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1 Introduction

Transmit precoding with limited feedback has been studied extensively and demonstrates significant performance gain over its open-loop alternatives. In general, a precoding codebook needs to be designed and maintained at both transmitter/receiver to facilitate the operation of limited feedback transmit precoding, where the codebook may be a collection of candidate precoding vectors. 

Because of its simplicity, an all-weather codebook is originally desired which performs well in different fading scenarios, for different antenna spacing, antenna patterns and polarization profiles. As a direct result, the current LTE Rel-8 codebook designs are a compromise of many factors.  Such an all-weather codebook would be well justified in SU-MIMO scenario, since further codebook optimization would lead to only light performance improvement. However, for MU-MIMO operations, it has been shown that substantial performance improvement is possible with further codebook optimization [1]. In particular, it has been pointed out in [1] that one very promising codebook optimization way is to adapt the PMI codebook to the underlying long term channel statistics. 
In this contribution, we discuss adaptive codebook system designs in detail, and present our new findings from numerical simulations. 
2 Adaptive codebook designs
A major assumption in Rel-8 PMI codebook design is that a fixed, universal codebook should be used, no matter what the underlying channel condition is. This is preferred because of its simplicity. However, such a codebook design suffers from its inflexibility and compromised spectral efficiency.  Alternatively, we may have adaptive codebooks, the broad idea of which is to select a fixed baseline codebook (e.g. the Rel-8 codebook), and then let the actual PMI codebook be a transformed version of this baseline codebook. The transformation matrix is usually determined by the spatial channel correlation within a certain time period. Such a scheme would thus feature a varying codebook that adapts the PMI codebook to match the underlying (long/medium term) channel characteristics.
2.1 Adaptive codebook 
In particular, a fixed PMI codebook can be represented by a collection of PMI vectors as in LTE Rel-8:
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Instead of sending back the best precoding vector/matrix itself, the integer index corresponding to the best precoding vector/matrix is sent back from UE to eNB to enable the closed loop transmit precoding. 
In its generic way, adaptive codebook can be represented by a collection of adapted PMI vectors
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(2)
where N(.) represents the vector normalization operation. Note that instead of using the spatial correlation matrix R itself, we may also use R1/2 or other variations to do the transformation [1]. 
Generally, the same R need be maintained at both the UE side and the eNB side, which necessitates some method to share the common R between UE and eNB. Toward this objective, it is necessary to represent R in a digital format using a finite number of bits. To reduce the number of bits to represent R without affecting performance loss much, it is possible to use a reduced rank representation of R to carry out the codebook adaptation, i.e.
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where R2 is a reduced rank representation of R. For example, R2 could be chosen as the contribution from only the several leading eigenmodes of R.

An adaptive codebook can effectively be viewed as a larger codebook over a long time period. For example if the channel experiences 64 different channel correlation matrices over this long time period, the effectively different number of codewords becomes 16 x 64 = 1024, which requires as high as 10 feedback bits. However, realizing that channel statistics changes much slower than the channel realization, it is possible to use a much smaller feedback overhead by adapting the codebook to the underlying channel statistics.

Two alternatives for adaptive codebooks are presented in [2], which are UE-specific adaptive codebook and cell-specific adaptive codebook. The adaptive codebook as described in (2-3) can be viewed as a UE specific adaptive codebook. For cell-specific adaptive codebook, the same transformation should be used for all the UEs in the cell including the CSI-RS. This however assumes that the long term spatial channel characteristics are almost the same across many different UEs, which would be difficult to achieve. For example, different UEs would have different angles of arrival/departure, making the spatial channel correlation for all the UEs different. Also, as demonstrated in an accompanying contribution [4], the long term channel reciprocity is in general not true. Use of long term channel reciprocity toward estimating the DL channel correlation/statistics should be carefully studied before drawing a conclusion.
2.2 Adaptive codebook using implicit feedback
Different ways exist to implement the adaptive codebooks. From standardization point of view, it would be preferable to implement in an implicit manner. The following double codebook structure is presented in an accompanying contribution [3]. The overall PMI 
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, as the preferred precoding matrix by UE, can be represented as 
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where 
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represents the long term contribution and 
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 represents the short term contribution. Notice that the long term contribution is treated as a component of the overall PMI. For this reason, no extra testing need be introduced to test feedback of 
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itself. Rather, the existing PMI testing may be used to test the overall PMI 
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. Such a PMI report as in (4) can be accompanied by CQI reports that are calculated based on the hypothesis of using 
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 as a precoding matrix. In the 4-antenna case, we could safely reuse the LTE Rel-8 codebook for 
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. See Figure 1 for an illustration of the feedback of Wn and Cb in the time domain.
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Figure 1. Illustration of feeding back Cb and Wn in the time domain. 

We would have in general more instances of Wn than Cb. 

3 System level simulation results
The adaptive codebook is then tested in a MU-MIMO system level simulation. We consider 4 transmit antenna and 2 receive antenna setup with a pool of 10 users per sector and carry out greedy user scheduling with proportional fairness criterion. Up to 2 users are scheduled in one time instant. For this initial study and illustration purpose, we consider one stream transmission per user. Zero forcing precoding is used as the major transmit precoding scheme. MMSE combining is chosen as the default receiver, which possesses full channel state information (CSI). Other numerical simulation parameters and assumptions are listed in the appendix. 
We consider non-adaptive codebook based transmissions and adaptive codebook based transmissions, where in both schemes we are able to utilize dedicated DMRS. For adaptive codebooks, the spatial channel characteristics is estimated once every 100ms. Note that as illustrated in Figure 2, the spatial channel correlation matrix is estimated using the previous block of channels (each block corresponds to 100ms) and used to adapt codebooks for the following block of 100ms. Perfect knowledge of R is assumed. 
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Figure 2. Illustration of spatial channel correlation and codebook adaptation. The spatial correlation is estimated using channels from the previous block (of 100ms) and used to adapt the codebook for the current block (of 100ms). 

In Figures 3-4, we compare the cell average performance and cell edge performance achieved by adaptive codebooks over non-adaptive codebooks (with Rel 8 codebook as the baseline codebook) for different scenarios, ULA 0.5 lambda, ULA 4.0 lambda, XPO (cross-polarized) 0.5 lambda and XPO 4.0 lambda. 
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Figure 3: 2-D Channel Model results for different Configurations
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Figure 4: 3-D Channel Model Results for Different Configurations

	Configuration
	Distance
	Avg throughput gain
	Edge throughput gain

	ULA
	0.5
	10.5%
	4.8%

	　
	4
	4.8%
	3.7%

	XPO
	0.5
	13.2%
	15.7%

	　
	4
	3.6%
	3.4%


Table 1. Achieved gains of adaptive codebook based approach 

over non-adaptive codebook based approach: 2-D channel model
	Configuration
	Distance
	Avg throughput gain
	Edge throughput gain

	ULA
	0.5
	18.3%
	21.6%

	　
	4
	12.8%
	12.7%

	XPO
	0.5
	18.6%
	27.9%

	　
	4
	9.9%
	12.9%


Table 2. Achieved gains of adaptive codebook based approach 

over non-adaptive codebook based approach: 3-D channel model
Several observations are made herein.

1. As expected, adaptive codebooks achieve larger gain in the relatively correlated case. To see this, compare the achieved gains in ULA 0.5 lambda vs ULA 4.0 lambda, XPO 0.5 lambda vs XPO 4.0 lambda.
2. For ULA 4.0 lambda and XPO 4.0 lambda cases, we are still able to achieve some amount of system performance gains, although not that big compared to 0.5 lambda cases. This is because the spatial channel characteristics are updated once every 100 ms, which is not very long for UEs at 3km/hr compared to its channel coherence time. It is noted that the spatial channel within this 100ms period still has a certain level of correlation. 
3. Adaptive codebook provides throughput enhancements not only for the cell average performance but also for the cell edge performance.

4. The performance gain is generally higher for 3-D channel model than for 2-D channel model. The reason for this is that in the case of 3-D channel model, MU-MIMO is used more often and hence the gain from higher CSI accuracy provided by adaptive codebook is better exploited.

In practice, the spatial channel correlation R need be quantized using a codebook itself. This may be done in a matrix quantization manner, for which we need to define a certain correlation codebook for R. The fact that R is positive semi-definite Hermitian indicates that a codebook of positive semi-definite Hermitian codewords should be designed, with the objective of optimizing the overall throughput given 
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 as the overall PMI codeword. Alternatively scalar quantization for each element of R (taking advantage of the fact that R is positive semi-definite Hermitian) could be used. 
As indicated by Figure 1, it is well affordable to design a large codebook (scalar quantization the elements of R itself may be viewed as a general codebook as well) since feeding back Cb is much less frequent than feeding back Wn in practice. As such, the overall feedback overhead would only increase by a small fraction. More detailed study on choice of the codebook for R and the performance impact from the codebook size should be further studied.
4 Conclusion

We present more detailed system designs for adaptive codebook for LTE Rel 10. In particular, it is proposed to use adaptive codebook in an implicit feedback manner, where the testing can be done similarly as Rel 8 for the overall precoding matrix 
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, but not on the channel correlation matrix itself. Toward this objective, double codebook would be needed, with one codebook for the long term contribution 
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 and the other codebook for the short term contribution 
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System simulation results are also presented, where the adaptive codebook is shown to provide significant throughput enhancements not only for the cell average performance but also for the cell edge performance. When the spatial channel characteristics are updated with reasonable frequency, it is possible to glean performance gains for all scenarios. In general, more performance gains can be expected for more correlated configurations. Nevertheless, the achievable gain also depends on the baseline codebook itself. The better the baseline codebook is, the smaller the achievable gain from adaptive codebook itself.
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Appendix A. System level simulation assumptions
	Parameter
	Assumption

	Carrier frequency
	2GHz

	ISD
	500 meters

	UE speed
	3 km/hr

	Bandwidth
	10 MHz (50RB)

	Traffic Model
	Full Buffer

	Channel model
	SCM

	Number of UEs per sector
	10

	Polarization
	ULA and XPO (cross-polarized)

	Layer number per UE
	1

	PMI feedback type
	wideband PMI feedback

	Max. paired # of UEs 
	2

	Scheduler
	Proportional fairness

	Receiver algorithm
	MMSE

	HARQ mechanism
	HARQ-CC, Maximum 3 transmission times

	Number of antennas
	4x2

	Antenna spacing 
	4.0 lambda @ eNB and 0.5 lambda @ UE; ULA

0.5 lambda @ eNB and 0.5 lambda @ UE; ULA

4.0 lambda @ eNB and 0.5 lambda @ UE; XPO

0.5 lambda @ eNB and 0.5 lambda @ UE; XPO
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