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1. Introduction

Accurate and efficient Channel Quality Indication (CQI) feedback is crucial for E-UTRA. This feedback forms the basis for e.g. scheduling, link adaptation, and power control. Desired characteristics of the CQI feedback method include:

1) It should be fast enough to track channel variations in time

2) It should cover frequency domain channel variations to support frequency domain scheduling. It should also provide accurate descriptions of the ’average’ channel quality for e.g. time domain scheduling and link adaptation.
3) It should consume a minimum of bandwidth and power. 

4) It should be of low complexity. A single scheme (with as few modes as possible) supporting both fast and slow terminals, with arbitrary services is desirable. 

5) It should preferably be of constant rate to simplify mapping on physical channels and multiplexing

Using Discrete Cosine Transform (DCT) coding of CQI has been proposed in e.g. ‎[1]

 REF _Ref144016734 \r \h 
‎[3]. This paper elaborates further on this concept. The main addition is a proposal to make the reporting incremental. Different channel quality metrics are also discussed. 
2. Incremental CQI Reporting using DCT Coding

This section first describes the proposed incremental CQI feedback scheme using DCT coding. This is followed by examples of regenerated frequency responses.

2.1. Basic Operation

The scheme operates as indicated by the below steps. For simplicity, SNR is here used as the channel quality metric. Other channel quality metrics than SNR can also be considered (see Appendices A and B).

1) The UE estimates the channel H(f), and forms an SNR estimate, e.g. SNRest(f) = |H(f)2|/2(f), where 2(f) is some noise and interference estimate. The frequency domain granularity of the SNR estimate may be e.g. on resource block level, or even down to the reference signal separation level.

2) The UE makes a DCT transform of the estimated SNR: SNRdct = DCT(SNRest). The number of elements in the DCT transform is kmax. This parameter can be used to determine the frequency domain granularity of the CQI reports. By setting kmax = 1, traditional ‘time domain’ reporting is achieved. Note that a DCT transform of size 1 corresponds to the mean.

3) The DCT transformed SNR is sampled and represented by N bits per bin: SNRdctsamp = samp(SNTdct,N)

4) Set k = 1

5) The UE reports SNRdctsamp(k).

6) The Node B sets SNRdctest(k) = SNRdctsamp(k) 

7) The Node B regenerates the SNR as SNRest = IDCT(SNRdctest). Note that the not yet reported components of the SNRdct are set to zero before the inverse DCT is performed

8) If k=kmax, go to 4, else set k=k+1 and go to 5.

Different variants of the above scheme are of course possible; the main point herein is to capture a reasonable scheme to be used in the numerical examples. When multi-stream MIMO is used in the downlink, SNRs could be reported per stream. Reporting for beam-forming is discussed in Appendix C.
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Figure 1. Examples of true and regenerated SNR at transmitter for different numbers of reported DCT bins, two-branch MRC, left: Typical Urban channel, right: Pedestrian A channel.

2.2. Examples of Regenerated Frequency Responses

In order to indicate what level of accuracy may be expected with the proposed scheme, some examples of regenerated frequency response are provided. Frequency responses for 9MHz Typical Urban and Pedestrian A channels are generated and sampled every 90kHz (the reference symbol spacing for LTE). The SNR is calculated as |H(f)2|/2(f). Receive diversity with MRC combining is modeled through adding the SNRs of two independent realizations. The 100 samples are DC-transformed and ‘sampled’ by mapping them to the nearest integer value between -14 and 15dB. The frequency response is then regenerated using an inverse DCT transform of the first M elements of the samples DCT transformed, followed by 100-M zeros.

Examples for Typical Urban and Pedestrian A channels are depicted in Figure 1. It is seen that the mean SNR is captured already by the first element. This is important as this is sufficient for link adaptation (the same modulation and coding is used for all resource blocks), and for time domain scheduling.  In these examples, frequency responses useful for accurate frequency domain scheduling are achieved after about 8 iterations (4ms if reported in every TTI). Note however that hints on what sub-bands are best are achieved already after 2 iterations. This will not always lead to optimum scheduling decisions, but is statistically better than random scheduling in the frequency domain.

3. Conclusions

Incremental feedback of DCT-coded CQI has the following benefits:

· An accurate mean SNR is achieved with minimum delay for both TDM and FDM
· For stationary terminals, ‘arbitrarily’ accurate frequency responses may be achieved

· For fast moving terminals, the mean SNR  can be quickly tracked (the UE resorts to reporting the first element of the DCT)

· For moderately fast moving terminals, an automatic tradeoff between tracking the mean SNR and the frequency domain characteristics is achieved (the UE reports the first few DCT elements).

· The number of reported bits per feedback instant (e.g. TTI) can be kept low (5 in the above example). If SNR is reported per stream, the number is doubled. Keeping the number of bits low is important in order not to limit the overall link budget.

· In case the channel state information is required, e.g. for beam forming, the norm and the phase can be transformed to DCT domain respectively and fed back incrementally. The number of CQI reports is doubled.
· The number of reported bits per TTI can be constant. This reduces complexity and simplifies multiplexing of CQI reports from multiple UEs. 
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A. Alternative Channel Quality Metrics – Mutual Information

The CQI reports do not necessarily need to be in form of SNRs. They can e.g. be any linear or non-linear function of SNR. Motivated by the Mutual Information (MI)-based quality model ‎[4]‎[4] , the modulated symbol information is a good candidate for CQI reporting. The benefit of this metric is that it reflects the achievable bitrate much better than the mean SNR on channels with varying SNR. This is important e.g. for the first parts of the DCT transform, which cover bandwidths within which the SNR varies.

For M-ary modulation with the channel symbol SNR value 
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, the symbol information is defined as
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where Y is the complex-value channel output symbol with SNR equal to 
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 is the AWGN channel transition probability density conditioned on the noise-free channel symbol X. Without loss of generality, we assume P(X)=1/M as the a priori probability. Figure 2 shows MI as a function of SNR for QPSK, 16QAM and 64QAM. Using MI as a channel quality metric, SNRest(f) is simple replaced by MI(f) in step 1 in Section ‎2.1.

Taking the same examples for Typical Urban and Pedestrian A channels as in Figure 1, the CQI accuracy of DCT coded MI reports for TU and PA are given in Figure 3 and Figure 4 respectively. 
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Figure 2. The mutual information of discrete modulation
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Figure 3. Example of true and regenerated SNR by DCT of MI at transmitter for different numbers of reported DCT bins. Typical Urban channel, two-branch MRC.
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Figure 4. Example of true and regenerated SNR by DCT of MI at transmitter for different numbers of reported DCT bins. Pedestrian A channel, two-branch MRC.
B. Alternative Channel Quality Metrics – Effective SNR 

It is seen that the mean SNR is captured already by the first element. This is important as this is sufficient for link adaptation (the same modulation and coding is used for all resource blocks), and for time domain adaptation.
In wireless communication systems, especially in OFDM systems, a FEC codeword experiences multiple channel states of varying quality. The geometric average of the SNR estimates, i.e. linear average in dB domain, along the whole bands diverges from the decoded quality remarkably, as shown in Figure 5. Therefore, if only one CQI value is fed back to NodeB, the geometric average of SNR is not a good choice. 

The mutual information based quality model shown that the linear average of the mutual information, or the corresponding effective SNR, has a very stable map to the decoding quality ‎[4], as shown in Figure 6. In Figure 6, the legends ‘CR1’, ‘CR2’ and ‘CR3’ stand for the channel realizations with different frequency-domain selectivity, where the SNR offset among different channel states is up to 10dB. Accordingly, to ensure accurate time-domain scheduling and link adaptation with only single CQI feedback per user along the whole band, the effective SNR based on the geometric mean of the mutual information is preferred.
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Figure 5.  SNR thresholds of TC with different code rates, over 2-state channel
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Figure 6. Accuracy of BLER by MI-based effective SNR,TC(1/3),QPSK,16QAM&64QAM
C. Reports of the channel state information (CSI) 

In case that the channel state information is required, e.g. for beam forming, the power (or SNR) and the phase can be transformed to DCT domain respectively and fed back incrementally. Denote the complex channel state estimates for all the F resource blocks as:
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Where 
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 are the interference estimates. The respective DCT transforms of the power and the angle are used for CSI report. Similar to 2.1, the step 2.b is substituted by: 

2.b) For FDM, the UE makes a DCT transform of the mutual information based on the channel estimates 
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. Set kmax to the number of samples in DCT transform for FDM.
The accuracy of CSI for TU and PA are given in Figure 7 and Figure 8 respectively. It is seen that same as CQI reports, frequency responses useful for accurate frequency domain scheduling are achieved after about 8 iterations (4ms if reported in every TTI). 
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Figure 7. Example of true and regenerated channel response (h) at transmitter for different numbers of reported DCT bins. Typical Urban channel.
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Figure 8.  Example of true and regenerated channel response (h) at transmitter for different numbers of reported DCT bins. Pedestrian A channel.
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