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1 Introduction
In order to increase the downlink spectrum efficiency for small cell deployments, the introduction of 256QAM has been agree at RAN#62. It was furthermore agreed that the existing size of CQI feedback field and MCS indication will not be changed [1].
This contribution discusses the CQI reporting aspect of introducing for 256QAM for the downlink. There is a companion contribution addressing the MCS table design for 256QAM [2].
2 Discussion
In the following, we will discuss the CQI ranges supporting 256QAM for different CSI reporting modes in detail. The basic assumption is here that three additional CQI levels for 256QAM would in general be sufficient, keeping an equidistant channel quality sampling of approximately 2 dB. This correspond to six additional MCS levels for 256QAM with approximately 1 dB SINR distance at the 10% BLER point. However, it could still be discussed whether it might make sense to either increase or reduce at the end the number of supported CQI table entries for 256QAM, depending on the agreed reporting modes that should support 256QAM.
2.1 CQI Reporting Ranges
Different CQI reporting strategy that support different ranges of CQI level can be conceived based on the currently supported CSI reporting modes defined in [3]. A detailed discussed is provided in the following.
Option A: The first option is keeping the conventional Rel-11 CQI reporting without adapting it for 256QAM. The CQI ranges that are covered by the reporting under the assumption of three additional levels for 256QAM are shown in Figure 1 (the out-of-range value is skipped in this representation for the sake of simplicity). 
The applicability of 256QAM for PDSCH transmissions has to be determined in the eNB, for examples based on a corresponding outer loop link adaptation (OLLA) strategy. If an UE reports the highest Rel-11 CQI level and the eNB realizes by means of ACK/NACK evaluation that the BLER of the highest Rel-11 MCS level is very low, it could try using 256QAM even if it was not reported explicitly by the UE.
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Figure 1: Range of supported CQI levels with Rel-11 reporting
This approach has the major advantage that no specification changes are required for the CQI reporting, a new CQI table is not required. It will therefore also minimize the corresponding RAN4 testing effort. The disadvantage is clearly given by the increased uncertainty regarding the estimated 256QAM transmission quality due to missing explicit feedback from the UE.
Option B: This approach does not incorporate any change of the wideband CQI reporting, the adaptation for 256QAM addresses only the subband differential CQI reports. In case the maximum Rel-11 wideband CQI level (high code rate 64QAM) is reported, the positive differential CQI values could be interpreted as indicating CQI levels corresponding to 256QAM entries of the CQI table. That means that up to four CQI levels for 256QAM could be supported in case of UE selected subbands (aperiodic reporting Mode 2-0 and Mode 2-2, and periodic reporting Mode 2-0 and Mode 2-1), and up to two levels could be supported in case of subbands configured by higher-layer signalling (aperiodic reporting Mode 3-0,Mode 3-1 and Mode 3-2). The currently supported values for differential CQI reporting are given in Appendix A.
Figure 2 shows the resulting CQI level coverage for subband level reporting. It can be seen that the subband level CQI reporting range is extended compared to the range of Option A shown in Figure 1. This solution requires the definition of an enhanced CQI table, although not all values will be used for wideband CQI reporting. An exemplary table is given in Appendix B.
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Figure 2: Range of supported CQI levels without adaptation of wideband reporting
This solution has the advantage that the specification and testing effort for support of 256QAM in the CQI reporting is kept as small as possible. A disadvantage could be that 256QAM can only be reported on subband level and not for wideband transmissions. It is furthermore only possible to report two subband CQI levels for 256QAM.
Option C: A new adapted wideband CQI mapping that supports 256QAM is designed. The adaptation of the wideband CQI reporting is given by a shift of the reporting range, e.g. by a CQI index offset. The use of the new CQI table would be configured in a UE specific manner by means of higher-layer signalling. The new CQI table is the same as the one defined for Option B.
Figure 3 and Figure 4 show the CQI reporting ranges with shifted wideband levels for a shift of three levels and one level, respectively. The figures show how the shifted wideband reporting range affects the corresponding subband reporting range as well (assuming differential reporting as defined in Table 6). Shifting the wideband range by just one level allows already the reporting of three subband CQI levels for 256QAM which can be expected to be sufficient assuming that in general only three levels will be sufficient for covering different code rates up to 0.93 for 256QAM with approximately equidistant SINR step.
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Figure 3: Range of supported CQI levels with adaptation of wideband reporting 
(shift of three levels compared to Rel-11)
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Figure 4: Range of supported CQI levels with adaptation of wideband reporting 
(shift of one level compared to Rel-11)


The advantage of this approach is that the wideband CQI reporting range can be used for indicating 256QAM. However, this also means that such a shift prohibits the report of wideband CQI levels corresponding to QPSK with low code rates. This could result in problems if the UE cannot inform the eNB about sudden SINR drops with sufficient accuracy.  The CQI range shift requires therefore a proper adaptation to the expected long-term channel conditions. Another disadvantage is given by the increased specification and RAN4 testing effort compared to Option A and Option B.
Assessment of Options A/B/C

Since it has been agreed already during RAN1#75 that new CQI entries should be defined for 256QAM [1], Option A would not be a reasonable solution. The question would then be whether it is sufficient to support 256QAM CQI levels only for differential subband reporting while not supporting 256QAM CQI entries for the wideband CQI. This is from our point of view currently the preferred solution since it minimizes the required RAN4 testing effort. It can furthermore be expected that the probability of very high wideband SINR levels will be very low due to the frequency selective nature of the radio channel for the majority of cases. Efficient use of 256QAM will most likely rely on frequency selective allocations based on subband CQI reports.
As a result, the specification should contain a CQI table that covers Rel-11 entries as well as additional 256QAM levels; but these new entries would not be used for wideband CQI reporting, they can be reported just by means of differential CQI reporting for subbands or subband sets. An exemplary CQI table design is given in Table 1.
Table 1: CQI table consisting of Rel-11 entries and additional 256QAM entries

	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

	16
	256QAM
	768
	6.00

	17
	256QAM
	850
	6.64

	18
	256QAM
	952
	7.44


Proposal 1: 
The reporting range for wideband CQI reporting should not be changed for 256QAM.
Proposal 2: 
The combination of highest Rel-11 wideband CQI level and positive differential CQI values should
be interpreted as CQI levels representing 256QAM.  
2.2 CSI Reporting Modes

In addition to the question whether it is reasonable to adapt the CQI table for 256QAM by introducing new corresponding CQI levels, it has to be discussed whether it is required that all CSI reporting modes have to support the new CQI levels. A major advantage of restricting the number of supported CSI reporting modes would be the reduced RAN4 testing effort. On the other hand, such a restriction should not affect the throughput performance of UEs configured for the usage of 256QAM in a negative way. The current Rel-11 reporting modes are given in Appendix A. 
2.2.1 Aperiodic Reporting
Taking into account that the use of 256QAM will in general require very good channel conditions, it can be expected that it will be used rather in combination with frequency selective allocations than in case of wideband allocations. Therefore, the support of 256QAM seems to be most reasonable for Mode 3-x. 
The reporting modes based on subbands selected by UEs (Mode 2-0 and Mode 2-2) still facilitate a certain degree of frequency selective allocation, however with reduced flexibility compared to Mode 3-x. Based on that assumption, the support of 256QAM seems to be less required here. The lowest priority can be considered for Mode 1-2 since it does not support frequency selective CQI reports.
2.2.2 Periodic Reporting

The periodic CSI reporting in Rel-11 does not support differential CQI values for subbands or subband sets relative to the wideband CQI value. Differential CQI values are used just for different code words in terms of differential spatial CQI. That means that the support of 256QAM for the CQI reporting would require in this case an adaptation of the wideband CQI range, which would restrict the possible solutions to Option C described above in Section 2.1. The assumption is however that wideband reports covering 256QAM will in general not be required; this will be shown in the performance evaluation presented in Section 2.5. If more detailed reports with individual CQI information per subband are required, this anyway has to be provided by means of aperiodic CSI reporting.
If a restriction should be applied in order to reduce the RAN4 testing effort, it seems to be reasonable to support 256QAM reporting only for Mode 2-0 and Mode 2-1 due to the frequency selective nature of these reporting modes.
2.3 CSI Measurement Sets
A UE can be configured with two resource-restricted CSI measurement sets by means of higher-layer signalling. The use of CSI measurement sets does not depend on the configured transmission mode. The CSI measurement sets are normally used in combination with ABS patterns in neighbouring cells that cause different interference conditions in the different CSI measurement sets. However, it is not clear whether the average SINR level differences between the CSI measurement sets will be sufficiently large for justifying the configuration of different CQI ranges for different measurement sets. Such an approach would furthermore increase the implementation and configuration complexity in an unnecessary manner. 
Proposal 3:
The same CQI reporting range should be used for all configured CSI measurement sets.
2.4 CSI Reporting Processes

A UE configured for Transmission Mode 10 can be configured with one or more CSI reporting processes per serving cell by means of higher-layer signalling. Each CSI process is associated with a CSI-RS resource and a CSI-IM (interference measurement) resource. Similar as in the case of CSI measurement sets, it can be assumed that different CSI reporting processes will be subject to different SINR conditions. It is however not clear whether average differences will be sufficiently large for justifying the use of different CQI reporting ranges for different reporting processes for the same serving cell. It seems more likely that CSI reporting processes for different serving cells will show larger average SINR differences that would benefit from different CQI reporting ranges.  
Proposal 4:
Different CSI reporting process for the same serving cells should use the same CQI reporting range.
Proposal 5:  The CQI reporting range should be configured per serving cell in a UE specific manner.
2.5 Simulation Results

Table 2 and Table 3 show the UE throughput performance results (including both macro and small cell UEs) for Option B (Rel-11 wideband CQI) and Option C  wideband CQI shifted by three levels) for Scenario 2a and 2b as defined in [4]. The evaluation has been conducted for different macro and small cell resource utilizations (MRU and SRU, respectively) with FTP traffic.  Aperiodic CSI reporting corresponding to Mode 3-1 was used, and the UE association is based on RSRP. Further simulation assumptions are given in Appendix B.
The evaluation reveals that there is no significant performance difference between Option B and Option C. The performance with the restricted wideband CQI reporting without 256QAM indication shows even slightly better throughput performance in the evaluated scenarios. The reason for this effect is based on a reduced BLER due to a less aggressive use of 256QAM with Option B; due to the limited differential CQI reporting range, 256QAM with high code rates is less often indicated and therefore less often assigned. Option C offers more occasions for reporting high 256QAM code rates, but the use of the corresponding very high MCS levels can be seen as too aggressive scheduling. 
This shows that it is not required to extend the wideband CQI reporting for 256QAM. It is sufficient to rely on the differential subband reporting for 256QAM. Supporting the reporting of CQI levels for 256QAM with very high code rates (e.g. 0.93) is basically not required since such reports tend to result in too aggressive scheduling. 
Table 2: Throughput results for Scenario 2a

	Resource Utilization
	Average UE throughput

	MRU
	SRU
	Option B
	Option C

	30%
	8%
	4.66 Mbit/s
	4.65 Mbit/s

	50%
	12%
	4.53 Mbit/s
	4.50 Mbit/s

	82%
	30%
	4.50 Mbit/s
	4.48 Mbit/s


Table 3: Throughput results for Scenario 2b

	Resource Utilization
	Average UE throughput

	MRU
	SRU
	Option B
	Option C

	30%
	7%
	5.72 Mbit/s
	5.71 Mbit/s

	46%
	10%
	5.40 Mbit/s
	5.37 Mbit/s

	80%
	30%
	4.91 Mbit/s
	4.89 Mbit/s


3 Conclusion
In this contribution, we discussed the CQI reporting aspect of introducing 256QAM for the downlink in detail. Based on the evaluation of advantages and disadvantages of different possible approaches, we suggest the following:
Proposal 1:  The reporting range for wideband CQI reporting should not be changed for 256QAM.

Proposal 2:  The combination of highest Rel-11 wideband CQI level and positive differential CQI values should
be interpreted as CQI levels representing 256QAM.  
Proposal 3:  The same CQI reporting range should be used for all configured CSI measurement sets.

Proposal 4:
Different CSI reporting process for the same serving cells should use the same CQI reporting range.

Proposal 5:  The CQI reporting range should be configured per serving cell in a UE specific manner.
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Appendix A

Table 4 and Table 5 show the Rel-12 CSI reporting modes for aperiodic and periodic reporting, respectively. 
Table 4: Rel-12 CQI and PMI Feedback Types for PUSCH CSI Reporting Modes
	
	
	PMI Feedback Type

	
	
	No PMI
	Single PMI
	Multiple PMI

	PUSCH CQI                 Feedback Type
	
	
	
	

	
	Wideband
	
	
	Mode 1-2

	
	(wideband CQI)
	
	
	

	
	
	
	
	

	
	UE Selected
	Mode 2-0
	
	Mode 2-2

	
	(subband CQI)
	
	
	

	
	
	
	
	

	
	Higher Layer-configured
	Mode 3-0
	Mode 3-1
	Mode 3-2

	
	(subband CQI)
	
	
	


Table 5: Rel-12 CQI and PMI Feedback Types for PUCCH CSI Reporting Modes
	
	
	PMI Feedback Type

	
	
	No PMI
	Single PMI

	PUCCH CQI                 Feedback Type
	
	
	

	
	Wideband
	Mode 1-0
	Mode 1-1

	
	(wideband CQI)
	
	

	
	
	
	

	
	UE Selected
	Mode 2-0
	Mode 2-1

	
	(subband CQI)
	
	


Table 6 and Table 7 show the Rel-11 differential CQI levels used for indicating CQI levels of individual subbands and subband sets, respectively.
	Table 6: Rel-12 differential values for subband CQI
Differential CQI value 
Offset level

0

0

1

1

2

(2

3

(-1


	Table 7: Rel-12 differential values for subband set CQI
Differential CQI value 
Offset level

0

(1

1

2

2

3

3

(4




Appendix B
	Simulation Parameter
	Setting

	Deployment scenario
	Scenario 2a and 2b as defined in [4]

	Serving cell attachment 
	RSRP-based (with bias in case of cell range expansion)

	Scheduler 
	Proportional fair frequency selective scheduling in both Macro eNBs and Pico eNBs

	Channel bandwidth
	10 MHz

	Carrier frequency
	2 GHz

	Macro cell ISD
	500 m

	Max Macro Tx Power
	46 dBm

	Max Pico Tx Power
	30 dBm

	Noise PSD
	-174 dBm/Hz

	Macro eNB antenna pattern
	3D antenna pattern, 120 degree sector

	Macro eNB antenna downtilt
	15 degrees

	Pico eNB antenna pattern
	2D antenna pattern, Omni-directional

	Macro eNB antenna gain (including cable loss)
	14 dBi

	Pico eNB antenna gain
	5 dBi

	Minimum distance between Pico eNBs and Macro eNBs
	35 m

	Minimum distance between 
Pico eNBs
	40 m

	Minimum distance between 
Macro eNB and UEs
	35 m

	Minimum distance between 
Pico eNB and UEs
	10 m

	Fast Fading Channel 
	Typical Urban (TU), i.i.d. for spatial extension

	MIMO transmission modes
	DL transmission mode 4 
(closed loop 2x2 MIMO with dynamic rank adaptation)

	CSI Feedback 
	Sub-band CQI with wideband PMI (PUSCH mode 3-1), periodically every 1 ms with 5ms delay

	Control overhead
	Fixed to two OFDM symbols

	Control signalling
	Explicit modelling of CCE aggregation, power control and errors of DL DCI transmission, same overhead assumed for UL DCI.
(interference impact of CCE utilization is considered)
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