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1 Introduction
In [1] it is proposed to add a test case for UE-selected subband CQI reporting mode (PUSCH 2-0). Similarly, call for specifying requirements for UE-selected subband reporting on PUCCH and PUSCH is presented in [2]. We propose that the benefits of such reporting modes should first be studied to justify the necessity of introducing new requirements. Some analysis and simulation results are presented in this paper.
Before discussing the performance of each of the reporting modes, it is essential to consider the use of the reporting modes in live operation. PUCCH reporting is not used on its own, for example, but always together with PUSCH reporting.
2 Use cases of CSI reporting schemes

In LTE, CSI can be reported on either the PUCCH or PUSCH channels, with altogether 9 different modes documented in [3]. Section 7 gives a summary of these modes. As well known, if the frequency granularity and reporting period of the CSI is finer, the downlink performance will be better. However, a balance should be achieved between link adaptation performance and CSI overhead.

Firstly, the PUCCH capacity is limited by inter-cell interference as well as intra-cell interference due to the imperfect orthogonality of the code division multiplexing further exacerbated by imperfect uplink power control. Configuring periodic CSI on PUCCH for all UEs with a fine reporting period as required for good downlink performance will cause too large overhead in a loaded system. On the other hand, if the PUCCH CSI resource is dimensioned for a reasonable overhead, the CSI reporting period will not be adequate when serving a large number of UEs. Furthermore, in a common traffic scenario where UEs have intermittent data bursts, a portion of the CSI that is reported periodically will not be utilized, which means that the corresponding PUCCH resources are wasted without contribution to system performance. A fast and dynamic reallocation of PUCCH CSI resources is not handy since the resources are semi-statically configured via RRC signalling. Thus, usage of PUCCH subband CSI by itself is not a realistic use case.
A more realistic use case of the CSI schemes is to use a combination of periodic and aperiodic CSI reporting. It is more reasonable to allocate a low frequency (large period) periodic CSI on PUCCH for all (or, as many as possible) UEs, while limiting the PUCCH overhead to a desired level. The CSI information on PUCCH will then provide an initial estimate of the MCS for the first few transport blocks in a data burst to the UE when it starts to be scheduled. Once there is data activity, aperiodic CSI on PUSCH could be scheduled, with higher frequency and detailed (subband) information, and utilized by successive link adaptation. This limits the PUSCH CSI to the few UEs that happen to receive data, PUSCH 3-0 has better performance than PUSCH 2-0 as is shown below. In such a use case, the PUCCH subband CSI scheme is less attractive since the subband information is not valuable at the realistic reporting period that can be used for all UEs. 
Secondly, the impact of lost CSI reports on PUCCH is also worth mentioning. The reason for the loss could be decoding errors or dropped reports due to collisions: e.g. in case of collision between CQI/PMI/RI and ACK/NACK or positive SR in the same subframe, the CQI/PMI/RI report is dropped [3].

In mode 2-1, there are three report types (RI, wideband CQI+PMI and subband CQI) that depend on each other. If the RI subframe is lost, the other two types of reports are also lost until the next correctly received RI. If the CQI+PMI subframe is lost, all the subband CQI reports will not be useful due to unknown precoding matrix until the next correctly decoded CQI+PMI. For mode 1-1 however, there are only two dependent reports (RI and wideband CQI+PMI), which reduces the impact of lost reports.

In mode 2-0, the wideband CQI report has lower frequency compared to mode 1-0 (for the same reporting period) and if such a report is lost, the impact on scheduling could be significant since only a small part of the system bandwidth is covered by the best subband reports per bandwidth part.
Thus, in the realistic use case of combined PUCCH and PUSCH CSI outlined above, the wideband PUCCH CSI has a merit in robustness compared to UE selected CSI.
3 Simulation results

In the presented results, a single CQI reporting mode is used in each simulation. Usage of mixed PUCCH and PUSCH reporting is not evaluated. The same CQI reporting period of 5ms is used in all simulations. The simulation conditions are listed in section 5.
Figure 1 and Figure 2 compare the performance of 4 CQI modes with SIMO. UE selected subband CQI on PUCCH (Mode 2-0) shows gain over wideband (Mode 1-0) in terms of mean user throughput as well as 5% (cell edge) throughput. However, both PUSCH subband reporting modes outperform the PUCCH Mode 2-0 counterpart. 
The higher layer configured CQI on PUSCH (Mode 3-0) performs better than the UE selected subband CQI on PUSCH (Mode 2-0) for higher loads. However, in the presented results, the UE selected Mode 2-0 performed better for lighter traffic load. The reason for this behavior originates from the link adaptation (LA) algorithm implemented. It’s assumed that for each resource block (RB), the highest reported CQI among the wideband (WB) CQI and subband (SB) CQI (if available) is used for link adaptation. When traffic load is low, all the bandwidth is allocated to one user, and Best-M CQI is used for the best sub-bands, while WB CQI is used for the other sub-bands. But WB CQI already contains the contribution of best sub-bands, which means that the contribution of the best sub-bands is calculated twice, and results in higher average CQI over the whole BW. As a result, the link adaptation is more aggressively used for PUSCH 2-0 and in this low load case, the CQI is most likely to be under-estimated, since the inter-cell interference power density on the data channel is lower than the one on the CRS, so a more aggressive LA leads to the better performance. 
But if another link adaptation algorithm is employed, e.g. an adaptive margin is added to the reported CQI to compensate the under-estimation, and if the whole bandwidth is scheduled to a single user, only WB CQI is used, PUSCH 2-0 should have similar performance as the other CQI modes, its performance might be even smaller due to longer period of WB CQI reporting. It should be pointed out that this is a more practical and robust LA solution than the one used in the simulation.
Figure 3 and Figure 4 show the performance of the 5 CQI modes with PMI, using MIMO precoding. PUSCH frequency selective CQIs achieve a better performance than wideband and PUCCH frequency selective CQIs. The PUSCH higher layer configured (Mode 3-1) and UE selected (Mode 2-2) CQI perform comparably. When traffic load is light, all the bandwidth is usually allocated to one user, PUSCH 2-2 has a slightly better throughput performance than PUSCH 3-1, since it has finer PMI frequency granularity, and due to the favourable link adaptation algorithm behaviour, as described earlier. When traffic load is heavy, each user will be scheduled on only part of the sub-bands with best CQI, and PUSCH 3-1 has better performance since it reports all the sub-band CQIs. This is due to the fact that, a user might not be scheduled on the RBs with best CQI, if this happens, PUSCH 3-1 could provide more accurate SB CQI for LA, while PUSCH 2-2 could only provide WB CQI for LA, which is not as accurate as SB CQI.
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Figure 1. SIMO, mean user throughput
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Figure 2. SIMO, 5% user throughput
[image: image3.emf]3 4 5 6 7 8 9 10

0

1

2

3

4

5

6

7

 

 

Served Traffic [Mbps]

User Throughput [Mbps]

2x2 MIMO cell throughput vs mean user throughput

PUCCH 2-1

PUCCH 1-1

PUSCH 2-2

PUSCH 3-1

PUSCH 1-2


Figure 3. MIMO, mean user throughput
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Figure 4. MIMO, 5% user throughput
4 Conclusions

The merits of each reporting mode have to be assessed with due account of the collective use of the reporting mechanisms in a live network.
PUSCH frequency-selective CQI always shows gain over PUCCH CQI. Higher-layer configured CQI and UE-selected subband CQI on PUSCH have comparable performance, and higher-layer configured CQI might have higher performance than UE-selected subband CQI with more practical LA algorithm for both heavy and light traffic load. Performance-wise, no clear benefit is identified with the UE selected subband CQI modes over the higher layer configured modes.
PUCCH UE selected subband CQI is better than wideband when PUCCH CSI is used alone and with a small reporting period. However, in a realistic use case of combined PUCCH and PUSCH CQIs outlined in section 2, the benefit of PUCCH subband CQI reduces due to the availability of PUSCH feedback and larger realistic reporting period on PUCCH.
5 Simulation conditions
	Traffic and Mobility Models

	User distribution
	Uniform

	Terminal speed
	3 km/h

	Data generation / Traffic model
	Full buffer, number of users varied to vary the load

	Traffic load
	Average {0.5,1,2,5,10} users per cell

	Radio Network Models

	Distance dependent path loss
	128.1+37.6log10(R), R in km

	Shadow fading
	Log-normal, 8dB standard deviation

	Channel model
	Correlation based SCM channel model, suburban macro, mean angular spread 5 degrees. 

	Cell layout
	Hexagonal grid, 3-sector sites, 21 sectors in total

	Inter-Site Distance 
	500m

	General System Models 

	Carrier frequency
	2GHz

	Bandwidth
	5MHz divided into 25 resource blocks (RB)

	Base station power 
	20 W

	Noise Figure
	9dB

	DL Transmit Antenna Gain
	14 dBi

	DL Receive Antenna Gain
	0 dBi

	Antenna configuration
	1x2, 2x2, BS antenna type: 3GPP SCM,  UE antenna type: omni, BS antenna spacing: 4λ, UE antenna spacing: 0.5λ

	Modulation and coding schemes
	Refer to [3]

	Reuse
	Uncoordinated reuse 1

	Tx power control
	Fixed power

	Receiver
	MMSE without SIC

	E-UTRA Characteristics

	OFDM Parameters 
	According to 3GPP-TS36.211.

	DL overhead 
	17.86%

	Scheduler
	Proportional fairness in both time and frequency domain

	CQI Report Models

	Report period
	5ms between two consecutive reports

	Sub-band CQI frequency granularity
	Corresponding to 25 RB system bandwidth [3]

	CQI report delay
	4 subframes (4ms), with no CQI estimation errors.
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7 Appendix A: Summary of LTE CSI reporting modes

There are altogether 9 CSI modes in LTE now documented in [3]. They can be categorized in 3 dimensions, by the reporting channel, by the frequency granularity and by the precoding matrix indicator (PMI) granularity, as shown in Figure 5. 
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Figure 5. LTE CQI modes category

A short summary is given here to illustrate the function of all these CQI modes; more details can be found in [3].

In LTE, CQI can be reported in two channels: PUCCH and PUSCH. PUCCH is a primary uplink control channel, and it’s always available once allocated, but its bandwidth is very limited. There is less bandwidth limit for PUSCH, but it is only available when scheduled. 

7.1 Periodic CSI using PUCCH

For PUCCH, the CQI is reported periodically. For wideband CQI, reports can be configured to be sent every 2ms, 5ms or longer period. For UE selected CQI, the reporting procedure is shown in Figure 6, where each square stands for one sub-frame in time domain. Between two rank indicator (RI) reports, there can be several wideband + sub-band CQI patterns, and each pattern contains one wideband CQI and one or several cycles of sub-band CQIs, where each sub-band CQI cycle traverses all the bandwidth parts.
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Figure 6. PUCCH wideband CQI and UE-selected CQI report time pattern

For PUCCH UE-selected CQI, the whole bandwidth is divided into several bandwidth parts (BP). In each bandwidth part, one best sub-band CQI will be reported, as shown in Figure 7, where each square stands for a resource block in frequency domain. Squares with the same colour means that they share the same CQI or PMI. The fill pattern is used to indicate the bandwidth part. The size (in number of resource blocks) of a bandwidth part and a sub-band depends on the system bandwidth and is defined in [3].
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Figure 7. PUCCH CQI and PMI frequency granularity

Periodic CQI/PMI/RI may be dropped based on the conditions below (cf. [3], section 7.2.2)

· In case of collision between RI and wideband CQI/PMI or subband CQI, the wideband CQI/PMI or subband CQI is dropped.
· In case of collision between CQI/PMI/RI and positive SR in the same subframe, CQI/PMI/RI is dropped.
· If parameter ttiBundling provided by higher layers is set to TRUE and if an UL-SCH in subframe bundling operation collides with a periodic CQI/PMI/RI reporting instance, then the UE shall drop the periodic CQI/PMI/RI report in that subframe and shall not multiplex periodic CQI/PMI and/or rank indicator in the PUSCH transmission in that subframe.
7.2 Aperiodic CSI using PUSCH

For PUSCH, the RI, CQI and PMI are reported simultaneously and aperiodically, as shown in Figure 8.
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Figure 8. PUSCH CQI report time pattern
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Figure 9. PUSCH CQI and PMI frequency granularity

The frequency granularity of PUSCH CQI/PMI is shown in Figure 9. The whole bandwidth set is divided into several sub-bands, each sub-band comprises of several resource blocks. For the UE-selected CQI, M sub-bands with best SINR will be selected, and a single CQI will be reported for these sub-bands, and a wideband CQI will also be reported. For the higher-layer configured CQI, there is an individual CQI for each sub-band. In this figure, each square stands for a resource block in frequency domain, squares with the same colour means that they share the same CQI or PMI. The size of a sub-band (in number of resource blocks) depends on the system bandwidth and is defined in [3].
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