
Page 1

[bookmark: _Hlk32525465][bookmark: _Ref462675860]3GPP TSG RAN WG1 #103-e			R1- 2009258
e-Meeting, October 26th – November 13th, 2020
[bookmark: Source]Agenda item:	8.3.1.2
Source: 	Qualcomm Incorporated
Title: 	CSI enhancement for IOT and URLLC
[bookmark: DocumentFor]Document for:	Discussion/Decision
[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]New triggering method for A-CSI and/or SRS
UE request for RS transmissions
In R15/16, when SPS PDSCH decoding fails, the base station may have to trigger CSI-RS or SRS to identify a better CC, sub-band, or beam, to improve the reliability of retransmission. However, the dynamically triggered RS may not fit into the timeline if the latency requirement for successful delivery is stringent, e.g. 1 or 2ms. To reduce the RS triggering latency, the RS resource can be pre-configured and activated by the SPS NACK. For example, if UE transmits a SPS NACK in slot # 0, the UE will also transmit SRS in pre-configured resources across sub-bands, CCs, or beams in slot # 1. In this way, the latency for base station to transmit DCI triggering the SRS after receiving the SPS NACK can be saved. This saving can be critical in case of tight latency requirement, e.g. 1 or 2ms. The same principle can be applied for both SRS and CSI-RS. In case of CSI-RS, the gain in latency comes from the immediate CSI RS transmission -upon NACK reception at the gNB-without DCI activating these CSI-RS resources. Additional latency reduction is achieved from the automatic CSI measurement report on a preconfigured PUCCH, which (CSI report) does not require DCI for uplink allocation.  
Figure 1 illustrates an example of automatic A-CSI-RS transmission upon NACK. In the example of Figure 1, multiple component carriers (CCs) are activated, and a number of CSI-RS resources are pre-configured upon RRC connection. Upon NACK reception at gNB, the gNB transmits CSI-RS on the preconfigured A-CSI-RS resources in different component carriers. UE reports CSI measurements on a preconfigured PUCCH resource. Scheduling decision on the subband, beam and component carrier to be granted for retransmission is based on these CSI reports. Note: In the example of Figure 1, multi-carrier transmission is illustrated for the sake of completeness, however the scheme is applicable in single carrier case transmission as well. In addition, the preconfigured CSI-RS can be NZP or ZP CSI-RS.
The benefit of the proposal is that a bunch of dense CSI-RS can be measured when needed, i.e. when the right choice of resources for retransmission has to be made. Theoretically, the network can configure periodic CSI RS with very low periodicity, i.e. up to 4 slots [2]. However, this option requires a significant amount of resources and it provides limited benefit, considering that the service is URLLC, hence errors are anticipated to be very few and the packets to be transmitted are in the order of few dozens of bytes.



[bookmark: _Ref54264932]Figure 1: Example of A-CSI-RS transmission of preconfigured CSI-RS upon NACK.  
Similar example as the one of Figure 1 can be considered for the automatic SRS transmission.
Proposal 1: Study NACK triggered SRS/CSI-RS transmission on preconfigured RS resources.  
In additional to NACK triggered SRS/CSI-RS, in some cases, there is motivation to trigger SRS/CSI-RS even with ACK. For example, even upon successful PDSCH decoding, but with a low margin to the minimum required SINR, based on the LLR measurement, for example, UE can automatically trigger SRS. The triggered SRS can help base station to adjust the link adaption outer loop to use more accurate MCS for future PDSCH transmission, and also to update the precoder to match with the fresher channel measurements. The triggering of SRS can be indicated by one additional bit appended to the end of the HARQ-ACK codebook. 
Proposal 2: Study UE triggered SRS/CSI-RS transmission on preconfigured RS resources. One additional bit can be appended in HARQ-ACK codebook to indicate preconfigured RS is triggered or not.  
UE request for CSI measurement
In FR2, the UE may autonomously update its Rx beam. This can happen due to UE movement or rotation. For example, UE can measure PDSCH DMRS simultaneously by different beams on different panels, and autonomously update its Rx beam corresponding to the given base station Tx beam for the PDSCH transmission. However, the CSI information for the new Tx-Rx beam pair should be updated accordingly, including CQI, PMI, RI, since the channel matrix is likely to be different from that for the previous Tx-Rx beam pair. Therefore, it would be beneficial for UE to request CSI measurement to update CSI for the new beam pair, or to request base station Tx beam repetition to further refine corresponding UE Rx beam via Rx beam sweep. The CSI measurement request can be sent either via existing SR mechanism or piggybacked on A/N feedback.
[bookmark: _Hlk47724085]Proposal 3: Support UE request for CSI measurement to update CSI for a new Tx-Rx beam pair.
· The request can be triggered due to UE autonomous update its Rx beam.
Case 1: Channel/interference measurement for new CSI reporting
[bookmark: _Hlk53935815]Report CSI expiration time 
In a wireless system supporting URLLC services, due to fast change of channel status and interference (especially interference), CSI reports aging is a big issue which needs to be solved to preserve the quality of URLLC services. On high level, there are two approaches to resolve the CSI aging issue. 
One approach combats with the CSI aging by predicting the future channel status and interference level by explore the autocorrelation of pass measured channel and interference, with the assumption that the channel and interference are (approximately) stationary random process, where the stationarity at least holds in a period of time. The details of this approach are given in Section 3.2. 
Another approach does not battle with CSI aging. Instead, this approach admits that the CSI is aging very fast and live with it. However, in this approach, a UE inform the base station an expiration time associated with each CSI report. Upon receiving a CSI with its expiration time indicated, a reasonable base station can utilize the CSI report until it is expired, as illustrated in Figure 2. If there is no updated CSI reports received before the most recent CSI expires, a reasonable base station should use default conservative transmission method to guarantee reliability, such as use smallest MCS, max Tx power, apply Tx antenna diversity, etc.  
It should be further studied on how to measure CSI expiration time. On high level, CSI expiration time can be based on back-to-back CSI measurement. UE can derive the time domain auto-correlation of the multiple back-to-back CSI measure and calculate the CSI expiration time, based on the auto-correlation level configured by base station, as illustrated by Figure 3. For example, if base station prefers to play conservative, base station can set higher auto-correlation requirement so UE will report shorter expiration time with a CSI report. On the other hand, if base station is more confident, base station can set smaller auto-correlation requirement so UE will report longer expiration time with a CSI report.
One might argue that base station can figure out the CSI expiration time by explore the history of CSI reports without UE explicit report the expiration time. This might be true for eMBB services. But it is not true for URLLC service. One should notice that at a system operating at frequencies below 6GHz and consisted of users carrying URLLC traffic, interference is normally the major contributor to CSI aging. In many URLLC services, it is reasonable to assume the channel is relatively stable while the interference varies much faster than channel. To derive CSI expiration time, one must know the interference variation. With today’s CSI framework, only UE have the full knowledge of interference measurement, while base station does have access to the full knowledge interference variations. Base station might be able to infer partial knowledge of interference. But it still does not see all the interference information such as Rnn matrix. Therefore, it is more appropriate to let UE derive and report the expiration time, while base station can set up the performance requirement such as correlation level. Another reason base station can not estimate CSI expiration time correctly is that base station can only sample the CSI from time to time (either periodically or periodically). Base station does not know what the correct sampling rate is, i.e., The Nyquist sampling rate. It is UE who can see the unsampled CSI and derive the correct expiration time for CSI. Actually, one way to utilize the CSI expiration time at base station is to set the periodic or aperiodic CSI feedback time based on the CSI expiration time report from UE. 
Proposal 4: Support UE report a CSI expiration time to base station.
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[bookmark: _Ref53935702]Figure 2: An example of A-CSI report with expiration time included
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[bookmark: _Ref53936641]Figure 3: An example of CSI expiration derivation based on correlation
[bookmark: _Ref54123271]Report Interference statistics 
Interference time-domain correlation feedback
In URLLC scenario, the interference may change much faster and more dynamically than channel.  Hence, there is a need to model the interference process across time and leverage the interference potential characteristics to adjust the base station transmission parameters during the PDSCH transmission. More specifically, feedback information of interference correlation over time can help base station to predict interference in the future, which can help base station to do link adaptation and scheduling, as shown in Figure 4.  
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[bookmark: _Ref54368546]Figure 4: The concept of interference prediction
Assume interference process at time t is given by
                      
where  is a Bernoulli on/off random variable,  is a complex Gaussian Random variable,  can be modeled as a random variable with uniform distribution within  Hence,  is a Gaussian random process.
Assume  is piecewise stationary. In a stationary period, UE report  relying on some CSI-IM resources that are configured to be used at time t, base station attempts to derive the probability density function (PDF) of  given the measure interference at time t, i.e.,. With this derived conditional pdf, NW can derive SINR with certain confidence level, such as with 99% confidence, SINR is larger than X dB. This can help base station to do MCS selection and other link adaptation decision, as shown in Figure 5.
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[bookmark: _Ref54368673]Figure 5: interference prediction based on autocorrelation cross time
· In a stationary period, the  is a stationary Gaussian random process, the joint PDF function of  and  is a normal distribution PDF determined by  and R() where u is the mean, and  is the auto-correlation function. 
· UE feeds back the mean, , and the auto-correlation function 
· In summary, UE needs to feedback three information: 
· Feedback the mean of  , which is a constant in the stationarity period. 
· Feedback the time domain autocorrelation function  of 
· Feedback the which is the interference measured at time  
Proposal 5: Study the benefit of CSI report including interference measurement and interference statistics such as mean, time domain autocorrelation, and x-percentile of interference.
Predicted CSI report based on Interference and Channel Prediction
To further improve the reliability of URLLC, UE can rely on prediction techniques to predict the future CSI measurements (including CQIs, RIs, PMIs) from a current measurement. The UE has to predict the interference process at future times as well as its own channel with the serving cell. If the channel is slowly varying, the UE might just rely on interference prediction methods. The first is possible when the interference is stationary and piecewise Gaussian while the channel predication is possible due to the phase coherency between the downlink transmission. 
The main predication process can be summarized as follows:
· Base station configures multiple back-to-back CSI-IM resources for interference measurements
· Base station may configure CSI-RS for channel measurement
· UE uses those CSI-IM measurements to predict the interference at future instances  
· UE uses the CSI-RS resources to estimate the current channel and predict the channel at future time instances   
· UE uses both information to compute the CQI/RI/PMI at the prementioned time instances
[image: ]
Figure 6: concept of CSI prediction at UE 
Proposal 6: Study the benefit of UE reporting predicted CSI to base station.
Case 2: CSI feedback measurement based on PDSCH  
Soft-HARQ  
Typical packet error rate (PER) requirements for URLLC are in the order of 10-5 to 10-6, implying thus that packet errors are not expected to happen often. Considering the usual latency requirements for IIOT, i.e. 0.5 to 2 ms for motion control systems ([3]), it is understood that rare packet decoding failures have to be corrected quickly. The reason is that these latency requirements usually do not allow for more than 1 retransmission, in case of 1 ms cycle. Figure 7 shows an example for the time budget in case of 1 ms cycle with SCS equal to 120 kHz. The example in the figure shows that in the case of 14 symbols PDSCH slot and 1 symbol PUCCH (e.g. Format 0) there is time for only 1 retransmission. The same conclusion applies for shorter PDSCH slots, e.g. for a PDSCH mini-slot equal to 2 symbols. In the case of 0.5 msec cycle, there is no time for even a single retransmission, even in the case of 2 symbols PDSCH mini-slot. For the case of 2 msec cycle, the time budget allows for up to 3 retransmissions.
In this direction, sending additional to HARQ NACK information such as the reason for PDSCH decoding failure and suggested radio link adaptation action, as discussed in [4] will help the network to take quickly the appropriate radio link adaptation action. 
The UE has the means via a combination of measurements on CSI RS and DMRS to identify what was the reason for PDSCH decoding failure and the UE can transmit this PDSCH error cause to the base station. Eventually, the UE can suggest to the base station the appropriate radio link adaptation action; i.e,. in case of beam blocking, the UE can suggest another-non blocked-and already prepared beam for the retransmission. 
The reasons for PDSCH decoding failure (which can be detected by the UE) are:
· Beam blocking
· Other cell interference
· Frequency selective fading
· coverage hole


[bookmark: _Ref47546819] Figure 7: Time budget for 1 ms cycle, SPS with 14 symbols PDSCH, 1 symbol PDCCH, 20 symbols UE processing time and 3 slots (42 symbols) base station processing time; SCS 120 kHz.
In some cases though, in order to transmit this information on the PDSCH decoding failure reason, there is a need for PUCCH format and PUCCH resources which are different from the ones used for ACK. E.g. in case of PDSCH decoding failure due to beam blocking and if there is downlink-uplink beam reciprocity, very likely the uplink beam conveying HARQ feedback will be blocked as well. This problem can be avoided by the UE transmitting PUCCH NACK in a set of prepared (pre-configured) uplink beams.
In some other cases this information on the PDSCH decoding failure can be transmitted separately at a second stage, separately from the HARQ feedback. The UE can simply use a SR together with HARQ feedback and request for more uplink resources so as to transmit additional information on the PDSCH Decoding Failure reason.
Proposal 7: Study NACK triggered reporting of PDSCH decoding failure reason and recommended operations.
Instantaneous CSI 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 7, 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 7, 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. 

Figure 8: 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 9: 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 9 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 10, 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 10: 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 11 and Figure 12, for interference free scenario.   
In Figure 11, 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 12, 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 12,  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 11: BLER vs. SNR in an interference free scenario
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[bookmark: _Ref47606941]Figure 12: Average #RB vs. SNR in an interference free scenario
The performance comparison between conventional and new scheme are captured in Figure 13 and Figure 14, 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 13: BLER vs. SNR in a scenario of busty interference
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[bookmark: _Ref47609018]Figure 14: 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. 
Proposal 8: Support enhanced HARQ-ACK feedback including additional information (such as instantaneous CQI/MCS feedback) based on PDSCH decoding. 
Worst-Best Criteria for Subband CQI Report for URLLC 
In URLLC, and since the reliability requirement is very tight, base station can ask UE to report the worst CQIs among a plurality of CQI measurements performed across plurality of time/frequency resources. To reduce the overhead and ensure high downlink reliability, UE reports the CQI of few subbands across resources. base station configures UE with M CSI-RS resources across N different subbands. Then, UE can generate a total of M*N CQI values across the N subbands and M resources. Among those M*N values, the UE will select only M values to report. This M is selected based on the worst-CQI among the best CQI per subband across the M resources. That is, in step 1, UE selects the best CQI for each subband across all the M resources. At this point, the UE has N CQIs; one corresponding to each subband. Then, in step 2, the UE selects the worst K CQI values among those N values. The UE then reports those CQIs. The value of K<=M is RRC or MAC-CE configured by base station.

[image: ]
Figure 15: Selective sub-band CQI feedback
The motivation is that base station can rely on the worst-case CQI to be more conservative, not very conservative in a way that the configured MCS is not reasonable or related to the channel, but to be as conservative as the worst-case subband can still carry informative data.
Proposal 9: Support UE selectively reports a subset of measured sub-band CQIs based on a predetermine selection criteria. 
· The selection criteria can be firstly selecting the best CQI cross CSI-RS resources, followed by selecting the worst K CQIs cross sub-bands. 
CSI feedback for PDCCH
CSI feedback for PDCCH
Existing CSI/CQI/HARQ feedback methods in NR Rel-15 and Rel-16 focus on the data channel (i.e., the PDSCH). Indeed, in the current NR system, we have  
· CSI/CQI feedback based on CSI-RS measurement, targeting a particular BLER target on the data channel 
· HARQ-ACK feedback, which aims to indicate to the base station whether a PDSCH transmission is correctly received at the UE or not. 
As explained in our companion paper [2], the CSI/CQI can be used as an inner-loop performance indicator for the data channel in link adaptation, whereas the HARQ-ACK feedback is critical for the base station’s outer loop link adaptation algorithms. 
However, the reliability of communication in both uplink and downlink depends on the reliability of not only the data channel but also the downlink control channel (i.e., the PDCCH channel). Furthermore, there is no HARQ retransmission for the control channel. Therefore, the reliability of URLLC may be very sensitive to the control channel failure.  Yet, there is no mechanism in NR for the UE to feedback (direct) channel quality information about the PDCCH. 
Observation 4: The reliability of the PDCCH is critical to achieve 10^-5~10^-6 reliability in both uplink and downlink. However, there is no mechanism in NR to feedback channel quality information about the PDCCH. 
One may argue that the base station may be able to infer certain state information for the control channel from the CQI/CSI for downlink data channel by implementation. However, it is worth noting that the following aspects:
· The DMRS configuration/channel estimation and coding for PDCCH is quite different from that of PDSCH.  
· The interference profile is typically different between a downlink control channel and a downlink data channel. 
As such, it may not be easy for the base station to accurately infer the channel quality of PDCCH from that of the PDSCH. 
As an alternatively approach, the base station may always schedule the control channel in a conservative manner. In other words, the base station needs to leave a big margin when determining the aggregation level of the PDCCH in order to guarantee the reliability of the PDCCH. This may be fine from a reliability perspective. However, the downside of it is that it may cause a PDCCH blocking issue, which is critical for URLLC systems, since for certain URLLC applications (e.g., IIOT applications), the packet size is small, and the control overhead is significant. This may limit the URLLC capacity and hence affects the URLLC experience, especially for IIOT applications with frequency message exchange requirements. 
A better approach for the base station to schedule PDCCH transmission is to get direct/dedicated CSI feedback for PDCCH from the UE. The benefits of having dedicated CSI feedback for PDCCH are summarized in the following. 
· A dedicated CSI report for PDCCH may be able to capture the UE implementation-specific factors that may affect the PDCCH decoding performance and are not included in the existing CQI/CSI feedback for the data channel. 
· It may also capture the interference profile on PDCCH that are different from the data channel.  

With the above discussions, we propose to further study the benefit and mechanism to support dedicated CSI feedback for PDCCH to improve the reliability of PDCCH. 
Proposal 10: Study dedicated CSI feedback for PDCCH to improve the reliability/scheduling efficiency of PDCCH. 
Tri-state HARQ-ACK 
In NR Rel-15/16, there is no explicit feedback from UE to base station to explicitly indicate PDCCH performance. For base station to adjust the PDCCH transmission related such as aggregation level (AL), REG location, precoding, and Tx power, one possible solution base station can take is to infer the PDCCH channel conditions based on CSI feedback for PDSCH. However, due to different coding scheme (LDPC for PDSCH and Polar for PDCCH), different DMRS pattern, different precoding, and different interference statistics between control and data, the inferred information may not accurately reflect the PDCCH channel condition. This may not be a big issue for eMBB service. For eMBB, base station can issue dedicated DL grant from time to time to trigger single bit HARQ-ACK feedback and perform DTX/ACK/NACK tri-state detection on the HARQ-ACK PUCCH resource. Based on the tri-state detection performance, base station can adjust the PDCCH Tx related parameters accordingly to meeting the 1e-2 PDCCH performance target. We can refer this as an “implicit” PDCCH link adaptation based on infrequent training DL grants. 
However, for URLLC service, the above implicit PDCCH link adaptation based on infrequent training DL grant may not work because the feedback is not frequent enough. Base station can aggressively send these training DL grant very frequently, e.g., every slot, at the cost of unnecessary DL control overhead. Even base station is willing to take this cost, this may not work, due to the following reasons
· Too many DL training DL grant transmissions cause PDCCH blocking. 
· UL is typically resource limited due to PUCCH sent only on PCC and the asymmetric UL/DL TDD configuration. Therefore, the HARQ-ACK for the PDSCH scheduling by these training DL grants will typically overlap with each other or overlap with feedback for nominal DL traffic. In this case, UE cannot transmit DTX for the missed DCI. Following the DAI for type 2 codebook, or following the TDRA table for type 1 codebook, UE has to put a dummy NACK in the HARQ-ACK codebook for the missed DCI, as shown in Figure 16. On base station side, base station cannot distinguish the NACK is a true NACK for PDSCH or a dummy NACK represents PDCCH miss detection. Therefore, base station can not utilize the HARQ-ACK feedback to adjust PDCCH performance. 

To solve the issue, the base station may always schedule the control channel in a conservative manner. In other words, the base station needs to leave a big margin when determining the aggregation level of the PDCCH in order to guarantee the reliability of the PDCCH. This may be fine from a reliability perspective. However, the downside of it is that it causes a PDCCH blocking issue, which is critical for URLLC systems, since for certain URLLC applications (e.g., IIOT applications), the packet size is small, and the control overhead is significant. This may limit the URLLC capacity and hence affects the URLLC experience, especially for IIOT applications with high frequency message exchange requirements. 
One more attractive solution is to introduce tri-state HARQ-ACK feedback for PDSCH. For each feedback, it includes three states:
· ACK to indicate PDSCH decoding pass
· NACK to indicate PDSCH decoding failure
· CtrlFail to indicate control decoding failure/miss

With tri-state feedback, as shown in Figure 16, assume the 1st PDCCH is transmitted with AL 4 and the 2nd PDCCH is transmitted with AL 8. UE missed the 1st PDCCH while detected the 2nd PDCCH and successfully decoded the second PDSCH. Assuming type 2 codebook is used, UE will feedback {CtrlFail, ACK} in the HARQ-ACK codebook. Base station will know that the first PDCCH failed, the second PDCCH is decoded successfully. Then it knows AL 8 is the appropriate aggregation level to use under current channel condition for this particular UE. Here, indicating AL is just an example, the tri-state feedback can also implicitly indicate the appropriate PDCCH beam, power, and precoder, etc.  
[image: ]
[bookmark: _Ref47615426]Figure 16: Tri-state HARQ-ACK feedback
Therefore, we make the following proposal for URLLC HARQ-ACK enhancement. 
Proposal 11: Support tri-state HARQ-ACK feedback to indicate ACK for PDSCH, NACK for PDSCH, and PDCCH miss detection.
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In summary, we have the following proposals for CSI feedback enhancement for Rel-17 IOT and URLLC. 
Proposal 1: Study NACK triggered SRS/CSI-RS transmission on preconfigured RS resources.  
Proposal 2: Study UE triggered SRS/CSI-RS transmission on preconfigured RS resources. One additional bit can be appended in HARQ-ACK codebook to indicate preconfigured RS is triggered or not.  
Proposal 3: Support UE request for CSI measurement to update CSI for a new Tx-Rx beam pair.
· The request can be triggered due to UE autonomous update its Rx beam.

Proposal 4: Support UE report a CSI expiration time to base station.
Proposal 5: Study the benefit of CSI report including interference measurement and interference statistics such as mean, time domain autocorrelation, and x-percentile of interference.
Proposal 6: Study the benefit of UE reporting predicted CSI to base station.
Proposal 7: Study NACK triggered reporting of PDSCH decoding failure reason and recommended operations.
Proposal 8: Support enhanced HARQ-ACK feedback including additional information (such as instantaneous CQI/MCS feedback) based on PDSCH decoding. 
Proposal 9: Support UE selectively reports a subset of measured sub-band CQIs based on a predetermine selection criteria. 
· The selection criteria can be firstly selecting the best CQI cross CSI-RS resources, followed by selecting the worst K CQIs cross sub-bands. 

Proposal 10: Study dedicated CSI feedback for PDCCH to improve the reliability/scheduling efficiency of PDCCH. 
Proposal 11: Support tri-state HARQ-ACK feedback to indicate ACK for PDSCH, NACK for PDSCH, and PDCCH miss detection.
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