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1. Introduction

The different types of CQI reporting and the various application schemes of CQI values for scheduling purposes require a very flexible CQI reporting scheme which can easily be adapted to the needs of the changing scheduling characteristics. The incremental CQI feedback scheme already presented in [1] is able to fulfil all these requirements and can perfectly be adapted to changing conditions.
Up to now, CQI values containing up to 5 bits were discussed in RAN1 [2]. In this contribution we show that within the reports for sub-bands less than 5 bits per CQI value are sufficient to deliver comparable and even higher accuracy than a single wideband CQI value of 5 bits.
This contribution furthermore contains information about the function and application of the incremental CQI feedback scheme in various scheduling, network and radio conditions.
2. Application of the Incremental CQI Feedback Scheme
We identified a set of different characteristics, which the CQI feedback scheme shall be able to fulfil:
· Wideband/Multi-band capability
· Sufficient fine granularity of CQI values

· Periodic/Aperiodic (or “trigger based”) reporting

· Applicability for MIMO schemes
These aspects are further elaborated on in the following sections.
2.1. Wideband/Multi-band capability
The feedback channel content and its representation will depend on the definition for which part of the spectrum (whole band or multi-band) it is generated.
· Wideband CQI
A wideband CQI represents the channel Quality of typically the whole spectrum or at least large parts of it with one single CQI value. Such a wideband CQI value is generally used to perform frequency non-selective scheduling. Here the physical resources used for the transmission are distributed in the frequency domain and adaptive modulation and coding (AMC) is performed on these wideband CQI values. To adapt the desired transmission performance to the radio conditions, the granularity of the CQI value needs to be sufficiently fine; up to 5 bits are currently assumed in RAN WG1 to be well suited here [2]. Such wideband CQI values can best be transmitted in the PUCCH.
· Multi-band CQI
Multi-band CQI values represent the channel Quality of only a part of the spectrum. Under the assumption that the complete set of  transferred multi-band CQI values shall reach comparable or even finer granularity than the wideband CQI values, the number of bits needed for the multi-band CQI values is less than for the wideband CQI values. A set of multi-band CQI values typically consists of m CQI values. Each of these multiband CQI values describes the radio channel quality of only a part of the spectrum, while the complete set describes the quality of either the complete spectrum (in the first report of the incremental CQI feedback scheme) or a sub-band, depending on the depth of refinement.
Which of the schemes (wideband or multi-band CQI reporting) shall be used by the UE is under control of the eNB. For the multi-band CQI reporting we propose to use the incre-mental CQI feedback scheme. A detailed description of this scheme can be found in [1].
2.2. Granularity of CQI Values
In the “way forward” document [2] the amount of bits per wideband and multi-band CQI value is defined as “up to 5 bits”. In this section we discuss the required number of bits for multiband CQI values under the assumption that for the wideband CQI values the maximum granularity of 5 bits is applied. There are two main reasons why the number of bits for multi-band CQI values should contain less bits than the wideband CQI values:

· The narrower the sub-band, the worse is the accuracy of the measurement of the radio channel quality. This effect is caused by the decreasing number of contributing reference signals (RS) during the measurement phase. One solution to overcome the problem of degrading accuracy would be to prolong the measurement interval, which then slows down the reporting and is thus not suitable for the desired frequency selective scheduling. 

· The Wideband CQI value will consist of up to 5 bits, corresponding to max. 32 possible values. 
The equivalent number of (wideband-)bits nwideband_bits for a given number of bits in a set of m multi-band CQI values nmultiband_bits is calculated by 
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In the simulated incremental CQI feedback scheme [1, Annex] each CQI value contains 3 bits. Under the assumption that the incremental feedback scheme uses only 2 reports for the split scheme (the first report then contains 2, the second one 3 CQI values which together substitute one of the former), a total of 4 CQI values are present in the eNB then. According to the above formula, the equivalent number of wideband bits is ld(4*23-3) = 4.86 bits.
Needless to say that the equivalent number of wideband bits increases even more, the more reports are contained in the split phase.
To update the “oldest” sub-bands, in the incremental feedback scheme, after the split phase a subsequent update phase is performed, in which each report consists of 3 CQI values. In the above example with only two reports per phase, this leads to a total number of 6 CQI values over the complete bandwidth after the update phase. The number of equivalent wideband bits then already reaches ld(6*23-5) = 5.43 bits.

The representation of CQI values is not yet defined in RAN1. However for the simulations in [1] CQI values were chosen that directly relate to modulation and coding schemes (MCS). For the application of the incremental CQI feedback scheme, the representation of the CQI values is of subordinate importance. That means, it can e.g. be combined with differential schemes, then the first report would contain absolute CQI values, while subsequent reports in the split phase could be differential CQI values (differences for the sub-bands related to the former absolute value).
After one reporting cycle the granularity of the reconstructed CQI information within the eNB is constantly fine enough to perform frequency selective scheduling, although the granularity of the CQI values change in the different reporting instants.
2.3. Periodic/Aperiodic reporting

Normally the UE performs periodic reporting to deliver radio channel quality estimates to the eNB recurrently. Such reports are then used to detect the best time and frequency resources for the scheduling. The basic feedback scheme should be a periodic reporting of at least one wideband CQI value. This periodic wideband CQI reporting can be applied for UEs that do currently not have data to be transferred. For data streams that already have or likely will have data to be transferred, a periodic reporting of multi-band CQI values allows for frequency selective scheduling.
On the other hand, the eNB may at any time want to get specific channel quality information about a certain part of the spectrum. For such an aperiodic reporting the incremental CQI feedback scheme can easily be used in the following way:

The eNB requests the UE to report the best sub-band(s) of a certain bandwidth. The incremental CQI reporting scheme already contains a split scheme, which can easily be re-used to communicate the bandwidth (or refinement depth) information to the UE. For this, only the number of refinements is sent to the UE (e.g. “3”). The UE then responds with a CQI report that contains the corresponding number of refinement direction (RD) bits (cf. [1]) and two related CQI values. Note that for a depth of “3” only two RD bits are needed.

eNB to UE: aperiodic reporting request message containing

[refinement depth=3]

UE to eNB: aperiodic report message containing

[RD1, RD2, CQIL, CQIR]

If the eNB wants to gather CQI information about a certain part of the spectrum, it may already include the RD bits in the aperiodic reporting request message, to identify for which sub-band the CQI values shall be reported. The UE then responds with a single report that contains 3 CQI values, each of which consists of 3 bits. The following message contents outline this aperiodic reporting:

eNB to UE: aperiodic reporting request message containing

[refinement depth=3, RD1, RD2]

UE to eNB: aperiodic report message containing 
[CQIL, CQIM, CQIR]

Of course other information such as a trigger condition in terms of a certain quality threshold that has to be reached can always be part of such requests for aperiodic CQI reports. Reports including the identification of the sub-band will then be sent to the eNB as soon as the threshold condition is reached.
2.4. Applicability for MIMO schemes
For a MIMO capable system, each UE generates one report per MIMO stream. With the incremental CQI feedback scheme, in each report the refinement direction bits (RD) indicate the direction where the refinement is leading to. For two MIMO streams, two such independent reports are then delivered by the UE.
For the distinction between the basic single-/multi-user MIMO schemes (SU-MIMO and MU-MIMO), the eNB needs to find out which UEs may ideally be treated with which scheme. With the incremental CQI feedback scheme it is rather easy to find UEs which can best be treated in SU-MIMO manner and at the same time find out which UEs can be paired to perform MU-MIMO:
Each of the reports from the UEs contains the RD information, i.e. for each MIMO stream the following information will be available:

UE1:

MIMO stream A: RD1A, RD2A, …

MIMO stream B: RD1B, RD2B, …

UE2:
MIMO stream A: RD1A, RD2A, …

MIMO stream B: RD1B, RD2B, …

By comparing the RD information of the MIMO streams of one single UE with each other, it can be detected, whether the UE is a candidate for SU-MIMO (see the blue arrow above). This is the case if the RD information of the MIMO streams is identical. The information then means that there are two independent MIMO streams, which have their highest qualities on identical physical resource blocks PRB). Thus this UE is an ideal candidate for transferring data within two streams on the same resources to it, i.e. SU-MIMO.

If on the other hand the RD information is different for the MIMO streams of one single UE, each of them can be compared to the RD information of other UEs (see the green arrows above). If there is a match between the MIMO streams of two UEs, they can ideally be paired to apply MU-MIMO.

Note that this does not restrict the resource usage to the -by RD information- indicated resources in any way; the eNB may always allocate the resources independently of the RD and CQI granularity.
A further advantage of the incremental CQI feedback scheme is that with the same granularity that is used for the CQI reporting, other MIMO related information such as e.g. a pre-coding index can easily be transferred to the eNB. The granularity of the CQI and such MIMO related information matches perfectly in that case, which eases the scheduling and increases the throughput performance.
3. Conclusion
We showed that the incremental CQI feedback scheme allows for gathering radio channel quality information in various application scenarios. 
It is well suited for the transfer of multi-band channel quality information from the UE to the eNB with only 3 bits per CQI value. 
For aperiodic (or “trigger based”) reporting as well as for the transfer of MIMO related information the incremental CQI feedback scheme can be applied.
It furthermore supports the decision of the SU-/MU-MIMO schemes in an easy way and can be used to transfer further MIMO related information matching the granularity of the CQI values. 
It may furthermore be merged with other CQI feedback approaches and proposals.
4. Proposals
We propose to

· Consider the presented incremental CQI feedback principle [1] as a candidate for the multi-band CQI reporting.
· Use 3 bits for multi-band CQI values.
· Perform aperiodic reporting requests by means of

· refinement depth
· refinement direction
· quality threshold 

· Apply the incremental CQI feedback scheme for aperiodic (or “trigger based”) CQI reporting.
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