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1. Introduction

It is important for a scheduler to be able to accurately predict the channel quality for determining both the best transmission mode and the MCS of each individual link in that mode, i.e., 

· SU/MU/CoMP mode 

· User paring/grouping in case of MU and CoMP

· MCS for each link (CQI)
Note that the UE feedback on channel quality related information should enable eNB to make the best scheduling decision and best MCS. It has been generally viewed that accurate MCS can only be obtained based on UE feedback, where a UE can take into consideration the estimated interference, receiver processing and other impairments. However, the fact that, with DRS, a eNB can dynamically adapt the precoding matrices based on the choice among SU, MU, and CoMP modes of operation makes the post-BF MCS calculation at UE inaccurate due to unknown precoding matrices. On the other hand, explicit channel/covariance feedback, with pre-BF SINR related information embedded, can be used by the eNB to predict post-BF CQI for both scheduling and MCS decision, which shows good performance. This decouples transmission hypothesis (as in mode/rank/user selection and coordinating point selection) that a UE must need to know in CQI calculation from the actual MCS determined at eNB, and allows dynamic switching of the transmission modes, without semi-statically configuring a UE to report CQI based on a particular hypothesis.

In this contribution, we show how post-BF CQI can be predicted based on explicit feedback and that it has good accuracy. 
2. Post-BF MCS Determination 
In DRS-based transmission or when UE does not know the precoding matrices to be used by eNB, UE typically have to assume a certain transmission mode to predict the aftermath of SU/MU precoding. For example, in transmission mode 7 in Release 8 SU operation, a wideband rank-1 CQI is derived based on CRS and the hypothesis of transmission diversity.

Accurate CQI prediction can become difficult to get because the post-precoding interference depends on the precoding performed at the interfering eNBs as well, in addition to precoding conducted at the serving cell. Several methods for UE to determine post-BF MCS (and report back to eNB) are:
· DRS Based: UE may get a better measurement from DRS, but it may not be accurate if eNB changes the sub-band in the next transmission or even the interfering eNBs change their precoding matrices. Further, a UE measures CQI only on its allocation, which may change in frequency and time. This could increase estimation errors in CQI due to access to fewer DRS and also increase CQI error variance due to changing interference conditions. In addition, DRS based estimation is only valid under the particular beamforming transmission. 
· CSI-RS/CRS Based: CRS based measurements use explicit/non-beam-formed channel and interference information and it may be easier to account for different hypothesis of transmission and receive processing. However, the eNB may be able to reproduce similar measurements based on explicit channel and interference feedback, especially if no receive processing is assumed in the UE reporting. The receiver, however, may model some known receiver dependent impairments/processing into such a report. On the other hand, eNB may also compensate for these using, for example, an outer loop for fine MCS adjustment.
Further, for schemes like MU/CoMP where multiple links are involved that a UE does not have access other than its own link, most of the transmission parameters like user pairing and precoding vectors are determined at the eNB. Some prediction from reported CQI to post-BF CQI is required in this case. The impairment due to CQI prediction mismatch as well as required improvements need further study.

In Release 8, an UE can compute the CQI based on the recommended PMI under a known transmission mode hypothesis (i.e., SU). An approach for predicting MU-CQI from SU-CQI when zero-forcing BF is used can be found in [2]

 REF _Ref238528950 \r \h 
[3].

3. Post-BF MCS Prediction for Explicit Feedback

Explicit feedback can include channel feedback from channel estimation based on CSI-RS which has not been processed with any receiver processing. Some of the candidates are outlined below.
SCF [1] or Spatial Covariance Feedback (R) – A few variations can be considered as follows.  

· Short Term Covariance Feedback – Wideband or narrowband (R) accumulated over a small time window (e.g., 5-10ms). It can provide the most up-to-date and frequency-selective spatial information for best performance.

· Statistical Covariance Feedback - Very long term / statistical covariance (R-STAT) accumulated over an infinite time window. It is the asymptotic covariance matrix that is averaged over fast fading and thus only depends on the propagation environment (propagation rays and their mean power, angles, etc.). It is an alternative to short-term SCF when the latter is impossible or incurs very high overhead, but also less effectiveness as opposed to short-term covariance feedback due to lost of spatial directivity information as antenna cross-correlation reduces when averaging over very long periods and very wide bandwidth. 

· Long Term Covariance Feedback based on a large window in time – about 1s – based on, for example, auto regressive averaging over subframes (R-AR). It is an intermediate scenario and can be effective in low-mobility channels, similar to short-term SCF.  

Note that the trace of R, normalized to noise power, represents the received signal SINR, which is assumed embedded in the feedback.

Direct Channel Matrix (H) Feedback – A few variations can be considered as follows

· Channel matrix over each sub-carrier or on a sampled set of subcarriers

· Channel matrix information in the time domain – Additional parameters like path delays etc., may have to be transmitted along with the channel matrix. 

A MCS determination approach can be envisioned based on CSI-RS in LTE-A. In this case, since eNB knows its precoding, it may be in a better position to predict the post-beamforming SINR, given the feedback of channel information from UEs. For example the SINR term in the sum-capacity expressions can be used to determine the MCS based on predicted SINR once user pairing and precoding matrices are determined.

Below we provide an approach to determine MCS at the eNB based on short term covariance feedback for multiuser-MIMO.
The precoding vectors are determined as follows [1]

 REF _Ref233389781 \r \h 
[6]
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where 
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is a regularization factor and 
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is the operation that obtains Eigen vectors corresponding to the largest L Eigen values of the input matrix M, where L is the number of streams sent to the UE (L=1 for single-stream to each UE). The interference power No,1 and No,2 are also needed by the scheduler.
The sum capacity after such beamforming can be approximated as 
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User pairing could be based on such maximal sum capacity, i.e., selecting the user pair that delivers the best sum capacity after including fairness constraints. Sum capacity/throughput can also be used as the criterion for SU/MU mode selection by comparing sum capacity in MU with the SU capacity. 

The above approximate rate metrics are found to work well for mode selection and user pairing. For final post-BF MCS determination, the mean SINR for each UE is obtained first, which can be approximated as follows, assuming an MRC receiver.
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 MACROBUTTON MTPlaceRef \* MERGEFORMAT (1.1)

The SINR can be mapped to MCS based on well-known link prediction algorithms. If frequency selective/subband information is available, an SINR corresponding to each subband ‘b’ can be obtained as follows.
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If an UE is allocated multiple such sub-bands, the MCS for the TB can be determined based on the determined SINRs on the allocated sub-bands using EESM/MIESM (Ex: [4]

 REF _Ref233472198 \r \h 
[5]). The above approach is used for CQI determination at the eNB for ITU results based on explicit covariance feedback [7]. 
4. Results
A preliminary simulation is performed to study the deviation in above predicted CQI from the ideal CQI observed at the receiver on DRS. A 4Tx, 2 Rx, 0.5
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 antenna configuration is used with ITU Urban Micro channel model. Further, the results are based on 57 cell wrap-around simulation with 10 users per cell. The MU pairing, feedback and the CQI are all at the wideband level. We define following CQIs:
Base/Ideal CQI – CQI observed at the UE

CQI1 – Predicted CQI at eNB using explicit covariance and interference feedback

CQI2 – Predicted CQI at eNB using explicit covariance and ideal knowledge of interference

Legend:

Blue plots: Ideal CQI – CQI1

Red plots: Ideal CQI – CQI2
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Figure 1 –Error in predicted MPR (bps/Hz) compared to ideal 
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Figure 2 - Error in predicted modulation level (QPSK/16QAM/64QAM) compared to ideal
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Figure 3 – Error in predicted coding rate compared to ideal coding rate (when modulation order is correct)
In the result, accurate MCS prediction can be achieved for at least 50% of the time. In other cases, the error is acceptable and can be recovered with an MCS adjustment outer loop. When the prediction is aggressive (i.e., better than actual), we found that it can be attributed to increased interference level in some cases during actual transmission. This can be seen by reduction in this error with ideal knowledge of interference (i.e., red curves).  It is found that the volatility of interference power, which is difficult to track, is often the main cause of MCS prediction error. 
5. Conclusion

In this contribution, we show that post-BF CQI prediction is important not only for optimal scheduling but also for post-BF MCS determination. Fortunately, explicit feedback of covariance matrix can enable eNB to make a decent MCS prediction with >50% accuracy. 
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