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Introduction
The Rel-15 WI on “Even further enhanced MTC for LTE” [1] has the following WI objective for machine-type communications for BL/CE UEs:
· Increased PDSCH spectral efficiency [RAN1 lead, RAN2, RAN4]
· Specify optional support for 64QAM for unicast PDSCH (no UE peak rate increase is intended).
RAN1#88bis and RAN1#89 made the following agreements:
· Support for 64QAM for non-repeated unicast PDSCH in connected mode in CE Mode A is introduced.
· The feature is enabled/disabled by eNB via UE-specific signaling.
· Unless enabled, UE shall assume no use of 64QAM.
· The max TBS for each UE category and max PDSCH channel bandwidth support is the same as Rel-14.
· This implies that N_soft is also the same as Rel-14.
· A capability is introduced for Rel-15 BL/CE UEs for the support of 64QAM.
· For Rel-15 BL/CE UEs, when 64QAM is enabled via higher layer configuration,
· When the DCI indicates no PDSCH repetition,
· The MCS field in DCI format 6-1A UE-specific search space is extended to 5 bits by reinterpreting the frequency hopping flag as the MSB
· The size of DCI format 6-1A is not changed.
· The modulation and TBS index table is reused from Table 7.1.7.1-1 in TS 36.213.
· The TBS is determined using Table 7.1.7.2.1-1 in TS 36.213 with the following restriction:
· The max TBS in Rel-14 is used wherever the TBS value in Table 7.1.7.2.1-1 exceeds the max TBS in Rel-14.

RAN1#90 also agreed on following the working assumption on the CQI table from RAN1#89:
· For Rel-15 BL/CE UEs, when 64QAM is enabled via higher layer configuration,
· The CQI table is as below.

	CQI index
	modulation
	code rate x 1024 x 
	efficiency x 

	0
	out of range

	1
	QPSK 
	40
	0.0781

	2
	QPSK 
	78
	0.1523

	3
	QPSK 
	120
	0.2344

	4
	QPSK
	193
	0.3770

	5
	QPSK 
	308
	0.6016

	6
	QPSK
	449
	0.8770

	7
	QPSK 
	602
	1.1758

	8
	16QAM 
	378
	1.4766

	9
	16QAM 
	490
	1.9141

	10
	16QAM 
	616
	2.4063

	11
	64QAM
	466
	2.7305

	12
	64QAM
	567
	3.3223

	13
	64QAM
	666
	3.9023

	14
	64QAM
	772
	4.5234

	15
	64QAM
	873
	5.1152



However, since 64QAM has been agreed to be supported only without repetitions, the above table is applicable only when . For , a number of options were presented for resolving issues due to the agreement that repetitions are not used with 64QAM. No agreements were made either at RAN1#90 or in the email discussion [2] that followed. The presented options have different drawbacks, which are discussed and resolved by proposals presented in this contribution. 
[bookmark: _Ref178064866]Discussion
The main issue with the agreed CQI table, which is optimized for , is that the CSI reference resource is not suitable for the case when  and 64QAM modulation, since repetition is not used for this case. In [3] the following options were proposed to resolve the issue:

· Option 1: The UE is not expected to be configured with 64-QAM and repetitions simultaneously
· Option 2: When configured in 64-QAM mode and with repetitions, the UE uses a modified CQI table:
· Option 2.1: Use the agreed 64-QAM table, but disregard the entries specific to 64-QAM
· Option 2.2: Use the legacy 16-QAM table
· Option 2.3: Use the agreed 64-QAM table, but set RCSI=1 for the entries corresponding to 64-QAM
It shall be noted that Option 2 only refers to the behaviour related to CSI reporting; it is still not intended that it should be possible to schedule 64QAM with repetitions. 
Option 1 has the drawback that the network is forced to do frequent RRC reconfigurations for devices that, due to varying operating conditions occasionally may benefit from 64QAM modulation, and occasionally may benefit from repetitions with the lower modulation formats. We thus strongly prefer an option which can handle CSI reporting both for 64QAM and repetitions without having the need for RRC configurations. 
[bookmark: _Toc494450092][bookmark: _Toc494462034][bookmark: _Toc494463224][bookmark: _Toc494468457][bookmark: _Toc494484367][bookmark: _Toc494484557][bookmark: _Toc494484605]It shall be possible to for a UE to be configured for 64QAM without repetitions and QPSK/16QAM with or without repetitions simultaneously.
Then, as for the different proposed options, they have different drawbacks. For options 2.1 and 2.2, it is not possible to report CQI values that reflects the channel conditions in which 64QAM is useful, which will have a negative impact on the ability to perform link adaptation. On the other hand, when , Option 2.3 will introduce a discontinuity in the SNR values corresponding to the highest CQI value for 16QAM and the lowest CQI value for 64QAM, which is also undesired. As an example, if , the discontinuity amounts to an additional 6 dB SNR gap, to be put on top of the ~1 dB difference which occurs for . For larger CSI reference resources, the gap will be correspondingly larger.
In the email discussion, we argued that the CQI table is modified such that it covers the whole reporting range 
using the configured csi-NumRepetitionCE-r13 (which is the higher layer parameter corresponding to ) for the lowest CQI values, up to the maximum code rate for 64 QAM without large discontinuities. Specifically, we proposed to in addition consider the following options, renumbered here in order to align with the previous proposals:

· Option 2: When configured in 64-QAM mode and with repetitions, the UE uses a modified CQI table:
· …
· Option 2.4: The CQI indices 11-15 are used to represent a fairly even spread of SNR values ranging from the highest 16QAM entry in the legacy CQI table, taking csi-NumRepetitionCE-r13 into account, up to max code rate for 64QAM assuming csi-NumRepetitionCE-r13=1.
· Option 2.5: The CQI indices 8-15 are used to represent a fairly even spread of SNR values ranging from the highest QPSK entry in the legacy CQI table, taking csi-NumRepetitionCE-r13 into account, up to max code rate for 64QAM assuming csi-NumRepetitionCE-r13=1
· Option 2.6: The CQI indices 0-15 are used to represent a fairly even spread of SNR values ranging from the lowest QPSK entry in the legacy CQI table, taking csi-NumRepetitionCE-r13 into account, up to max code rate for 64QAM assuming csi-NumRepetitionCE-r13=1
More detailed proposals for how this can be achieved is discussed below.
New CQI table definitions 
In this section, we present solutions for achieving Options 2.4, 2.5 and 2.6 above. The CQI tables proposed have the properties that 
· The whole operating range is covered, from the lowest QPSK code rate using repetitions, to the maximum supported code rate using 64 QAM.
· There is no large discontinuity in the reported CQI values, regardless of the configured  value.
The first solution, Option 2.4, is based on adapting only the CQI indices 11-15, i.e., the ones associated with 64QAM in the agreed table. The basic idea is to have an even spread of the efficiency values between CQI=10 and CQI=15 also when . The range spans from CQI=10 using 16QAM with efficiency value  up to CQI=15 using 64QAM with efficiency value 5.1152. Since this range depends on the  , so will the entries in the CQI table. 
The determination of the modulation and coding format, including the applicable CSI reference resource can be summarized in the following steps
1) Determine a well spread range of efficiency values
2) Determine the applicable effective CSI reference resource RCSI 
3) Determine the applicable modulation format and coding rate.
This may seem cumbersome, but there are actually good ways to describe this in a condensed way, suitable for the specification. 
Illustrative example 
However, first the basic idea is illustrated using an example with the CSI reference resource being four subframes, i.e.  =4, will be used. We refer to the temporary, modified CQI table in Table 1 in the following. The code rate in the table refers to the code rate per subframe, whereas the efficiency values do take RCSI into account, and are therefore a factor of 4 lower than the ones displayed in the current CQI table in the standard. In addition, a column describing the approximate difference in SNR values between one row and the one immediately above. This has been calculated based on the ratio between the corresponding efficiency values, which is of course just an approximation of the actual difference in decoding performance of the respective transport block with corresponding modulation and code rates. But for this purpose, it may be accurate enough. For the entries marked in yellow, the efficiency values have been evenly spread between 0.6016, which is the highest value for 16QAM in the legacy table corresponding to CQI=10, and 5.1152, which is the highest value for 64QAM corresponding to CQI=15. It can be seen that each step in the CQI table corresponds to ~1.86 dB. If Option 2.3 is instead adopted, each step between the 64QAM entries would correspond to ~0.65 dB, whereas the gap between CQI between CQI=10 and CQI=11 is ~7 dB. Thus, the SNR range is covered more evenly.

[bookmark: _Ref494451863]Table 1  Temporary CQI table with Option 2.4 for RCSI = 4
	CQI index
	modulation
	code rate x [image: ]
	efficiency  
	SNR (dB)

	0
	out of range

	1
	QPSK 
	0.0391
	0.0192
	

	2
	QPSK 
	0.0762
	0.0381
	2.90

	3
	QPSK 
	0.1172
	0.0586
	1.87

	4
	QPSK
	0.1885
	0.0942
	2.06

	5
	QPSK 
	0.3008
	0.1504
	2.03

	6
	QPSK
	0.4385
	0.2192
	1.64

	7
	QPSK 
	0.5879
	0.2939
	1.27

	8
	16QAM 
	0.3691
	0.3691
	0.99

	9
	16QAM 
	0.4785
	0.4785
	1.13

	10
	16QAM 
	0.6016
	0.6016
	0.99

	11
	
	
	0.9230
	1.86

	12
	
	
	1.4161
	1.86

	13
	
	
	2.1728
	1.86

	14
	
	
	3.3339
	1.86

	15
	64QAM
	0.8525
	5.1152
	1.86



Next step is to determine the modulation and code rate entries above which have been omitted intentionally. Depending on the value of RCSI, these may vary. To further illustrate this, consider Table 2  below. 
 
[bookmark: _Ref494459900]Table 2  Subset of temporary CQI table with Option 2.4 for RCSI = 4
	CQI index
	modulation
	Effective [image: ]
	code rate x effective [image: ]
assuming 16QAM
	code rate  
assuming 64QAM
	efficiency  
	SNR (dB)

	10
	16QAM 
	4
	0.6016
	0.1003
	0.6016
	0.99

	11
	16QAM
	2
	0.4615
	0.1538
	0.9230
	1.86

	12
	16QAM
	1
	0.3540
	0.2360
	1.4161
	1.86

	13
	16QAM
	1
	0.5432
	0.3621
	2.1728
	1.86

	14
	64QAM
	1
	0.8335
	0.5556
	3.3339
	1.86

	15
	64QAM
	1
	1.2788
	0.8525
	5.1152
	1.86



Before going from 16QAM modulation assuming a CSI reference resource (i.e. a repetition factor) of 4 to 64 QAM with a repetition factor 1, the effectively used CSI reference resource may decrease for 16QAM such that also repetition factors 2 and 1 are used for 16QAM. This effective RCSI can be determined such that the code rate in each subframe is not too high. In both the legacy CQI tables and the MCS/TBS tables, the switch to the higher modulation format takes at code rates around 0.6. If this principle is followed in the current example, the effective RCSI will be decrease to 2 for CQI=11 and 1 for CQI=12. If not decreased, the 16QAM code rate would for example have been 0.92 for CQI=11, which is too high. 
Next step is to determine for each of the rows whether 16QAM or 64QAM modulation is to be used. A simple rule on a maximum code rate can again be used, such that, e.g. if the code rate in each subframe would be less than ~0.6, 16QAM is being used, otherwise 64QAM is used. In the example shown, 16QAM would be used for CQI entries 11-13, with effective RCSI set to 2, 1, and 1, respectively. 64 QAM would be used for CQI index 14 and (obviously) 15.  
Though, this may seem as a cumbersome procedure, the intention is not that this needs to be done for all cases. Rather, it is possible to formulate a simple procedure that will do this in using simple formulas and easy steps. 
Proposed modified CQI table definitions
As noted above, the determination of the modulation and coding format, including the applicable CSI reference resource can be summarized in the following steps
1) Determine a well spread range of efficiency values
2) Determine the applicable effective CSI reference resource 
3) Determine the applicable modulation format and coding rate.
For Option 2.4, these steps can, for example, be carried out as follows:
1) For CQI index 11-14, the efficiency is calculated as:


where k is the CQI index, and eff(k) is the corresponding efficiency.  
2) The reduction of the effective RCSI from the configured csi-NumRepetitionCE-r13 value down to 1 is determined by:


where R´(k) is given by


and CRmax is the maximum desired code rate for 16QAM, e.g. 0.6. 

3) If a calculated 16QAM code rate 

then 16QAM is used, otherwise 64QAM is used.  

Even if this procedure involves some operations, it is not overly complex, and can be used to determine the modulation format, code rate, and RCSI to use for each entry in the CQI table.
For the other options, the same principle can be used. For Option 2.5, the only difference is that CQI indices 8-14 are updated instead, based on the efficiency for the highest QPSK entry (CQI=7) and the highest 64QAM entry (CQI=15). Since more entries are used to spread out the covered range, the corresponding steps can be made smaller. For Option 2.6, the main differences are that all CQI indices 2-14 are affected, and also that the switch between using QPSK and 16QAM will depend on the configured csi-NumRepetitionCE-r13, otherwise it follows the same basic steps.
If one would like to refine the method further, it would be possible to consider a more accurate scaling of actual decoding performance for different code rates and modulation formats, but the method above will likely give good enough results.
One potential drawback of the outlined method is that subsequent CQI values may have an undesired large difference in corresponding SNR values, in particular for large configured csi-NumRepetitionCE-r13. The SNR difference in dB in the considered range of modified CQI values for the different options are summarized in Table 3. However, if the granularity is not considered enough, at the same time as the gaps are not desired, and the full reporting range is needed, there appears not to be any other option that solves this in a better way. Choosing a configuration representing an intermediate value of csi-NumRepetitionCE-r13 may then be used as a compromise. 
(Note: also csi-NumRepetitionCE-r13=1 has been included in the table to show potential if Option 2.5 or 2.6 would be used also in this case.)

[bookmark: _Ref494461237]Table 3  Approximate difference in SNR in dB for the modified CQI values
	Option:
	Configured csi-NumRepetitionCE-r13

	
	1
	2
	4
	8
	16
	32

	2.4
	0.66
	1.26
	1.86
	2.46
	3.06
	3.67

	2.5
	0.80
	1.17
	1.55
	1.93
	2.30
	2.68

	2.6
	1.30
	1.51
	1.73
	1.94
	1.94
	2.16



We propose that the method above for determining CQI is considered for the case when csi-NumRepetitionCE-r13>1 and 64QAM is configured. 
[bookmark: _Toc494463225][bookmark: _Toc494468458][bookmark: _Toc494484368][bookmark: _Toc494462035][bookmark: _Toc494484558][bookmark: _Toc494484606]RAN1 shall specify a CQI table when 64QAM is configured which covers a range including both high coding rates for 64QAM and low coding rates for QPSK with repetitions.
[bookmark: _Toc494463226][bookmark: _Toc494468459][bookmark: _Toc494484369][bookmark: _Toc494484559][bookmark: _Toc494484607]RAN1 shall specify a CQI table when 64QAM is configured which does not exhibit large discontinuities according to a method outlined in this contribution. 

The discussion related to this topic reveals an issue which is present already for the CQI reporting in Rel-13. Since the highest CQI value 10 is always scaled with RCSI , also in this case the network needs to choose between configuring the UE to be able to report channel quality corresponding to the highest 16QAM code rates without repetitions, and covering CQI reporting at QPSK with low code rate and many repetitions. Thus, it may also be considered if the proposed method shall be possible to apply also when 64QAM is not configured. Whether the legacy table or a new one shall be used may for example be indicated with an RRC configuration parameter. 
Also, note that it is possible to express the CQI tables according to the compact formulation above, or, alternatively, it is possible to write the corresponding CQI tables
[bookmark: _Toc494484370][bookmark: _Toc494484560][bookmark: _Toc494484608]RAN1 shall consider using a method outlined in this contribution also for CQI reporting when 64QAM is not configured.
It shall be noted that it is possible to express the CQI tables according to the compact formulation used with the different steps and formulas used above when changing the specification. Or, alternatively, it is possible to write the corresponding CQI tables explicitly based on the same, or similar principles. It is also possible that only a subset of the tables is used in the specification.
Conclusion
We have the following proposals related to CSI reporting for 64QAM:
Proposal 1	It shall be possible to for a UE to be configured for 64QAM without repetitions and QPSK/16QAM with or without repetitions simultaneously.
Proposal 2	RAN1 shall specify a CQI table when 64QAM is configured which covers a range including both high coding rates for 64QAM and low coding rates for QPSK with repetitions.
Proposal 3	RAN1 shall specify a CQI table when 64QAM is configured which does not exhibit large discontinuities according to a method outlined in this contribution.
Proposal 4	RAN1 shall consider using a method outlined in this contribution also for CQI reporting when 64QAM is not configured.
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