residual BLER) can be achieve without over-boosting the resource usage.  
The benefits of this new scheme can be summarized as following: 
· The new scheme is robust to channel variation, bursty interference, and inaccurate outer-loop, because UE feeds back instantaneous CQI information for the retransmission
· The new scheme achieves the 1e-5 residual BLER with efficient resource utilization

In the following, a set of simulation results are provided to compare the performance between the conventional scheme and the new scheme. In conventional scheme, SRS is transmitted every 5 slot to provide SNR estimation at base station to obtain effectively .  is obtained by  with  driven by HARQ-ACK feedback. For the 1st transmission,  is used to determine the MCS. Both conventional scheme and the new scheme follow the same above procedure for 1st transmission. 
The different between the new scheme and conventional scheme is in retransmission after base station received a NACK, 
· The conventional scheme applies a SNR backoff value, e.g., 20dB, on . Then use the backed off SNR to determine RB allocation and modulation order for retransmission of the TB.
· The new scheme uses the feedback instantaneous CQI to derive a , then utilizes  to determine RB allocation and modulation order for retransmission of the TB
 
Other simulation assumptions are captured in the following table.
Table 1: Simulation assumptions for comparison between the new and conventional scheme
	Parameter
	Value

	TBS
	256 bits (32 bytes)

	Channel
	TDL-C

	Channel Doppler
	11 Hz

	Channel Delay Spread
	300 ns

	#PDSCH Symbols
	9 (symbs 3 to 11)

	#DMRS Symbols 
	2 (symbs 3 and 11)

	BW/SCS
	100 MHz/30 kHz

	SRS periodicity 
	5 Slots



In the simulations, we simulated two scenarios. Scenario 1 is without bursty interference from other cell/UEs. Scenario 2 is with bursty interference from other cell/UEs. We assume burst interference with periodicity 14 slots and duration 4 slots. The interference to noise ratio is assumed 10dB in the simulations.
The performance comparison between conventional and new scheme are captured in Figure 4 and Figure 5, for interference free scenario.   
In Figure 4, we show BLER performance of the new scheme vs. the conventional scheme.  For the conventional scheme, we simulated it with backoff values of 15dB, 18dB, 20dB, and 22dB. It is observed that even with 22dB SNR backoff, the conventional scheme cannot achieve the target 1e-5 BLER at all the operating SNRs. On the other hand, with the new scheme, without the need for a backoff, can achieve the target 1e-5 BLER. Actually, in the whole simulation, with the new scheme, the residual BLER is zero across all simulated operating SNRs.
In Figure 5, we show that the number of RBs used for retransmission for the new scheme vs the conventional scheme. It can be observed that the new scheme uses much smaller number of RBs than the conventional scheme. The reason is the conventional scheme blindly backoff the SNR which is too conservative at most of the time. In other words, conventional scheme always over-dimension RBs for retransmission in most of the time. In Figure 5,  focusing on 0 dB as example, the new scheme, with achieving the target residual BLER, uses ~8 RBs in the second transmission while the smallest backoff in the conventional scheme to achieve the 1e-5 target residual BLER is 15 dB which uses 24 RBs, i.e., triple number of RBs.
In summary, conventional scheme may not able to guarantee 1e-5 target residual BLER at all operating SNR. Even at the operating SNR while it can achieve target BLER, the conventional scheme uses much more RBs than the new scheme. 
[image: ]
[bookmark: _Ref47606928]Figure 4: BLER vs. SNR in an interference free scenario
[image: ]
[bookmark: _Ref47606941]Figure 5: Average #RB vs. SNR in an interference free scenario
The performance comparison between conventional and new scheme are captured in Figure 6 and Figure 7, for scenarios with bursty interference.    
Similar conclusions as in the no-interference scenario are drawn here. First of all, conventional scheme may not be able to guarantee 1e-5 target residual BLER at all operating SNR. Even at the operating SNR while it can achieve target BLER, the conventional scheme uses much more RBs than the new scheme. For example, at 0 dB input SNR, the new scheme achieves the target residual BLER with almost 28 RBs while the conventional uses 45 RBs, with using the 18dB backoff to achieve the target residual BLER. At 15 dB operating SNR, the conventional scheme cannot even achieve 1e-3 BLER although it uses 1 RB allocation, which seems less than the new scheme. But the new scheme, can achieve the target residual BLER, with average RB allocation of 3.8 RBs, which is acceptable if we look at the absolute number of RBs rather than the relative number comparing to conventional approach. 
[image: ]
[bookmark: _Ref47609004]Figure 6: BLER vs. SNR in a scenario of busty interference
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[bookmark: _Ref47609018]Figure 7: Average #RB vs. SNR in a scenario of busty interference
A set of system level simulations are also performed to verify the performance of the scheme. The system simulations are based on the assumptions for eMBB and URLLC UEs sharing the same carrier is used (as in A2.5 of TR 38.824). Particularly, the key simulation assumptions are listed as following
· 21 cells, UMa layout
· 4GHz band, 40 MHz channel bandwidth, 
· 2 symbol mini-slots based scheduling for URLLC
· 20% indoor UEs, 80% outdoor UE
· UE speed of 3km/hour
· Antenna configuration as listed in 38.824:
· gNB: 16 TXRU, (M, N, P, Mg, Ng) = (8, 8, 2, 1, 1) 
· UE: 4 Rx, (M, N, P, Mg, Ng) = (1, 2, 2, 1, 1)
· 20/60/100 URLLC UEs with packet size of 32 byte, arrival rate of 100 pct/s, latency requirement of 1ms
· 60 eMBB UEs with traffic following FTP model 3, 100K byte packet, with arrival rate of 25 pct/s

The simulation results are summarized in the table below.
	
	
	Percentage of UEs satisfying BLER reliability requirements
	# RBs used for URLLC UEs 2nd Tx (reTx)
	Percentage of resource saving for 2nd Tx for URLLC UEs

	20 URLLC UEs 
	with instantaneous/fast CQI feedback
	100%
	930
	35.6%

	
	Without instantaneous/fast CQI feedback
	100%
	1445
	

	60 URLLC UEs 
	with instantaneous/fast CQI feedback
	100%
	3471
	33.9%

	
	Without instantaneous/fast CQI feedback
	100%
	5255
	

	100 URLLC UEs 
	with instantaneous/fast CQI feedback
	100%
	5878
	22.4%

	
	Without instantaneous/fast CQI feedback
	100%
	7545
	



In summary, we can make the following observations based on the simulation results. 
Observation 3: PDSCH based instantaneous MCS/CQI feedback can maintain link adaptation to achieve URLLC BLER requirement with efficient RB usage. 
Based on the above discussion, we make the following proposal. 
The details of the implementation of the instantaneous CQI/MCS feedback can be further discussed. For example, UE could simply extend the 1-bit HARQ-ACK feedback per TB to 2 bits HARQ-ACK per TB. The two bits feedback can indicate one of the following 4 hypotheses, where the second and third hypotheses are nothing but the legacy 1-bit HARQ-ACK feedback. The delta MCS step size X and Y can be configured by network. 
· [bookmark: _Hlk68083828]ACK with delta MCS +X (w.r.t. MCS of current PDSCH TB)
· ACK with delta MCS +0 (w.r.t. MCS of current PDSCH TB)
· NACK with delta MCS -0 (w.r.t. MCS of current PDSCH TB)
· NACK with delta MCS -Y (w.r.t MCS of current PDSCB TB)

Proposal 2: Support enhanced HARQ-ACK feedback including delta MCS based on PDSCH decoding. How to derive delta MCS is up to UE implementation. 
Proposal 3: Support delta MCS feedback based on decoding of a PDSCH TB with 2 bits feedback one of the following codepoints. 
· Code point 11 represents: ACK with delta MCS +X (w.r.t. MCS of current PDSCH TB)
· Code point 10 represents: ACK with delta MCS +0 (w.r.t. MCS of current PDSCH TB)
· Code point 01 represents: NACK with delta MCS -0 (w.r.t. MCS of current PDSCH TB)
· Code point 00 represents: NACK with delta MCS -Y (w.r.t MCS of current PDSCB TB)
FFS: details on the signaling/determination of X and Y. 
How to derive delta MCS/CQI feedback based on PDSCH  
In general, how to derive the instantaneous CQI/MCS feedback, such as the above delta MCS, is up to UE implementation. One possible methodology is to implement it as follows. We found that, at a given LDPC decoder iteration, there is a one-to-one monotonic mapping between number of failed parity checks and SNR. On high level, with higher SNR, the number of failed parity checks with the LDPC code is less, as shown in Figure 8. Of course, if the number of failed parity checks is zero, the coding pass. Apparently, with more iterations, the number of unsatisfied parity checks should decrease.  
Due to the above observation, a UE can pick any reference number of iterations, say iteration 2 (or any other reference iteration which is up to UE implementation), calculate the ratio of failed parity checks over the total number of parity checks associated the LDPC code, then use the following example figure, find curve for the corresponding MCS, use the curve to map the ratio of failed parity checks over total parity checks to the operating SNR. After UE figures out the SNR, it can do the regular operation to map the SNR to an MCS/CQI, or delta MCS/CQI, which is a nominal operation existing already in today’s UE CSI feedback. 
[bookmark: _Hlk68630058]One benefit of the above approach is that it yields good SNR estimate both in case of Ack (PDSCH correctly decoded) and Nack (PDSCH not correctly decoded after N iterations). For comparison, some schemes (e.g., based on # iterations) may only work when the PDSCH is successively decoded.   
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[bookmark: _Ref68627891]Figure 8: Ratio of failed parity checks over total parity checks at different SNR 
Based on the above analysis, we have the following observation. 
Observation 3: Delta MCS can be derived by UE implementation based on the ratio of failed parity checks in LDPC decoding. 
RAN4 testability of instantaneous CQI/MCS feedback based on PDSCH  
The following RAN4 test can be conducted to test the scheme of instantaneous CQI/MCS feedback based on PDSCH decoding. 
· Throughput test: The ratio of the throughput obtained when transmitting the transport format indicated by each reported instantaneous (delta) MCS and that obtained when transmitting a fixed transport format shall be ≥ γ1, where γ1 is determined by RAN4;
· BLER test: The ratio of BLER of retransmitted TBs obtained when retransmitting the transport format indicated by each reported instantaneous (delta) MCS and that obtained when retransmitting a fixed transport format shall be  γ2, where γ2 is determined by RAN4. 
[bookmark: _Ref463027406][bookmark: _Ref465963195][bookmark: _Ref466040522][bookmark: _Ref378529477][bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168][bookmark: _Ref525738606][bookmark: _Ref7626308][bookmark: _Ref21100018]Conclusions
In summary, we have the following observations for CSI feedback enhancement for Rel-17 IOT and URLLC. 
Observation 1: URLLC link adaptation needs fast and instantaneous MCS/CQI feedback (ideally per slot/sub-slot) to achieve the target 1e-5 residual BLER. 
Observation 2: PDSCH decoding based instantaneous MCS/CQI feedback is an appealing approach to achieve 1e-5 BLER. 
Observation 3: Delta MCS can be derived by UE implementation based on the ratio of failed parity checks in LDPC decoding. 
[bookmark: _Hlk71574592]We have the following proposals for CSI feedback enhancement for Rel-17 IOT and URLLC. 


Proposal 1: Support 3-bits differential subband CQI in Rel-17. FFS 3-bits quantization table for the differential subband CQI. 
Proposal 2: Support enhanced HARQ-ACK feedback including delta MCS based on PDSCH decoding. How to derive delta MCS is up to UE implementation. 
Proposal 3: Support delta MCS feedback based on decoding of a PDSCH TB with 2 bits feedback one of the following codepoints. 
· Code point 11 represents: ACK with delta MCS +X (w.r.t. MCS of current PDSCH TB)
· Code point 10 represents: ACK with delta MCS +0 (w.r.t. MCS of current PDSCH TB)
· Code point 01 represents: NACK with delta MCS -0 (w.r.t. MCS of current PDSCH TB)
· Code point 00 represents: NACK with delta MCS -Y (w.r.t MCS of current PDSCB TB)
FFS: details on the signaling/determination of X and Y.  
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