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1 Introduction
Frequency domain packet scheduling has been shown to achieve significant performance gains in LTE, especially in the case of higher system bandwidths. To support frequency domain scheduling, UEs need to report a frequency selective CQI. However, an individual CQI feedback per frequency sub-band – e.g., one or two physical resource blocks (PRBs) – results in a large uplink signalling overhead.

Different solutions have been proposed to reduce the overhead of CQI feedback. In this contribution, we propose to exploit the channel correlation in the frequency domain, by reporting information on the slope of the CQI between frequency sub-bands. The scheme has an intuitive justification and a simple implementation. Reporting the slope of adjacent frequency sub-bands can be seen as a way of exploiting the redundancy of individual CQI reports per sub-band, and is therefore an efficient means to provide additional scheduling flexibility.
2 Motivation and Assumptions
Different solutions have been proposed to reduce the CQI signalling overhead while still achieving most of the gain of frequency domain scheduling. These solutions range from reporting an individual CQI for each frequency sub-band (which provides the reference performance for the scheduler), to reporting only the best CQI and the indication of the best sub-band. An effective trade-off is given by the best-M CQI report scheme, based on the feedback of the CQI of the M best sub-bands. Another possibility is to adopt a threshold-based CQI report, based on the feedback of the average CQI over the sub-bands that are within a threshold from the best CQI. In addition to the CQI values, the above schemes need to report the index of the sub-bands corresponding to the reported CQIs (see [1], [2] and references therein).

It has been also proposed to apply some known compression methods based, e.g., on the Discrete Cosine Transform [3] to further reduce the number of bits required to encode the CQI reports.

The main limitations of the above schemes are related to:

· Scheduling flexibility – For different reasons (such as system load or QoS constraints), the packet scheduler may need to assign to the users different frequency sub-bands than the ones reported. In this case, the scheduler can benefit from the opportunities offered by the possibility of reconstructing the CQI information on additional frequency sub-bands. Unfortunately, the CQI schemes reported above allow for only a limited flexibility. 

· Use of available channel correlation information – Depending on the channel selectivity, adjacent frequency sub-bands are correlated. This information is not taken into account by the CQI schemes described above.

The proposed CQI feedback scheme exploits the channel correlation in the frequency domain in order to provide means for efficient signalling of additional CQI values for correlated frequency sub-bands. This extra information provides additional flexibility for frequency domain scheduling.
In the following, we assume that the frequency resolution of the UE CQI measurement corresponds to one frequency sub-band, constituted by one or more PRBs.
3 CQI Feedback Scheme 

Although the proposed approach has general applicability, we consider here the case of best-M CQI feedback, where the UE reports the CQI of the 
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 best sub-bands of the frequency band available for transmission. With the proposed scheme, in addition to the CQI of the best 
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 sub-bands, we report the information needed by the packet scheduler in order to reconstruct the CQI of sub-bands adjacent to the best 
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. Given the correlation of the channel in the frequency domain, these adjacent frequency sub-bands will often correspond to  relatively good channel conditions. The information needed for the reconstruction of the CQI on adjacent sub-bands is the slope or any variation of the slope of the CQI over frequency, as will be described in detail below. 
As is intuitive, reporting the slope of the CQI of adjacent sub-bands requires a reduced amount of information compared to the transmission of the actual CQI value. Moreover, since the slope information concerns adjacent sub-bands, their indices do not need to be reported, which results in additional saving in terms of signalling. The transmission of information on the slope of adjacent sub-bands can therefore be seen as a compression scheme exploiting the channel correlation. This is in contrast to the best-M differential scheme as described in [4], [5], which reports the individual CQI for one of the 
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 best sub-bands, and the differential CQI for the remaining 
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 best sub-bands. This approach only reduces the required the number bits, and does not provide any additional information. The approach proposed in this contribution gives an efficient means to reconstruct the CQI of additional sub-bands, and can be used in conjunction with the best-M differential scheme. 

The details of possible implementations of the proposed CQI feedback scheme are discussed in the following sections.
3.1
Feedback of Slope of Adjacent Sub-Bands 

In a possible implementation of the proposed scheme, the UE computes the CQI for all frequency sub-bands of the entire bandwidth available for transmission. Then, the UE reports the 
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 best CQI values and the slope of the CQI in the frequency domain for the sub-bands adjacent to the 
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 best sub-bands. The slope is computed as
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where 
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 is the index of the frequency sub-band. With this approach, the eNode-B will have 
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 sub-bands available for scheduling. In case the 
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 best frequency sub-bands contain some adjacent sub-bands, we select the best 
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 sub-bands to include only the best non-adjacent sub-bands and the best sub-bands among groups of adjacent sub-bands (see Figure 1). This also ensures that the number of reported sub-bands remains constant (equal to 
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). The UE does not require to send the indices of the frequency sub-bands for the 
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 adjacent sub-bands associated with the transmitted slope information. In order to compare the proposed best-M' + slopes CQI report scheme with the best-M scheme, we consider the case 
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. Denoting by 
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 the number of bits necessary to represent each CQI value and by 
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 the total number of frequency sub-bands, the best-3M' CQI report requires 
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 bits. In comparison, the best-M' + slopes scheme needs 
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 bits, where 
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 is the number of bits required to encode the slope. For practical systems, the best-M' + slopes scheme requires a reduced number of bits, since 
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 is much smaller than 
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 and 
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 is relatively small compared to 
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. As an example, for 
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= 3, 
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= 25, 
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= 5 and 
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= 2, the best-3M' feedback requires 66 bits whereas the best-M' + slopes scheme requires 39 bits, and for 
[image: image30.wmf]M

¢

= 4 the best-3M' scheme requires 83 bits, where the best-M' + slopes scheme requires 50 bits.
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Figure 1 – Modified Best-M CQI selection with slope feedback.

3.2
Feedback of One Slope of Adjacent Sub-Bands
A variation of the scheme of Section 3.1 can be obtained by trying to further exploit the channel correlation in the frequency domain. As in the scheme of Section 3.1, the UE reports the CQI for the best 
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 frequency sub-bands. In addition, the UE reports now the absolute value and the sign of the slope with minimum absolute value between each of the 
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 best sub-bands and its two adjacent sub-bands. In practice, for each one of the best sub-bands, the user reports the slope to the best adjacent sub-band (either the left slope or the right slope). With this best-M' + slope scheme, the eNode-B is provided with 
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 frequency sub-bands for scheduling. A possible implementation of this modified scheme is obtained by choosing 
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. This choice is motivated by the fact that, taking into account the channel correlation, the CQI of the 
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 frequency sub-bands adjacent to the best 
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 will be often close to the CQI of the 
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 second best sub-bands that would be reported in the classical best-M scheme. This scheme will require the feedback of 
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 bits, where the last term represents the information needed to select the adjacent sub-band (left or right sub-band).

An alternative scheme can be based on the report of the maximum absolute value of the slope between each of the 
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 best sub-bands and its two adjacent sub-bands (which corresponds to the worst CQI between the two adjacent sub-bands), or of the average slope 
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. This maximum or average slope will then be used at the scheduler to reconstruct both adjacent sub-bands. In this case, the user reports the 
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 best frequency sub-bands and the maximum or average slope of the sub-bands adjacent to the 
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 best sub-bands. For 
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, the eNode-B will have in total 
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 frequency sub-bands available for scheduling. The signalling requirement for this best-M' + slope scheme is 
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 bits, where the classical best-3M' CQI report with 
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Note that, compared to the feedback of the average slope, the feedback of the maximum slope realizes a more conservative scheme that tends to produce an error rate lower than the target.
3.3
Feedback of the Max Variation of CQI over K Adjacent Sub-Bands 

An alternative approach is based on a measure of the maximum variation of the CQI among the 
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 adjacent sub-bands on the right and on the left of each of the 
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 best sub-bands, respectively 
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. As for the schemes of Section 3.1 and Section 3.2, the UE reports the CQI for the best 
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 frequency sub-band. In addition, for each selected sub-band, the UE reports the maximum right and left CQI variations. Denoting by 
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 the index of one of the 
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 best sub-bands, the CQI of the 
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 right and left adjacent sub-bands is reconstructed as
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where 
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 is a parameter that can be adjusted depending on the channel selectivity. For instance, when the channel does not vary significantly between sub-bands, selecting 
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 = 1 the above scheme repeats the maximum CQI over the adjacent sub-bands. At the other extreme, selecting 
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 = 0 the scheme becomes very conservative, being based on the worst frequency sub-band. Similarly, the parameter 
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 can be selected to adapt to the channel selectivity. The parameters 
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 and 
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 can be signalled by the eNode-B. This scheme requires the feedback of only 
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 frequency sub-bands/scheduling opportunities.

The scheme could be further refined by supporting a different parameter 
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 for each of the 
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 adjacent sub-bands.
3.4
Feedback of the Max Slope over K Adjacent Sub-Bands
A further variation of the scheme is based on a measure of the maximum slope among the 
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 adjacent sub-bands on the right and on the left of each of the 
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 best sub-bands
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and of the index of the sub-bands corresponding to the maximum right and left slope 
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As for the schemes of the above sections, the UE reports the CQI for the best 
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 frequency sub-bands. In addition, for each selected sub-band, the UE reports the maximum right and left slope and the index of the adjacent sub-band corresponding to the maximum slope. Denoting by 
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 the index of one of the 
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 best sub-bands, and considering for instance the right adjacent sub-bands, the above slope information allows to reconstruct at the eNode-B the 
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The parameters 
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 can be adjusted to adapt the reconstruction interval to the frequency selectivity of the channel. The parameter 
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 can be fixed in advance, or signalled on a slow basis by the eNode-B. This scheme requires the feedback of only 
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  frequency sub-bands/scheduling opportunities. 

The scheme could be generalized to support the reconstruction of the CQI for 
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 right/left sub-bands. In this case
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which requires the feedback of 
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 frequency sub-bands/scheduling opportunities.
4 Conclusions
In this contribution we have addressed the possibility of reducing the signalling overhead of the CQI feedback for frequency domain scheduling. We propose to exploit the channel correlation in the frequency domain by reporting the slope of the CQI between frequency sub-bands. The main advantage of the proposed CQI feedback scheme is the possibility of providing CQI information to the scheduler with reduced signalling overhead. The scheme has an intuitive justification and allows a simple implementation. Reporting the information on the slope of adjacent sub-bands is a way of exploiting the redundancy of individual CQI reports per sub-band, and an efficient means to provide additional flexibility for frequency domain packet scheduling.
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