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1 Introduction
Precoded matrix indicator (PMI) feedback has been used in LTE Rel. 8 to facilitate closed loop transmit beamforming/precoding with a finite number of feedback bits. However, limited codebook size in Rel. 8 has made further performance enhancements difficult due to the quantization noise. We propose adaptive codebook herein to improve the PMI feedback quality in LTE-Adv.
2 Improvements on Rel. 8 PMI feedback
2.1 Larger codebook size

In general, a PMI codebook needs to be designed and maintained at both transmitter/receiver to facilitate the operation of limited feedback transmit beamforming/precoding, where the codebook may be a collection of candidate PMIs. Because of its simplicity, an all-weather codebook is previously desired which performs well in different fading scenarios, for different antenna spacing, for different antenna patterns and polarization profiles. As a direct result, the current LTE Release 8 codebook designs are a compromise of many factors.  

It has been shown [1] that higher feedback accuracy is needed to accommodate higher data throughput requirements in LTE-Adv, particularly where MU-MIMO is used. As a brute force way, a larger codebook may be used, which unfortunately comes with two drawbacks. Firstly, it comes with larger feedback overhead. Secondly, designing a larger, all-weather codebook is not easy. 
2.2 Adaptive codebook
A major assumption in the above is that a fixed, universal codebook is used. As an alternative, we can have variable codebooks. The broad idea is to select a fixed baseline codebook, which can be a conventional design, and then let the actual codebook be a transformed version of this baseline codebook, where the transformation may be determined by the spatial channel correlation. Let the spatial channel correlation matrix R be known to both transmitter and receiver. For possible ways to acquire the channel correlation matrix at both transmitter and receiver, see 2.2.5. By taking advantage of both the long term channel info as well as the short term channel info, the adaptive codebook is equivalent to a larger codebook from performance perspective, while at the same time enjoying a lower feedback overhead [1]. The spatial channel correlation might be due to small antenna spacing at the transmitter side. It is noted that the spatial channel correlation might also be due to slow time domain variation of the channel. In the latter case, the random process of the channel appears correlated within the time window of interest.
2.2.1 Adaptive rank-1 codebook design in general
The rank-1 adaptive codebook design starts with a fixed baseline codebook  Fbase of the same size. Here let N be the number of candidates and Nt be the number of transmit antennas. With the spatial channel correlation being R, it is suggested the new codebook be transformed as
Wadaptive = normalize (
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* Fbase),






 (1)
where function normalize() normalizes each column to be of norm 1. See [1] for more details and other variations. 
2.2.2 Adaptive rank-1 codebook design for dual polarized antennas 
Dual polarized antennas have received much attention for LTE-Adv. The adaptive codebook principle can be readily extended to dual polarized antennas. We illustrate this by a simple 8-antenna example. In the following, let antennas 1~4 be antenna elements in the horizontal domain and antennas 5~8 be antenna elements in the vertical domain. 
Let fk be the kth baseline codeword of size 8x1. Notice that although each baseline codeword is a vector, it may be largely viewed as a rank-2 transmission for dual polarized antennas. Of course this depends on the actual achievable separation between vertical domain and horizontal domain in practice. The kth baseline codeword may be written as two parts, fkh for the horizontal domain and fkv for the vertical domain.
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(2)
Herein, the dimension of each matrix/submatrix/vector is shown in the subscript. Furthermore, let the transmitter side 8x8 spatial channel correlation matrix R be split into four parts, Rhh, Rvv, Rhv and Rvh, with the first two being the spatial auto-correlation within the (h/v) domain, while the last two being the spatial cross-correlation between the h/v domains. 
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(3)
Then the kth codeword of the adaptive codebook may be formed as
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(4)
where the transformation is carried out separately within each domain. Notice that vector normalization for each component vector is needed after the transformation. 
2.2.3 Higher rank adaptive codebook designs in general
Extension of adaptive codebooks to higher ranks is also possible. A simple rank-2 example is given here for illustration purpose. Let [fk1 fk2] be the kth rank-2 codeword in the baseline codebook, where fk1, fk2 each is a Ntx1 unit norm vector. A possible rank-2 adaptive codebook may be formed such that the new codeword is transformed as
[wk1= R1/2 * fk1, wk2= R1/2 * fk2].






(5)
If it is desired to have a unitary matrix as the codeword, then Gram-Schmit orthonormalization need be applied afterwards. 
It is noted that as rank increases, the benefit of adaptive codebook gradually shrinks. 
2.2.4 Choice of the baseline codebook

Although we use the term adaptive codebook’ throughout, it is more of an adaptation scheme and less of a codebook itself. Basically, given a baseline codebook, the `adaptive codebook’ scheme tries to transform the baseline codebook in such a way to represent the channel with the quantization entropy/loss as small as possible. 

It has been realized that the adaptive codebook, being an adaptation scheme, is APPLICABLE to DIFFERENT choices of the baseline codebook. See [1] for illustrative examples. It is thus noted that adaptive codebook is quite flexible and can apply to different baseline codebooks, with at least R8 PMI and  R10 CSI (to be determined) being two candidates.

Wideband PMI feedback is used in the adaptive codebook in [1]. It is noted that adaptive codebook can be applied with subband PMI as well.
2.2.5 DL transmit channel covariance estimation at eNB

It has been shown that DL transmit channel covariance can be used to transform the pre-determined codebook by satisfying the moment-matching property to better quantize the channel and greatly improve the system performance. However, how to obtain 
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at eNB is not straightforward, especially in FDD, where the DL/UL short-term channel reciprocity can not be assumed. In this section, different approaches to make
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available at eNB are introduced and discussed. 
· Direct 
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 feedback based

Direct 
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feedback from UE is the most straightforward way of eNB to obtain the DL transmit channel covariance. The feedback formats of 
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can be either in its Hermitian form or in the eigenvalue decomposition fashion, where the eigenvectors and the eigenvalues of
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are fed back separately. 

As the statistical channel information, 
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 changes much more slowly than the coherence time and bandwidth of the channel. This implies that only wideband 
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feedback is enough and the feedback periodicity of 
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can be much longer than the short term PMI/CQI/RI. Therefore, the extra feedback overhead introduced by direct 
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feedback based scheme is quite limited. Meanwhile, it is also possible that only partial information of 
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or its selected eigenvectors/eigenvalues are fed back by UE to further save the feedback overhead.

In general, the direct 
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feedback based approach is simple, straightforward and reliable. However, the additional feedback overhead should be justified by the corresponding performance enhancement. 
· DL/UL channel statistic reciprocity based

In FDD, the DL/UL channel statistic reciprocity has been studied in [3][4]. In general, it is believed that the channel statistic reciprocity in FDD can be reasonably established when the channel is highly correlated. However, when the channel is relatively rich scattered and NLOS, the channel statistic reciprocity assumption becomes quite weak and unreliable. In [4], it is shown that MU-MIMO suffers a quite significant throughput loss of 5.5% to 13.5% by using channel reciprocity based
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. However, the reported performance degradation is based on the assumption that only 
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is used for MU-MIMO precoding at eNB. If short term SCI/CQI in addition to 
[image: image19.wmf]R

is also available at eNB, the impact of DL/UL channel statistic mismatch is expected to be decreased. 

The other potential drawback of the channel statistic reciprocity based approach is that it is very hard to assume eNB and UE have identical
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, even with very high correlated channel. In this case, how to synchronize the channel statistic between eNB and UE becomes very critical to avoid miscommunication between them. 

3 CONCLUSION 
In this contribution, we propose adaptive codebooks to improve Rel. 8 PMI feedback by taking advantage of the spatial channel correlation. The spatial channel correlation might be due to small antenna spacing at the transmitter side, or slow time variation of the channel. In the latter case, the random process of the channel appears spatially correlated within the time window of interest.
We show that adaptive codebooks can be used in ULA as well as dual polarized scenarios. Furthermore, it can be applied for rank-1 as well as higher rank transmissions. 
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