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1	Introduction
In this contribution, we present a critical flaw in the CQI determination procedure in 38.214 that makes one CQI index (CQI1) not possible for the UE to select due to how the CQI is defined, for almost all configurations. Namely, the issue arises due to that the lowest CQI code rate for QPSK is 78/1024 (for CQI1) while the lowest possible MCS (MCS0) corresponds to a code rate of 120/1024. Due to the requirement that a selected CQI index must correspond to a combination of modulation scheme and transport block size which could be signalled for transmission on the PDSCH in the CSI reference resource, a signalled MCS code rate of 120/1024 would never correspond to an effective code rate closer to 78/1024 (CQI1) than 120/1024 (CQI2) unless there is a large discrepancy in the PDSCH overhead assumed in TBS determination procedure compared to the PDSCH overhead assumption in the CSI reference resource.
To mitigate this inefficiency, it is proposed to utilize the un-used CQI codepoint to convey some useful information.
[bookmark: _Ref178064866]2	Background
The definition of the CQI in 38.214 is copied below, with the relevant parts to the problem highlighted in yellow:
“
… the UE shall derive for each CQI value reported in uplink slot n the highest CQI index which satisfies the following condition:
-	A single PDSCH transport block with a combination of modulation scheme, target code rate and transport block size corresponding to the CQI index, and occupying a group of downlink physical resource blocks termed the CSI reference resource, could be received with a transport block error probability not exceeding: 
- 	0.1, if the higher layer parameter cqi-Table in CSI-ReportConfig configures Table 5.2.2.1-2, or Table 5.2.2.1-3, …
…
A combination of modulation scheme and transport block size corresponds to a CQI index if:
-	the combination could be signaled for transmission on the PDSCH in the CSI reference resource according to the Transport Block Size determination described in Subclause 5.1.3.2, and 
-	the modulation scheme is indicated by the CQI index, and 
-	the combination of transport block size and modulation scheme when applied to the reference resource results in the effective channel code rate which is the closest possible to the code rate indicated by the CQI index. If more than one combination of transport block size and modulation scheme results in an effective channel code rate equally close to the code rate indicated by the CQI index, only the combination with the smallest of such transport block sizes is relevant.
Table 5.2.2.1-2: 4-bit CQI Table
	CQI index
	modulation
	code rate x 1024
	efficiency

	0
	out of range

	1
	QPSK
	78
	0.1523

	2
	QPSK
	120
	0.2344

	3
	QPSK
	193
	0.3770

	4
	QPSK
	308
	0.6016

	5
	QPSK
	449
	0.8770

	6
	QPSK
	602
	1.1758

	7
	16QAM
	378
	1.4766

	8
	16QAM
	490
	1.9141

	9
	16QAM
	616
	2.4063

	10
	64QAM
	466
	2.7305

	11
	64QAM
	567
	3.3223

	12
	64QAM
	666
	3.9023

	13
	64QAM
	772
	4.5234

	14
	64QAM
	873
	5.1152

	15
	64QAM
	948
	5.5547



In the CSI reference resource, the UE shall assume the following for the purpose of deriving the CQI index, and if also configured, for deriving PMI and RI:
-	The first 2 OFDM symbols are occupied by control signaling.
-	The number of PDSCH and DM-RS symbols is equal to 12.
-	The same bandwidth part subcarrier spacing configured as for the PDSCH reception
-	The bandwidth as configured for the corresponding CQI report.
-	The reference resource uses the CP length and subcarrier spacing configured for PDSCH reception 
-	No resource elements used by primary or secondary synchronization signals or PBCH.
-	Redundancy Version 0.
-	The ratio of PDSCH EPRE to CSI-RS EPRE is as given in Subclause 4.1.
-	Assume no REs allocated for NZP CSI-RS and ZP CSI-RS.
[bookmark: _Hlk512449737]-	Assume the same number of front loaded DM-RS symbols as the maximum front-loaded symbols configured by the higher layer parameter maxLength in DMRS-DownlinkConfig . 
-	Assume the same number of additional DM-RS symbols as the additional symbols configured by the higher layer parameter dmrs-AdditionalPosition.
-	Assume the PDSCH symbols are not containing DM-RS.
-	Assume PRB bundling size of 2 PRBs.


Table 5.1.3.1-1: MCS index table 1 for PDSCH
	MCS Index
IMCS
	Modulation Order
 Qm
	Target code Rate R x [1024]
	Spectral
efficiency

	0
	2
	120
	0.2344

	1
	2
	157
	0.3066

	2
	2
	193
	0.3770

	3
	2
	251
	0.4902

	4
	2
	308
	0.6016

	5
	2
	379
	0.7402

	6
	2
	449
	0.8770

	7
	2
	526
	1.0273

	8
	2
	602
	1.1758

	9
	2
	679
	1.3262

	10
	4
	340
	1.3281

	11
	4
	378
	1.4766

	12
	4
	434
	1.6953

	13
	4
	490
	1.9141

	14
	4
	553
	2.1602

	15
	4
	616
	2.4063

	16
	4
	658
	2.5703

	17
	6
	438
	2.5664

	18
	6
	466
	2.7305

	19
	6
	517
	3.0293

	20
	6
	567
	3.3223

	21
	6
	616
	3.6094

	22
	6
	666
	3.9023

	23
	6
	719
	4.2129

	24
	6
	772
	4.5234

	25
	6
	822
	4.8164

	26
	6
	873
	5.1152

	27
	6
	910
	5.3320

	28
	6
	948
	5.5547

	29
	2
	reserved

	30
	4
	reserved

	31
	6
	reserved


“
To summarize the above procedure: 

A reported CQI index must correspond to a combination of modulation scheme and transport block size such that it could be indicated for PDSCH transmission on the CSI reference resource. The indication for PDSCH is of course done using the MCS table, which indicates the modulation order Qm and the target code rate R. Based on this input, the transport block size for PDSCH is calculated using a procedure that depends on first calculating a “dummy” number of REs within the slot , where  is an RRC configured parameter which is intended to take into account an average number of REs for instance occupied by CSI-RS and thus not available for PDSCH. 
For a UE to calculate a CQI according to the specified procedure, it must thus:
1. Evaluate which transport block size each MCS index would correspond to when applied to the CSI reference resource
2. For each MCS index, calculate the effective code rate of hypothetical PDSCH scheduled with the corresponding transport block size and modulation order on the CSI reference resource
3. Map the MCS index to a CQI index (with the same modulation Qm) such that it minimizes the difference between the calculated effective code rate of the MCS index and the code rate of the CQI index
4. Select the highest CQI index which meets the BLER target

The CSI reference resource assumes 12 OFDM symbols for PDSCH whereof 1-4 OFDM symbols are occupied by DMRS, according to the configured number of DMRS symbols for PDSCH, and no other RE signal overhead. That is, the number of REs per PRB in the CSI reference resource to be used in the assumption for the effective code rate calculation is , where  is the number of DMRS symbols and  is the number of DMRS REs per PRB.

As mentioned in the introduction, it is almost impossible for the UE to be allowed to select CQI1 (with a code rate of 78/1024) as this must correspond to an effective code rate of hypothetical PDSCH scheduled with MCS0 (i.e. code rate 120/1024) that is closer to 78/1024 than 120/1024 (corresponding to CQI2). This would only occur if the ratio of the number of REs assumed in the TBS determination () and the number of RE assumed in the CSI reference resource is low:

The ratio for shown in Table 1 below, as seen this ratio is small when both the number of DMRS symbols and  is large.
	
	
	

	DMRS symbols
	
	0
	6
	12
	18

	
	1
	1
	0,954545
	0,909091
	0,863636

	
	2
	1
	0,95
	0,9
	0,85

	
	3
	1
	0,944444
	0,888889
	0,833333

	
	4
	1
	0,9375
	0,875
	0,8125


Table 1: Ratio of number of REs assumed for TBS calculation to the number of REs assumed for CSI reference resource

To quantify if it is actually possible for the UE to select CQI1 according to the CQI determination procedure, we numerically evaluated all possible combinations of scheduling bandwidth, number of layers, etc, to see if the ratio presented in Table 1 could be so low so that the effective code rate is closer to 78/1024 than 120/1024. The results are presented in Table 2 below. As seen, it is only possible for the UE to select CQI1 when configured with 4 DMRS symbols and , in all other cases it is not possible
	
	
	

	DMRS symbols
	
	0
	6
	12
	18

	
	1
	No
	No
	No
	No

	
	2
	No
	No
	No
	No

	
	3
	No
	No
	No
	No

	
	4
	No
	No
	No
	Yes


Table 2: Possibility of selecting CQI=1 according to the current CQI determination procedure 
[bookmark: _Toc513745099]It is only possible for the UE to select CQI1 if configured with 4 DMRS symbols and . In all other cases it is not possible and the CQI codepoint is wasted.
3	Proposed solution
Clearly, the current CQI determination procedure is suboptimal as a CQI codepoint is wasted in most configuration cases. One option could be to revise the CQI determination procedure to that a CQI index need not correspond to an possible transport block size in a hypothetical PDSCH scheduling so that for instance the UE could assume that the target code rate indicated in the CQI table could be used directly in the TBS determination for the hypothetical PDSCH transmission. However, this could be problematic for RAN4 testability as the BLER for the CQI suggestion would not match the PDSCH scheduling and is so not desired. 
[bookmark: _GoBack]Another option is to convey some useful information to the gNB that can be used for scheduling and/or re-configuration. For instance, when a UE reports CQI0 / out of range, the gNB does not know if this is due to that the SINR is too low or that the DMRS density do not provide sufficient channel estimation accuracy for the UE to correctly demodulate the PDSCH, for instance due to high Doppler. The latter could be amended by the gNB re-configuring the maximum number of additional and/or frontloaded DMRS symbols.  Note that the UE shall take the DMRS channel estimation quality into account when determining the CQI, as both the PRB bundling assumption as well as the number of frontloaded and additional DMRS symbol assumption is captured in the CSI reference resource.
[bookmark: _Hlk508629180]Thus, when a UE is not configured with maximum 4 DMRS symbols (which happens when either maxLength=2 and dmrs-AdditionalPosition=2 or when maxLength=1 and dmrs-AdditionalPosition=4 in DMRS-DownlinkConfig) and Xoh=18, CQI1 could be used to indicate “CQI out of range due to poor DMRS channel estimation quality”. 
[bookmark: _Toc513746755]If the UE is not configured with a maximum of 4 DMRS symbols and xOverhead=18, CQI=1 is reinterpreted to mean “CQI out of range due to poor DMRS channel estimation quality”
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	5/6	
Conclusion
In the previous sections we made the following observations: 
Observation 1	It is only possible for the UE to select CQI1 if configured with 4 DMRS symbols and . In all other cases it is not possible and the CQI codepoint is wasted.


Based on the discussion in the previous sections we propose the following:
Proposal 1	If the UE is not configured with a maximum of 4 DMRS symbols and xOverhead=18, CQI=1 is reinterpreted to mean “CQI out of range due to poor DMRS channel estimation quality”
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