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Introduction

Rel-17 IIoT/URLLC working has been approved and scope was revised recently [1]. Among other objectives, the first objective says:
1. Study, identify and specify if needed, required Physical Layer feedback enhancements for meeting URLLC requirements covering:
a. UE feedback enhancements for HARQ-ACK [RAN1]
b. CSI feedback enhancements to allow for more accurate MCS selection [RAN1]
Note: DMRS-based CSI feedback is not in scope of this WI 

In RAN#92e, the following recommendation was concluded: 
· Revised Recommendation1: Provide the following RAN guidance on CSI feedback enhancement [RAN1]
· Focus subsequent working group discussions on the schemes proposed in RP-211297.

That is, the CSI discussion should focus on the following two schemes as proposed in RP-211297:
	Proposal: RAN confirms the following as a guidance to RAN1 for CSI enhancement in Enhanced URLLC/IIoT WI:
RAN1 to further investigate the following for CSI enhancements for IIoT/URLLC:
(1). Increasing the number of bits used for the reported subband CQI (3-bits differential subband CQI or 4-bits CQI)
(2). Reporting of delta-MCS:
· Report consists of delta-MCS for a TB received with MCS index IMCS:
	
· delta-MCS is calculated from the difference between IMCS_tgt and IMCS, where IMCS_tgt is the largest MCS index such that the estimated BLER for a TB received with this MCS index would be smaller than or equal to a BLER target, and IMCS is the MCS index of the received TB.



In this paper we present our view on the CSI feedback enhancements listed for further study.
[bookmark: _Ref178064866]Discussion
Improve the granularity of sub-band CQI
This method proposes to improve the granularity of sub-band CQI reported by the UE, so as to improve the MCS selection by gNB for subsequent PDSCH scheduling. Instead of 2-bit sub-band CQI, more bits (e.g., 3-bit or 4-bit) are used to reduce the sub-band CQI quantization error, together with an improved sub-band differential CQI mapping table.
To provide reporting flexibility and granularity without excessive overhead in CSI report, it is proposed that thresholds in sub-band CQI mapping table to be dynamically selectable to better capture the observed dynamic range for sub-band CQI. 
[bookmark: _Toc79179901]Introduce a mechanism to dynamically select thresholds in sub-band CQI mapping table to capture the observed dynamic range for sub-band CQI.
In the following two sections, we describe two alternatives where range and resolution for sub-band CQI can be selected by UE and signalled to gNB as a Range and Resolution Indicator (RRI) included in CQI report. 
Alternative 1. One Range and Resolution Indicator (RRI) for all sub-band
The straightforward way is to increase sub-band CQI from 2-bit to 3-bit (for example) for each sub-band. In this case, the total number of bits for CQI report is: 4 + 3×. Here is the number of sub-bands.
In contrast, if a Range and Resolution Indicator (RRI) common to all sub-band is reported, then the total number of bits for CQI report is:  4 + + (bits), see Table 1 below. Here  is the number of bits used to represent the RRI value. Since one RRI value is reported for all sub-bands, the overhead saving is significant. It is not critical to limit  to 1. Instead, larger number of bits, e.g.,  2 or 3 can be used to provide more reporting flexibility.
Table 1. Fields for improved sub-band CQI reporting (Alternative 1)
	Number of instances in CSI  report
	Field
	Bitwidth

	One wideband CQI for the first TB
	Wide-band CQI 4
	4

	One RRI for the first TB
	Range and Resolution Indicator (RRI)
	

	 Sub-band differential CQI for the first TB
	Sub-band differential CQI
	2

	Total number of bits for CQI
	4+ +



If the RRI is used to indicate a value  out of  possible values, then the mapping table for sub-band differential CQI can be formulated as in Table 2.
Table 2. Mapping sub-band differential CQI value to offset level (Alternative 1)
	Sub-band differential CQI value
	Offset level

	0
	0 + 

	1
	1 + 

	2
	≥ 2 + 

	3
	≤-1+



In a simple example, with  the network may configure a URLLC UE with  which would enable to report accurate subband CQI in range [-3, 0] or in range [-5, -2]. If UE see a sub-band with a CQI differential lower than -3, then the UE indicates , otherwise UE indicates . Better range and granularity can be achieved with larger number of bits for RRI, i.e., 
The RRI is exemplified with a shift operation of threshold values  in mapping table. The RRI could alternatively indicate a scaling and shift operation  .
Alternative 2. One Range and Resolution Indicator (RRI) for each sub-band
While the reporting overhead is low if one RRI is reported to cover all sub-bands (Alternative 1), the accuracy and flexibility of sub-band CQI indication can be somewhat compromised, if the supported granularity and range indication is not proper for the UE’s observed sub-band CQI.  
In Alternative 2, one RRI is reported for each sub-band individually. In the simplest example, if a 1-bit RRI is reported for each sub-band, then the total number of bits for CQI report is:  4 + (bits), see Table 3 below.
Table 3. Fields for improved sub-band CQI reporting (Alternative 2)
	Number of instances in CSI  report
	Field
	Bitwidth

	One wideband CQI for the first TB
	Wide-band CQI 4
	4

	 RRI for the first TB
	Range and Resolution Indicator (RRI)
	1

	 Sub-band differential CQI for the first TB
	Sub-band differential CQI
	2

	Total number of bits for CQI
	4+3×



If the RRI is used to indicate a value S out of two possible values (S1, S2), then the mapping table for sub-band differential CQI can be formulated as in Table 4. 

Table 4. Mapping sub-band differential CQI value to offset level for each sub-band (Alternative 2)
	1-bit Range and Resolution Indicator (RRI)
	RRI Value
	Offset shift S

	
	0
	S1

	
	1
	S2

	Sub-band differential CQI for the first TB
	Sub-band differential CQI value
	Offset level

	
	0
	S+0

	
	1
	S+1

	
	2
	≥ S+2

	
	3
	≤ S-1



Due to the high reporting overhead of per-subband RRI adjustment (see Table 3), the number of bits to represent RRI has to be very small, e.g., 1 bit to indicate two options. This can significantly limit the accuracy of subband CQI reporting in Alternative 2. Considering the reporting overhead and achievable accuracy, Alternative 1 is preferred over Alternative 2. Thus we propose to adopt Alternative 1:
[bookmark: _Toc79179902]Adopt one parameter common to all subbands that controls the subband CQI report granularity.

Delta-MCS Report
According to guidance from RAN#92e, RAN1 should continue the investigation of delta-MCS reporting for enhanced CSI. 
The amount of additional information transmitted from the UE to the gNB will increase with the addition of delta-MCS. This information can be transmitted using one of the Alternatives:
Alternative 1. Delta-MCS is incorporated into an extended HARQ-ACK codebook, or 
Alternative 2. Delta-MCS is transmitted as a stand-alone UCI, i.e., outside the HARQ-ACK codebook as a separate UCI report.

In the following, we discuss the two Alternatives in details.
Alternative 1: Delta-MCS is reported together with HARQ-ACK codebook
0. Timing for report delta-MCS
If delta-MCS is to be reported together with HARQ-ACK codebook, the timing indication for the extended HARQ-ACK CB can reuse the existing DCI field, ”PDSCH-to-HARQ_feedback timing indicator”.  No new field needs to be introduced into the DCI.
In order to generate delta-MCS report in addition to the HARQ-ACK, the UE needs to perform additional processing on the PDSCH, in addition to the existing channel estimation, LDPC decoding, etc. However, we expect the added operations to be limited in comparison to what already is done in the decoding process, and the minimum HARQ-ACK feedback timing  does not need to change. 
On the other hand, lower-capability UE may explicitly demand extra PDSCH processing time. If this is considered necessary, then  can be extended by adding an extra delay , as shown below.

Thus  is calculated with extra delay  whenever the delta-MCS is needed for the corresponding PDSCH. The value of delay  can vary with UE capability. 
0. HARQ-ACK CB and delta-MCS
Among the three types of HARQ-ACK codebook, it is not necessary to support delta-MCS with all of the types. For Type-3 HARQ-ACK codebook (one-shot feedback), it does not make sense to expand with delta-MCS. This is because Type-3 codebook is intended to synchronize HARQ status between gNB and UE, and is used sparingly. The construction of Type-3 HARQ-ACK cycles through all of the following: serving cell index; HARQ process number; TB index; CBG index. Thus Type-3 HARQ-ACK codebook already has unnecessarily high overhead on the UCI especially if the HARQ based on code block group is activated. There is no motivation to add delta-MCS report to Type-3 HARQ-ACK CB. 
[bookmark: _Toc79179903]Do not support adding delta-MCS report to Type-3 HARQ-ACK codebook.

Thus we consider only Type-1 and Type-2 HARQ-ACK codebook for incorporating delta-MCS in the report. Mechanisms should be in place to ensure that there is no (or negligible) confusion about HARQ-ACK codebook size, and for which PDSCH each feedback bit(s) is provided, and the information carried by each bit (HARQ-ACK vs delta-MCS). 
For Type-1 HARQ-ACK CB, the semi-static codebook design uses fixed codebook size and fixed HARQ-ACK bit indexing to avoid confusion of codebook size and HARQ-ACK bit interpretation. To ensure the same robustness against error, the Type-1 HARQ-ACK CB can be extended by making each HARQ-ACK entry from 1-bit (i.e., HARQ-ACK) to 2-bit (i.e., [HARQ-ACK; delta-MCS]). This is called the multi-bit HARQ-ACK method in the discussion below. This straight-forward way to add the extra information to the Type-1 codebook results in doubling of the codebook size, when a delta-MCS is represented by 1 bit. 
To limit the number of transmitted bits, the delta-MCS can be specified to only be transmitted if certain conditions occur. Here, however, care must be taken to avoid potential error cases, for example, error handling if the UE misses the first scheduling DCI. The error cases may cause: (a) error in the number of delta-MCS bits; or (b) error in understanding which PDSCH each delta-MCS bit is for. To maintain the integrity of HARQ-ACK CB, the Type-1 HARQ-ACK CB can be kept as is, while appending the set of delta-MCS bits to the end of Type-1 codebook. This ensures that there is no misunderstanding of HARQ-ACK as long as the total number of bits appended for delta-MCS is correct, even if there is misunderstanding of delta-MCS bit individually. This method essentially treats delta-MCS as a separate UCI than HARQ-ACK. This is called the delta-MCS UCI method in the discussion below.
The considerations above apply to Type-2 HARQ-ACK CB as well. For Type-2 CB, it may be acceptable to double the codebook size since Type-2 CB construction is efficient with size. To achieve the benefit of delta-MCS reporting for high-priority, low-latency traffic without excessive reporting overhead, a reasonable compromise is to only report Type-2 HARQ-ACK CB of high PHY priority, where each HARQ-ACK bit is expanded into the multi-bit HARQ-ACK (e.g., 2-bit, [HARQ-ACK; delta-MCS]), i.e., the multi-bit HARQ-ACK method. 
[bookmark: _Toc79179904]Adopt either multi-bit HARQ-ACK method or delta-MCS UCI method to report delta-MCS together with the HARQ-ACK codebook (Type-1 or Type-2). 

0. PDSCHs to provide delta-MCS for
Another consideration is, what PDSCHs to provide delta-MCS for? The downlink data can be transmitted in various manners, including:
(a) PDSCHs on a single carrier, or multiple DL carriers;
(b) TDD or FDD;
(c) Dynamically scheduled PDSCH, or SPS PDSCH;
(d) PDSCH with, or without repetition (i.e., slot aggregation);
(e) PDSCH carrying TB configured with CBG based HARQ-ACK;
(f) A PDSCH with a single codeword (i.e., TB), or two codewords (i.e., TBs);
(g) PDSCH for initial transmission of a TB, or retransmission of a TB;
(h) The MCS table used for schedule PDSCH varies;
(i) PDSCH transmitted via various modes of multiple-TRP.

Decisions need to be made on if, and how, to provide delta-MCS for each scenario above.
For (a)-(e), no restriction should be imposed for reporting delta-MCS. For example, for (b), delta-MCS is supported for both TDD and FDD. For (e), if CBG-based HARQ-ACK is configured, multiple ACK/NACK bits are provided for a TB (one bit per CBG), and one delta-MCS feedback is provided for the entire TB (i.e., not for each CBG individually).
For (f), it is not expected that URLLC/IIoT traffic uses 5-8 MIMO layers. Thus, restriction can be imposed that delta-MCS is supported for single codeword case only. 
For (g), it should be considered whether a delta-MCS should be transmitted only for first transmissions, or also for retransmissions. Here, it can be expected that only a minor portion of the transmissions generate a retransmission, so the added cost for including retransmissions will be minor. In addition, this makes the standardization simpler and resolves ambiguity in cases where the UE misses the first DCI (i.e., retransmission scheduled by gNB is interpreted as initial transmission by UE). The transmitted information related to a retransmission may also help the gNB to schedule properly to fulfil a latency bound. If supporting delta-MCS also for retransmissions, the reference for delta-MCS reporting needs to be clarified, e.g. to specify which PDSCH (re-)transmission of the same TB is used as reference resource; whether or not the delta-MCS after a retransmission should incorporate soft combining gains; whether the reference MCS should refer to the initial transmission MCS or the effective MCS after combining all transmissions of the same TB.  A possible alternative is to only let delta-MCS be transmitted when scheduled with a SPS-PDSCH, since an SPS PDSCH is always the initial transmission, without any ambiguities.
For (h), it should be clarified which MCS table is used as the reference. It should also be clarified what MCS should be used as the baseline (i.e., reference MCS), so that the delta-MCS can be calculated.  If not considering soft combination of retransmission for a given TB, the reference MCS can simply be the MCS used to schedule the PDSCH. If the reference MCS table is different from the MCS table used to schedule the PDSCH, then the MCS of the PDSCH may need to be mapped to a MCS level in the reference MCS table.
For (i), we suggest that Rel-17 does not consider multi-TRP for delta-MCS reporting. Rather, Rel-17 should focus on basic PDSCH transmission modes.

[bookmark: _Toc79179905]For clear definition of delta-MCS, clarify concepts like reference MCS table, reference MCS, and reference resources.
0. Mapping table for delta-MCS
Since delta-MCS is reported together with HARQ-ACK, there are two ways to construct the mapping table for delta-MCS report, depending on if a delta-MCS bit is always jointly reported with a HARQ-ACK bit. 
(1). Multi-bit HARQ-ACK method.  The delta-MCS bit and ACK/NACK bit are jointly coded. It can be viewed that a single bit ACK/NACK response is expanded into multi-bit response to include delta-MCS information also. 
(2). Standalone delta-MCS method.  The mapping table for delta-MCS is constructed for this purpose only.

The mapping tables for the two methods are discussed in details below.

Mapping table for multi-bit HARQ-ACK method
An example of a table added to HARQ-ACK codebook is given below in Table 5. Typical values could be d0= d1=—1, d2=0, d3=1. On the other hand, non-integer values could be used, letting the gNB accumulate or average over multiple reports.
[bookmark: _Ref78296502]Table 5. Mapping table for 2-bit HARQ-ACK feedback that provides CSI in addition to ACK/NACK
	2-bit HARQ-ACK feedback value
	Information provided
	Explanation

	
	Feedback on data packet reception
	Feedback on delta_MCS
	

	00
	NACK
	d0
	NACK: The data packet(s) was not successfully received, lower MCS recommended; d0 < 0

	01
	ACK
	d1
	ACK: The data packet(s) was successfully received, but lower MCS recommended; d1 < 0

	10
	ACK
	d2
	ACK: The data packet(s) was successfully received, acceptable MCS; d2=0 typically

	11
	ACK
	d3
	ACK: The data packet(s) was successfully received, a higher MCS can be tolerated; d3 > 0



Mapping table for standalone delta-MCS method
Assuming 1-bit delta-MCS feedback, then two states can be signalled to be consistent with the overhead amount in  Table 5. For example, Table 6 below can be used to provide two level of feedback. Due to the limited number of states, the delta-MCS feedback is not as rich as the multi-bit HARQ-ACK method. For example, Table 6  cannot provide feedback that a higher MCS is recommended. If richer information is needed, then 2-bit delta-MCS feedback would be needed.
[bookmark: _Ref78296608]Table 6. Mapping table for 1-bit delta-MCS feedback separately from ACK/NACK
	Value of delta-MCS feedback
	Explanation

	0
	Recommend to reuse the same MCS as the reference MCS.

	1
	Recommend to use a lower MCS than the reference MCS.



Alternative 2: Delta-MCS is reported separately from HARQ-ACK
An alternative solution is to transmit the delta-MCS bits outside the HARQ-ACK codebook, i.e., using two separate transmissions. In that case, delta-MCS UCI should be transmitted on PUCCH rather than on PUSCH, due to the limited payload size. 

[bookmark: _Toc79179898]Transmission of delta-MCS on PUCCH is more resource efficient than on PUSCH.

[bookmark: _Toc79179906]If delta-MCS is to be transmitted outside the HARQ-ACK codebook, it should be transmitted on PUCCH rather than on PUSCH.

With the delta-MCS transmitted on PUCCH, the UE can be configured with parameters related to when and how often to report, which PUCCH resource, and what BLER target to aim at.
When transmitting separately from HARQ-ACK feedback, without the mapping between a PDSCH transmission and the resulting HARQ-ACK, a reference PDSCH needs to be designated for the delta-MCS report to be compared to. 
Table 7 below shows an example for a 2-bit delta-MCS table, transmitted separately from the HARQ-ACK feedback. Compared to Table 5 above, this table does not need to provide space for the ACK/NACK feedback, and uses two different levels of suggested MCS decrease, which are generated based on the estimated BLER in relation to the configured target BLER. An example of the values in Table 7 could be d0= —2, d1=—1, d2=0, d3=1. 
[bookmark: _Ref78296983]Table 7. Mapping table for delta-MCS feedback separate from HARQ-ACK report 
	2-bit delta-MCS feedback value
	Information provided
	Explanation

	
	Feedback on delta_MCS
	

	00
	d0
	Estimated BLER significantly too high. Lower MCS than the reference MCS is recommended; d0 < 0

	01
	d1
	Estimated BLER slightly too high. Slightly lower MCS than the reference MCS is recommended; d1 < 0

	10
	d2
	Reference MCS is acceptable; d2=0

	11
	d3
	A higher MCS than the reference MCS can be tolerated; d3 > 0




Other issues

For the UE to recommend whether the MCS is adequate or should be adjusted downwards or upwards, it needs to have knowledge about the target BLER, a value that can be semi-statically configured. Depending on the difference between the estimated BLER and the target BLER, different delta-MCS may can be transmitted. Only using the values 1e-1 or 1e-5 corresponding to configured CQI tables for CQI reporting is likely not enough, as the gNB may want to target BLER in between. Trying to map reported delta-MCS values based on one target BLER to another MCS associated with a different target BLER may be error prone and depends on the actual implementation in the UE.
[bookmark: _Toc79179907]The UE needs to know the target BLER in order to recommend delta-MCS. A target BLER can be semi-statically configured.

To be able to make the outer loop converge while having only successful transmissions, the delta-MCS generated with ACKs needs to be possible to send with opposite signs, i.e. the MCS must be possible to either increase or decrease after an ACK. 
[bookmark: _Toc79179899]UE needs to be able to send both positive and negative delta-MCS upon a positive ACK, in order for the outer loop to converge without block error events.

How to generate the delta-MCS values will typically be according to UE implementation. This could e.g. be based on LDPC coder iterations, soft values, or comparing flipped bits before and after LDPC decoding, leading to estimated BLER for certain MCS choices. Since the actual implementations may vary, the behavior could be verified by RAN4 tests, e.g. such that reported delta-MCS varies properly with varying SINR at a fixed MCS.
[bookmark: _Toc79179900]How generate the estimated BLER and delta-MCS values may be up to UE implementation, e.g. using LDPC coder iterations, or comparing flipped bits before and after LDPC decoding.

Conclusion
Based on the discussions above, the following observations were made:

Observation 1	Transmission of delta-MCS on PUCCH is more resource efficient than on PUSCH.
Observation 2	UE needs to be able to send both positive and negative delta-MCS upon a positive ACK, in order for the outer loop to converge without block error events.
Observation 3	How generate the estimated BLER and delta-MCS values may be up to UE implementation, e.g. using LDPC coder iterations, or comparing flipped bits before and after LDPC decoding.

Furthermore, the following proposals were made:
Proposal 1	Introduce a mechanism to dynamically select thresholds in sub-band CQI mapping table to capture the observed dynamic range for sub-band CQI.
Proposal 2	Adopt one parameter common to all subbands that controls the subband CQI report granularity.
Proposal 3	Do not support adding delta-MCS report to Type-3 HARQ-ACK codebook.
Proposal 4	Adopt either multi-bit HARQ-ACK method or delta-MCS UCI method to report delta-MCS together with the HARQ-ACK codebook (Type-1 or Type-2).
Proposal 5	For clear definition of delta-MCS, clarify concepts like reference MCS table, reference MCS, and reference resources.
Proposal 6	If delta-MCS is to be transmitted outside the HARQ-ACK codebook, it should be transmitted on PUCCH rather than on PUSCH.
Proposal 7	The UE needs to know the target BLER in order to recommend delta-MCS. A target BLER can be semi-statically configured.
[bookmark: _In-sequence_SDU_delivery]
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