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1 Introduction

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

Let us first take a look at codebook designs for SU-MIMO, since the current Release 8 codebook design is mainly targeted for SU-MIMO, from which Release 8 MU-MIMO codebook design is adopted. It has been realized that codebooks should be designed to match the underlying channel characteristics. For example, for i.i.d. Rayleigh fading channels, Grassmannian line/subspace packing (GLP) based codebook is shown to achieve near optimal performance [1]. However, those GLP codebooks do not perform so well under correlated fading channels, or block diagonal fading channels where dual-polarized antennas are used. 

Because of its simplicity, an all-weather codebook is desired which performs well in different fading scenarios (e.g., suburban macro fading, urban micro fading, urban macro fading), for different antenna spacing (e.g., 0.5, 4), for different antenna patterns and polarization profiles. Other attractive features, such as constant modulus, finite alphabet, and nested property, are also desired for different reasons. This altogether makes the codebook design task not easy. As a direct result, the current LTE Release 8 codebook designs for SU-MIMO are a compromise of many factors [6].  

Let us now look at codebook designs for LTE-Adv, where we need to support up to 8 Tx antennas and to have better support for MU-MIMO. Based on the above two requirements, it is straightforward to argue qualitatively that more feedback bits per user are needed, especially for MU-MIMO. Firstly, since the spatial dimension of the channel is increased from 4 to 8, it is natural to expect higher requirements on feedback bits to well represent the higher dimensional channel. Secondly for MU-MIMO, since both the desired signal power and the undesired interference power are impacted by the codebook design, it is natural to see requirements on feedback accuracy rising. In comparison for SU-MIMO, only the desired signal power is impacted by the codebook design. Thirdly, as pointed out in [8], number of feedback bits must increase linearly with the SNR (in decibels) in order to achieve capacity. In comparison, no such requirement is ever needed in SU-MIMO. Requirements on more feedback bits for LTE-A is also confirmed by [7], where a 4-bit 8-antenna codebook is shown very limited performance improvement over a Rel. 8 4-bit 4-antenna codebook. 

A larger codebook also means higher feedback overhead and computation complexity. However, a major problem is the codebook design problem itself. Research and standardization have shown clearly that the achievable performance saturates quickly with increasing codebook size. It has also been observed that different codebook designs (e.g., DFT-based codebook designs, Householder transform based codebook designs) yield codebooks with very similar performance near the saturation point. 

In summary, we face the following dilemma for codebook designs in LTE-A. On one hand, we would prefer a larger codebook due to performance considerations. On the other hand, it is difficult to design using current design methodology such a large codebook to achieve significant performance gain relative to current alternatives. We are thus motivated to explore alternative codebook design methodology in the following. 
2  Adaptive Codebook Designs and Numerical Results 
A major assumption in the above section is that a fixed, universal codebook is used. This is preferred because of its simplicity. However, it also comes with high design complexity especially for large codebooks. 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. Such a scheme would thus feature a varying codebook that adapts the codebook to match the underlying (long/medium term) channel characteristics.
2.1 Motivation
Before discussing existing adaptive codebook designs in [3, 4], let us first look at a SU-MIMO beamforming example for motivation
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where 
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is the channel matrix of size Nr * Nt and is quantized using a pre-defined codebook W, 
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is a unit norm beamformer of size Nt * 1, and s is the information symbol. Here Nt is the number of transmit antennas, Nr is the number of receive antennas, and 
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 is a collection of Nt * 1 candidate beamforming vectors with number of feedback bits 
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 be the transmitter side channel correlation matrix and its eigenvalue decomposition be 
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Here 
[image: image8.wmf]{

}

2

2

2

2

1

,...,

,

Nt

s

s

s

 are the eigenvalues in a decreasing order and  
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 collects the eigenvectors in a corresponding order. We are interested in 
· case 1. finding the optimal codebook design W when we have channel correlation information R and instantaneous B-bit feedback based on W.

The optimal codebook design for case 1 is difficult and an open problem. Toward this objective, we look at a related case, which is 

· case 2. finding the optimal transmitter when we have knowledge of channel correlation matrix R but NO instantaneous feedback of any. 

The optimal transmitter design for case 2 is well known. In particular, as shown in [11, 12], the optimal transmit beamformer 
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should be chosen as 
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which is the principle eigenvector in (2). This optimal transmitter is also known as an eigen-beamformer. 
Now let us look back at case 1. As channel correlation strengthens or as 
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 increases, the statistical CSI (or channel correlation information R) is of more and more importance, while the instantaneous B-bit feedback based on W is of less and less importance. From codebook design point of view, it is reasonable to have all N vectors 
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. This convergence behaviour serves as a desirable property for case 1 solutions, and will be used to test adaptive codebook design under correlated fading scenario. 
2.2 Adaptive Codebook Designs
We focus on a 4-bit 8-antenna case while the codebooks are adapted using the spatial channel correlation matrix as in [3, 4]. Let the spatial channel correlation matrix R be known to both transmitter and receiver. This is possibly achieved through infrequent feedback thanks to the slow fading environments. Uplink sounding should be used instead wherever possible. As we can see, the additional feedback overhead is almost negligible. 

The adaptive codebook design starts with a fixed baseline codebook of the same size. We here choose two different baseline codebooks for comparison. One is the 8x16 codebook WCHT proposed in [7] based on complex Hadamard transform (CHT). The other is the 8x15 GLP codebook WDS, where the 15 columns/codewords are chosen as 8 rows of a DFT matrix of size 15, with the 8 row indices being {3, 6, 7, 9, 11, 12, 13, 14}. Such an 8x15 codebook based on difference sets (DS) is shown [2] to be an optimal solution to the GLP problem and thus has superior performance in i.i.d. Rayleigh fading channels. Both baseline codebooks require a 4-bit representation. 
Without using spatial channel correlation R, conventional fixed codebooks (WDS or WCHT) can be used as usual. With the spatial channel correlation R available, the following new codebook is used instead




Wnew = normalize(
[image: image16.wmf]R

* Wbase),   




              (4)

where function normalize() normalizes each column to be of norm 1, and Wbase is either  WCHT or WDS. As we can see, the new codebook has exactly the same dimension as the baseline codebook.

2.2.1 Possible variations
It is noted that equation (4) is not necessarily the only transformation that could be used. One possible transformation would be to use 
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 in the equation, where 
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is simply a reduced rank representation of R along the k leading eigenmodes, i.e., 
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Another possible transformation would be to use 
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or another power of  R, instead of R in (4). Choice of the actual transformation may be further explored later.
Whichever transformation is used, we arrive at a new codebook of the same size, based on the original baseline codebook and the current spatial channel correlation R. As the spatial channel correlation changes slowly, the transmitter updates its knowledge of R based on an infrequent feedback or uplink sounding, and accordingly updates the codebook as well. We next look at some link level numerical results for this adaptive codebook design.

Table 1. Six different codebooks for simulation use.

	
	Adaptive
	Baseline codebook

	Codebook 1 GLP
	No
	GLP

	Codebook 2 R-GLP-2
	Yes, k=2 in eq. (5)
	GLP

	Codebook 3 R-GLP-8
	Yes, k=8 in eq. (5)
	GLP

	Codebook 4 CHT
	No
	CHT

	Codebook 5 R-CHT-2
	Yes, k=2 in eq. (5)
	CHT

	Codebook 6 R-CHT-8
	Yes, k=8 in eq. (5)
	CHT


2.3 Link Level Numerical Results
First, the adaptive codebook is tested in SU-MIMO. We consider an 8 transmit antenna 2 receive antenna configuration where a single stream transmission is performed. For this initial study, a flat fading channel is assumed. The flat fading scenario in general gives us a relatively optimistic indication of what might be seen in realistic frequency selective fading scenario. Thorough numerical studies in frequency selective fading channels will be provided in the future. It is believed that the current trend will remain, i.e., an adaptive codebook outperforms a fixed codebook while the performance gap is larger for MU-MIMO than for SU-MIMO.
An MRC receiver is assumed at the receiver, which possesses full channel state information. Quantization of the effective channel (after MRC combining) is done through an 8-antenna 4-bit codebook. Six different codebook designs are used as listed in table 1. Other numerical simulation parameters and assumptions are listed in table 2, Appendix A. For different operating SNR, the average achievable throughput is plotted for different codebooks in Figures 1 and 2, for different levels of correlation at the eNB side. 

The adaptive codebook is then tested in the more interesting case of MU-MIMO. We consider a pool of 10 users and carry out greedy user scheduling. Up to 2 users are to be scheduled in one time instant. For this initial study and illustration purpose, we consider one stream transmission per user and flat fading channels as well. Zero forcing beamforming is used as the major transmit precoding scheme. MMSE combining is chosen as the default receiver, which possesses full channel state information (CSI). Quantization of each user’s channel is again done through an 8-antenna 4-bit codebook, while the same six codebooks in table 1 are used. Additionally, infinite feedback with perfect CSI per user is also included for comparison purpose. Other numerical simulation parameters and assumptions are listed in Table 2, Appendix A.  For different operating SNR, the average achievable throughput is plotted for different codebooks in Figures 3 and 4, for different level of correlation at the eNB side. 
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Figure 1. Codebook comparisons for SU-MIMO, (0.5 , 0.5 ) at (eNB, UE)
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Figure 2. Codebook comparisons for SU-MIMO, (4.0 , 0.5 ) at (eNB, UE)
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Figure 3. Codebook comparisons for MU-MIMO, (0.5 , 0.5 ) at (eNB, UE)
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Figure 4. Codebook comparisons for MU-MIMO, (4.0 , 0.5 ) at (eNB, UE)

2.4 System Level Simulation Results
We further provide in this section some system level simulation results for MU-MIMO ZFBF, comparing the Samsung 4-bit codebook [7], Huawei 4-bit codebook [9], and the Huawei 4-bit adaptive codebook [10]. The Huawei 4-bit rank-1 codebook [9] is used as the baseline codebook for the adaptive codebook designs.  Simulation configurations are provided in Appendix B. 
Table 2. System level performance comparisons

	     
	Samsung [7]
	Huawei [9]
	Huawei adaptive [10]

	Average throughput
	100%
	123%
	142%

	Cell edge throughput 
	100%
	116%
	133%


It is noted that, a 42% cell-average throughput gain and a 33% cell-edge throughput gain, relative to the Samsung 4-bit codebook [7] are achievable respectively, which are significant. Compared to the Huawei baseline codebook design [9], a 15% gain is achieved for both cell-average and cell-edge throughputs.
2.5 Discussions
We discuss the adaptive codebooks from the following aspects. 

1. Performance of adaptive codebooks

As expected, spatial correlation assisted adaptive codebooks perform better than a fixed codebook, while the performance gain is much larger in the MU-MIMO case than in the SU-MIMO case. For SU-MIMO, a gain of 0.8~1.8dB is achievable depending on the transmitter side antenna spacing. For MU-MIMO, a much larger gain of 6 dB or more is achievable depending on the transmitter side antenna spacing. In fact, for highly correlated scenarios, adaptive codebook design based on a 4-bit baseline codebook achieves a performance very close to that under perfect feedback. 

This significant difference in terms of performance gain achievable by adaptive codebook indicates that a potentially different codebook design strategy should be used for SU- and MU-MIMO. As a common codebook is still generally favourable, one possible approach is to optimize the lower rank codebooks for MU-MIMO while optimize the higher rank codebooks for SU-MIMO. See [9] for details. 

2. An adaptive codebook vs. a larger codebook

As we indicated in section 1, a larger fixed codebook is generally needed for LTE-A to support 8-Tx and to better support MU-MIMO. In fact, an adaptive codebook can effectively be viewed as a larger codebook over a relatively 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 * 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.

3. Choice of the baseline codebook

A fixed baseline codebook is needed. Interestingly, performance comparisons show that the overall performance is not sensitive to choice of the baseline codebook. In general, it is preferred to have a robust baseline codebook, such as the one in [9] where the higher rank part is optimized for SU-MIMO and the lower rank part is optimized for MU-MIMO.

4. Feedback of the spatial channel correlation matrix R

As we see from numerical results, the spatial channel correlation matrix R is important in transforming the codebook adaptively. It can also be argued that obtaining R is beneficial for other aspects, such as mode selection and user scheduling. 

To acquire this correlation information at the transmitter, we can either rely on uplink sounding (if possible) or use infrequent feedback from the UE side. We focus on the latter here. Our numerical results show that a reduced rank representation of R along the eigenmodes (see Eq.(5)) may very well achieve almost the same performance in most cases. Thus if the channel correlation matrix R need be fed back using finite number of bits, it is advisable to feedback at least the most important eigenmodes of R, or to allocate more bits for more important eigenmodes of R. 

5. Necessary protocol change

Adaptive codebook requires only small change on the protocol. 

Firstly, spatial channel correlation needs to be obtained at both transmitter and receiver. For the receiver side, it is readily available through channel estimation. For the transmitter side, it is possible through uplink sounding or feedback. Given the significant performance gain especially for MU-MIMO, very low feedback frequency, and additional benefits of R in mode selection as well as user scheduling, feeding back R is very well justified. 

Secondly, a signalling bit is needed to make sure that the eNB and UE agree on which codebook should be used on interpreting the feedback bits, the baseline codebook or the transformed codebook based on the current spatial correlation.
3 Conclusion

This contribution studies spatial correlation assisted adaptive codebooks. It is shown that,

1. significant performance gain over conventional fixed codebook design is achievable, especially for MU-MIMO;

2. an adaptive codebook can be viewed as another form of increasing codebook size without adding the feedback overhead much;

3. choice of the baseline codebook is still important while the robust codebook design in [9] is preferred;

4. feeding back the most important eigenmodes of R, instead of R itself, may help reduce the feedback overhead;

5. necessary protocol change is minimal.
Furthermore, system level simulation results suggest that a significant performance gain is achievable relative to existing 8-antenna codebooks, 42% gain for cell average throughput and 33% gain for cell edge throughput. 

It is proposed that the adaptive codebook design philosophy be introduced and accepted in LTE-A codebook designs.
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Appendix A: Link level simulation assumptions

	Parameter
	Assumption

	Channel model
	Spatial Channel Model (SCM)

	Fading scenario
	Urban Macro

	Sample density
	15k sample/second

	UE speed of interest
	3Km/h

	Number of antenna elements (eNB, UE)
	(8, 2)

	Antenna separation (eNB, UE) 
	(0.5, 0.5) and (4, 0.5) wavelength

	Scheduler
	Greedy user selection (2 users out of 10)

	Receiver algorithm
	MRC for SU-MIMO and MMSE for MU-MIMO

	Channel Estimation
	Ideal

	Channel correlation update
	Updated once per 1000 samples 

	Channel correlation accuracy
	Computed from 1000 channel samples; Ideal


Appendix B. System level simulation assumptions
	Parameter
	Assumption

	Carrier frequency
	2GHz

	ISD
	500 meters

	Penetration loss
	20 dB

	UE speed
	3 km/hr

	Bandwidth
	10 MHz (50RB)

	Traffic Model
	Full Buffer

	Channel model
	SCM

	Number of users for per sector
	10

	Antenna configuration
	8x2

0.5 wavelength antenna spacing at eNodeB

0.5 wavelength antenna spacing at UE

	Polarization
	No

	Layer number per UE
	1

	PMI feedback type
	Wideband PMI feedback

	Maximum paired MU-MIMO user number
	2

	Scheduler
	PF

	Receiver Algorithm
	MMSE

	HARQ 
	HARQ-CC, Maximum 3 transmission times
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