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1 Introduction
To adapt the transmitted signal to the current channel conditions, some kind of channel state information (CSI) is periodically transmitted from the UE to the eNB. This CSI is obtained from the channel coefficients estimated at the UE and can include the CQI for adaptive MCS selection, or PMI for SVD-beamforming.
Theoretically, the availability of the instantaneous CSI at the transmitter provides significant performance gains. However, in practice, there is always a delay between the time the channel is measured at the UE and the time the corresponding CSI is applied at the eNB. This delay-prone behaviour makes the systems vulnerable to channel variations. Indeed, in a mobile system, where the wireless channel is continuously changing, the CSI applied at each frame is out of date. This effect is sometimes referred to as the channel aging.
To compensate for the effect of the feedback delay, we propose exploiting the statistical properties of the channel to predict the future CSI. To this end, we adopt a linear minimum mean square error (MMSE) method. The prediction can be performed either at the UE side or at the eNB side. At the UE side, the channel coefficient samples are buffered and eventually utilized by a predictor to predict the future channel matrix. Then, this predicted channel matrix is used to obtain the future CSI (e.g. CQI or PMI), which is fed back to the transmitter. For prediction at the eNB side, the eNB buffers the CSI fed back by the UE. This information is utilized by the eNB to predict the future CSI.
2 Prediction Method

Let us denote the channel matrix at time index n and subband k by 
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. Also, assume the feedback delay is d frames. In the following the methods of prediction at the UE and at the eNB are explained.

A. Prediction at the UE
In this approach, at each time index n-d, the UE predicts the channel matrix for time index n. Then, the CSI for the time index n is obtained from the predicted channel matrix 
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. For example, if the CSI is the precoder matrix
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Then, this predicted CSI is fed back to the eNB and will be applied at time index n.

For the channel prediction phase, we propose using the conventional linear MMSE method. Assuming uncorrelated transmit and receive antennas, we can perform the prediction on the entries of the channel matrix separately without losing any performance. Let us denote hk,n as a typical entry of Hk,n to be predicted and define hn=[ h1,n,…, hc,n] as the vector obtained by collecting all hk,ns from different carriers (c is the number of subbands). Assuming the prediction memory is M, hn-d-M+1, hn-d-M+2, …, hn-d are buffered by the UE and are available at time index n-d. Then, the predicted vector 
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The weighting matrices Wm are obtained such that the mean square error of the prediction is minimized, i.e.
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It can be shown that the optimum weighting matrices are obtained in terms of the second order channel statistics 
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B. Prediction at the eNB
An alternative approach is to perform the prediction at the eNB. In this case, since the channel coefficients are not available at the eNB, prediction is directly applied on the CSIs received via the feedback channel. Similar to the channel prediction, we suggest applying a linear MMSE predictor to the CSI. The basics are the same as what explained in the previous subsection; there may be a few minor differences which are listed below:

· The CSIs may not be independent across different pairs of antennas. In this case, they shoud be jointly predicted.
· The second order statistics should be defined correspondingly. For example, for the case of precoder vectors it is defined as 
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· In some cases, the CSI is under some constraints. For example, for the case of precoder matrices the columns should be of length one. These constraints should be taken into account in the process of prediction.
3 System Performance Evaluation
To demonstrate the effect of prediction on the performance, we provide some link level simulation results. The simulations are for a 4x1 SVD-beamforming system, where the ideal precoder is predicted either at the UE or at the eNB. Figs. 1-3 show the simulation results for various UE speeds. Each figure includes the BLER vs. SNR curve for the following cases:
· Mobile UE without any predictions.

· Mobile UE with prediction at the UE.

· Mobile UE with prediction at the eNB.
· Fixed UE.

The first and the last cases represent the extreme performance of the system and are provided for the sake of comparison. Indeed, the case of the fixed UE provides a benchmark in which, due to the non-varying nature of the channel, the feedback delay has no negative impact on the performance and the best possible performance is achieved. The parameter M in the figures denotes the prediction memory or the buffer size. The simulation assumptions are given in the Appendix.
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Fig. 1: BLER vs. SNR for a 4x1x1 LTE system at the UE speed of 10kph.
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Fig. 2: BLER vs. SNR for a 4x1x1 LTE system at the UE speed of 20kph.
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Fig. 3: BLER vs. SNR for a 4x1x1 LTE system at the UE speed of 60kph.
4 Conclusion

CSI prediction is proposed as a solution to compensate for the effect of feedback delay and channel variations in LTE. In specific, deploying a proper CSI predictor provides two advantages in an LTE system:

· Performance improvement: Channel prediction can result in performance improvement by providing the adaptive schemes with a more accurate CSI compared to the aged CSIs directly obtained from the feedback channel.

· Adaptive feedback rate: After using channel prediction, it is possible to allocate lower CSI feedback rate to low mobility users resulting in reduced CSI feedback overhead.

From the performance point of view, prediction at the UE side utilizes more accurate data resulting in a more accurate prediction at the price of more complexity which may not be tolerable at the UE; on the other hand, prediction at the eNB side allows the complexity to be transferred from the UE to the eNB at the price of less performance gain. This is due to the fact that the CSIs available to the eNB do not carry all the channel information and they are subject to quantization and feedback noises. Nevertheless, simulation results for a SVD-beamforming system show that at low speeds (up to 10 kph) prediction at the UE and at the eNB have the same performance and both are very close to the performance of a fixed UE. At higher speeds, say 60 kph, prediction at the UE outperforms the prediction at the eNB; however, prediction at the eNB still provides a significant gain compared to the system without prediction.
It should be mentioned prediction at the eNB can be considered as an implementation issue; however, to have the prediction capability at the UE, it should be defined in the standard. .  Based on the benefit of channel prediction shown in this contribution, we recommend LTE consider the adoption of channel prediction at either UE or eNB side in its current or future release.
5 Appendix
Table 1: Link Level Simulation Assumptions.

	Channel bandwidth
	10 MHz

	Number of total sub-carriers
	601 (including DC)

	Subframe
	1 msec = 14 OFDM symbols

	FFT size
	1024

	Sampling frequency
	15.36 MHz

	Carrier frequency
	2.0 GHz

	Channel
	uncorrelated ITU PB

	Cyclic Prefix
	72 samples

	Data resource assignment
	3 RBs

	Channel estimation
	Ideal

	Symbol constellation
	QPSK

	Channel coding
	Turbo code of rate 1/2

	Feedback granularity
	One matrix per RB

	Feedback delay
	3 subframes = 3 msec

	Feedback period
	every subframe = 1 msec
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