
3GPP TSG RAN WG1 Meeting #60bis



 

              R1-102204
Beijing, China, March 12-March 16, 2010
Agenda Item:
6.3.4.2
Source: 
Samsung
Title: 

Generalized transformation for adaptive codebooks
Document for:
Discussion/Decision
1 Introduction
MU-MIMO with non-codebook based precoding and DM-RS is a key feature of LTE-Advanced to improve system capacity as observed during the self-evaluations for ITU submissions. It enables the use of more advanced transmit filtering at the eNB and more advanced feedback mechanisms at the UE side. It significantly departs from the Rel. 8 codebook based precoding approach using CRS. While the exact eNB transmit filter design may be an implementation issue, an appropriate feedback mechanism has to be specified in order to fully benefit from the use of non-codebook based precoding.

The following was observed in the chairman’s notes of Jeju (#59) meeting: 

“Techniques based on Rel-8 CQI/PMI feedback extension to focus on and try to narrow down:

· PMI extensions:

· Multiple PMIs, e.g. addition of best companion, worst companion

· Feedback to accompany PMI e.g. long-term tx covariance

· Codebook enhancements:

· Adaptive / downloadable, based on e.g. antenna configuration, propagation environment

· differential codebook structures

· SRS-based enhancements

· CQI: modified CQI definitions (as addition to Rel-8 definition)

“.
In Valencia (#60) meeting, it was concluded that “for feedback enhancements in support of enhanced downlink multi-antenna transmission:
· SU-MIMO is supported

· Release 8 type of feedback will be extended for 8 Tx antenna configurations
· CQI/RI are computed assuming that the reported codebook entry is interpreted as a recommended precoder by the eNB 

· Use of other types of feedback are not precluded

· Improved accuracy of spatial feedback should be supported if sufficient performance gains in realistic scenarios are demonstrated for at least MU-MIMO.

· Enhanced MU-MIMO is supported
· The enhancements are in relation to feedback
· At least the feedback specified for SU-MIMO can also be applied for MU-MIMO operation”
In chairman’s notes of Valencia (#60) meeting, it was proposed as the way forward to “converge on a method(s) to reduce impact of quantisation error in PMI-based feedback.”

In San Francisco (#60) meeting, some feedback framework relying on implicit feedback [1] was agreed for LTE-A. A precoder for a subband is composed of two matrices belonging to separate codebooks (that may or may not change over time and/or different subbands). One matrix targets wideband and/or long-term channel properties while the other matrix targets frequency-selective and/or short-term channel properties.
In this contribution, we discuss a generalized transformation technique to be applicable to single-polarized and dual-polarized channels and any transmission rank. SLS evaluations show the benefits of such adaptive codebooks.
2 Adaptive codebook
It is well known that the benefits of MU-MIMO highly relies on an accurate channel knowledge at the transmitter. Contrary to SU-MIMO, limited feedback in MU-MIMO considerably limits the spatial multiplexing gain by inducing a ceiling effect due to the quantization error. In other words, as SNR increases, MU-MIMO becomes interference limited due to the intra cell interference induced by the quantization error. 


MU-MIMO is very sensitive to the quantization error and to the codebook design. Moreover an appropriate codebook design significantly depends on the channel statistics. This calls for the use of flexible and adaptable feedback schemes (that would change depending on the user spatial correlation, deployment scenarios, environments, etc) when MU-MIMO with limited feedback is performed. Up to now, Rel. 8 assumes that a single and fixed codebook is stored at the UE and the eNB.
In the adaptive codebook, it is assumed that the UE measures its long term channels statistics (e.g. transmit correlation matrix R, channel XPD, …) by averaging over the whole frequency band (e.g. over all subcarriers in an OFDM band) and in time (e.g. over 200 ms), quantizes it and feeds back to the eNB. Using the same procedure, both the UE and eNB build up a new codebook (denoted as the adaptive codebook) as a function of the long term statistics. Every short term reporting period (e.g. 5 ms), the UE feeds back to the eNB its preferred PMI within the adaptive codebook [1,2]. The pros and cons of the PMI extensions and codebook enhancements techniques (e.g. adaptive / downloadable, based on e.g. antenna configuration, propagation environment) mentioned in the introduction were discussed in [3].
An example of a rank-1 transformed codebook is the following. The original rank-1 implicit feedback codebook made of codewords {
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where {
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} is the original rank-1 codebook. The transformation operated on each codeword 
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scales and rotates the original codewords in order to align them to the dominant eigenvector of the channel and to quantize only a spherical cap rather than the whole hypersphere.

The following proposals have been submitted during the last few meetings with the same objective of adapting the CSI feedback to improve its accuracies and to support SU/MU-MIMO in a wide range of scenarios: 
· multiple codebooks (ALU  [1])

· implicit downloadable codebooks (ALU [1,2])

· explicit downloadable codebooks (ALU [1,2], Qualcomm [3])

· cell specific precoded CSI-RS (TI [4])

· adaptive codebook consisting in the feedback of some wideband and long-term transmit covariance matrix that enables to update the codebook as a function of the long-term statistics (Huawei [5], Samsung [6,9])
· feedback of correlation matrix (ALU [7], CATT [8]) 

From the observations in [9], the adaptive codebook:
· adapts the codebook to many deployment scenarios and any spatial correlation structure using a simple and universal transformation method. Other techniques like downloadable codebooks, multiple codebooks are not universal as their design is scenario dependent and the selection of the appropriate codebooks given the UE propagation conditions is unclear

· keeps low DL and UL overhead comparable to Rel. 8 codebook (long term covariance matrix incurs very low overhead once feedback every tens of ms). Other techniques, e.g. downloadable codebooks, provide much larger overhead to keep the same flexibility.

· provides significant performance gain (due to reduced quantization error) over LTE codebook of about 20-30% for cell average and 10-15% for cell edge in MU-MIMO.
· partially copes with uncalibrated antennas scenarios (potentially met in realistic scenarios) contrary to downloadable codebooks and multiple codebooks.

· is user dependent contrary to cell specific precoded CSI-RS proposal

· can be applied to any codebook (and in particular to LTE codebook). Hence it doesn’t require any codebook switching or standardization of multiple codebooks.

· Requires some reasonable UE complexity increase to transform the codebook as a function of the long term covariance matrix

3 Motivation for a generalized codebook transformation
The goal of the codebook transformation is to adapt the codebook to the channel statistics. This requires 2 things:

· UE and eNB should know accurately the channel statistics f, as illustrated in Figure 1.

[image: image8]
Figure 1. MIMO channel H distributed as f.
· Transformation T used by the adaptive codebook should be designed for such channel statistics f, as illustrated in Figure 2.

[image: image9]
Figure 2. MIMO channel H distributed as f and codebook transformation T designed assuming channel distribution f.
Several codebook transformations can be proposed to transform codebooks as a function of long term statistics. A fundamental assumption used by transformation (1) is that the channel H should be identically Rayleigh fading f=N(0,R) with 
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. This implies 2 things:

· The MS feeds back quantized version of R only

· The transformation is appropriately designed for Rayleigh fading only

Then we can wonder what happens if the channel is not Rayleigh fading but is g distributed while the transformation is still designed assuming f=N(0,R) distribution, as illustrated in Figure 3 ?

[image: image11]
Figure 3. MIMO channel H distributed as g and codebook transformation T designed assuming channel distribution f.
Hence the channel is g distributed. The UE measures a quantity R and builds up the recommended precoder based on R while assuming that the channel is f distributed.
The following example illustrates the issue:
Example 1: Dual-polarized

Let us assume that the channel matrix is modeled as follows 
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The measured correlation matrix can be evaluated as 
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Applying the transformation with such correlation matrix over a dual-polarized channel corresponds to the scenario illustrated in Figure 4.

[image: image14]
Figure 4. Mismatch between actual channel distribution and distribution assumed to adapt the codebook in dual-polarized fading channels.
Hence the adaptive codebook in (1) is not directly adapted to the dual-polarized channel and may therefore incur some loss.
It is important to note that in derivation (4), the correlation matrix was measured as 
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. It appears that in dual-polarized channels, the transformation depends on how to calculate R. Let us assume 2 receive antennas. A simple channel model is expressed as 
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We can write
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Hence if we denote as v a codeword of a rank 1 codebook C (e.g. LTE Rel. 8 codebook) and we define the transformation 
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we have that
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Hence depending on the way the correlation matrix is calculated, the adaptive codebook is completely different.

4 Generalized codebook transformation
In this section, we discuss how to extend the codebook transformation to fit single polarized and dual-polarized channels using a unified framework, i.e. the UE doesn’t need to switch between two different transformation methods to build up the adaptive codebook but a single method would work for both single and dual-polarized approaches.
Assume that the channel matrix writes as
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Generally speaking, two correlation matrices can be computed as 
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} the rank-r codebook made of N codewords and defined similarly as in Rel. 8 i.e. those codewords are seen as recommended precoder to the eNB.

Rank-1 codebook transformation for Rel. 8 PMI enhancement

Assume the rank-1 codebook is made of codewords {
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}. The transformation scales and rotates the original codewords in order to align them to the dominant eigenvector of the channel and to quantize only a spherical cap rather than the whole hypersphere (as a GLP codebook would do). 
The transformation of the rank-1 codebook can be written as follows:

Step 1: Divide the rank-1 base codebook (made of N codewords {
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Step 2: The adaptive codebook is obtained as 
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The same transformation procedure should be performed both at the eNB and UE, producing the same codebook at the eNB and UE based on the feedback indices. 

Note that when 
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  (single polarized antenna set-up)
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and it boils down to (1) .

Higher Rank codebook transformation for Rel. 8 PMI enhancement

The previous approach mainly targeted transformation of a vector codebook. However we could also adapt higher ranks codebook..

For rank 2 transmissions, the rank-2 base codebook is made of N codewords {
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The transformed codebook whose codeword 
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where orth(A) is the Gram-schmidt orthogonalization operation on matrix A.

The whole adaptive codebook can be written as
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If 
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5 Performance Evaluation of generalized adaptive codebooks
Simulations assumptions are detailed in table 1. We perform ZFBF-based MU-MIMO based on implicit feedback using LTE rank 1 CQI calculation. Performance is evaluated in 4x2 dual-polarized correlated channels (0.5 lambda spacing and 8 degrees angle spread) and single-polarized channels (ULA 0.5 lambda spacing and 8 degrees angle spread) with various feedback strategies (Rel. 8 4Tx 4bit codebook, adaptive codebook with classical and generalized transformation). The UE feeds back a single rank-1 PMI chosen from the LTE codebook or the adaptive codebook. For the adaptive codebook, we compare the performance achievable with

1. the rank-1 generalized transformation proposed in eq. 12
2. the classical rank-1 transformation in eq. 1.
Evaluation of CL SU MIMO with rank adaptation is also performed to assess the gain of the adaptive codebook versus LTE codebook. Four different operations of the adaptive codebook is performed:
1. the adaptive codebook with generalized transformation for rank 1 (eq. 12) and LTE codebook for rank 2. Hence the generalized transformation is only applied to rank 1.
2. the adaptive codebook with generalized transformation for rank 1 (eq. 12) and rank 2 (eq. 16). Hence the generalized transformation is applied to rank 1 and rank 2. Comparing with case 1 provides insight into whether applying the adaptive codebook on rank 2 provides additional gains or not.
3. the adaptive codebook with classical transformation for rank 1 (eq. 1) and LTE codebook for rank 2. Hence the classical transformation is only applied to rank 1.
4. the adaptive codebook with classical transformation for rank 1 (eq. 1) and rank 2 (eq. 17). Hence the classical transformation is applied to rank 1 and rank 2. Comparing with case 2 provides insight into whether applying the generalized transformation for rank 1 and rank 2 can provide additional gains over the classical transformation.
4x2 Correlated single-polarized ULA channels (0.5λ antenna spacing, 8º angle spread) with ideal CSI-RS and DM-RS channel estimation
	ZFBF MU-MIMO 4x2
	Average cell spectral efficiency (bits/s/Hz)
	5% cell edge spectral efficiency (bits/s/Hz)

	LTE codebook
	3.1606
	0.1026

	Adaptive codebook with generalized transformation (eq. 12)
	3.8328

 (21.3%)
	0.1099

 (7.12%)

	Adaptive codebook with classical transformation (eq. 1)
	3.8327

(21.3%)
	0.1111

 (8.3%)


4x2 Correlated XX channels (closely spaced +/- 45 dual-polarized antennas, 0.5λ antenna spacing, 8º angle spread) with ideal CSI-RS and DM-RS channel estimation
	ZFBF MU-MIMO 4x2
	Average cell spectral efficiency (bits/s/Hz)
	5% cell edge spectral efficiency (bits/s/Hz)

	LTE codebook
	2.2758
	0.0767

	Adaptive codebook with generalized transformation (eq. 12)
	2.7607 (21.3%)
	0.0786 (2.5%)

	Adaptive codebook with classical transformation (eq. 1)
	2.6665 (17.1%)
	0.0763 (-0.5%)


	CL SU-MIMO 4x2
	Average cell spectral efficiency (bits/s/Hz)
	5% cell edge spectral efficiency (bits/s/Hz)

	LTE codebook 
	2.6995
	0.0715

	Adaptive codebook with generalized transformation for rank 1 (eq. 12) and LTE codebook for rank 2
	2.7219 (0.8%)
	0.0753 (5.3%)

	Adaptive codebook with generalized transformation for rank 1 (eq. 12) and rank 2 (eq. 16)
	2.7418 (1.6%)
	0.0761 (6.4%)

	Adaptive codebook with classical transformation for rank 1 (eq. 1) and LTE codebook for rank 2
	2.7221 (0.8%)
	0.0756 (5.7%)

	Adaptive codebook with classical transformation for rank 1 (eq. 1) and rank 2 (eq. 17)
	2.7403 (1.5%)
	0.0736 (2.9%)


From those evaluations, it can be concluded that
· The adaptive codebook with rank-1 only or with rank1/rank-2 transformation outperforms LTE codebook in MU-MIMO and SU-MIMO.

· In dual-polarized channels,

· The rank-1 generalized transformation provides additional gain over the rank-1 classical transformation in MU-MIMO. In SU-MIMO both rank-1 transformation have similar performance gain over LTE codebook.
· Applying rank-1/2 generalized transformation in SU-MIMO provides the best performance among all options. The adaptive codebook with the generalized transformation provides performance gain for both rank 1 and rank 2.

· The rank-2 classical transformation hurts the cell edge performance compared to applying only rank-1 classical transformation. Hence with classical transformation, the benefits of applying the adaptive codebook for rank 2 are questionable.
· In single-polarized channels, the generalized and the classical transformation have the same performance
6 Conclusions
In this contribution, we discuss the design of adaptive codebook and the generalization of the codebook transformation to single and dual-polarized channels with rank feedback larger than 1. It is shown that 
· The adaptive codebook with rank-1 only or with rank1/rank-2 transformation outperforms LTE codebook in MU-MIMO and SU-MIMO.

· The generalized transformation outperforms  the classical transformation 

· Applying rank-1/2 generalized transformation in SU-MIMO provides the best performance among all options. 

· With classical transformation, the benefits of applying the adaptive codebook for rank 2 are questionable.
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8 Appendix: simulation assumptions

	Parameter
	Value

	General
	Parameters and assumptions not explicitly stated here according to 3GPP specifications

	Duplex method
	FDD

	Bandwidth
	10 MHz

	Network synchronization
	Synchronized

	Cellular Layout
	Hexagonal grid, 19 cell sites, 3 sectors per site

	Users per sector
	10

	Handover margin
	1dB

	Downlink transmission scheme
	4x2 SU-MIMO with rank adaptation and ZFBF MU-MIMO with rank adaptation with up to 4 layers and 1 layer per UE

	Downlink scheduler
	Proportional Fair scheduling in the frequency and time domain

	Downlink link adaptation

	CQI and PMI 5ms feedback period

	
	1 PMI and 1 CQI feedback per subband (=4 consecutive RBs)

	
	6ms delay total (measurement in subframe n is used in subframe n+6)

	
	CQI measurement error: None

	
	PMI feedback error: 0% 

	
	MCSs based on LTE transport formats [36.213]

	
	Unquantized CQI

	codebook

　
	Rel. 8 4 bit

	
	Adaptive codebook applied to rank-1/rank 2 codebook (unquantized feedback of long term correlation matrix every 480 ms)

	Allocation
	localized

	Total number of RB in one subframe
	52

	scheduling unit
	1 subband=4 consecutive RBs

	Downlink HARQ
	Maximum 3 re-transmissions,

	
	Chase combining, non-adaptive, synchronous.

	
	no error on ACK/NACK

	
	8 ms delay between re-transmissions

	Downlink receiver type
	MMSE based on DM RS of serving cell 

	Data Channel Estimation
	Ideal and non-ideal channel estimation on CSI RS and DM RS

	PAPR
	No constraint on per-antenna power imbalance 

	Antenna configuration
	Single and dual-polarized configurations

	
	0.5 wavelength separation at UE in single-polarized arrays

	
	0.5 wavelength separation  at basestation (uniform linear array)

	
	ideal antenna calibration

	Control Channel overhead, Acknowledgements etc.
	LTE: L=3 symbols for DL CCHs

	
	Overhead of DM RS: RANK 1,2: 12 REs/RB/subframe, RANK 3,4: 24 REs/RB/subframe

	
	Overhead of CSI RS in 4Tx: 4 sets of CSI RS every 5 ms and 2RE/port/RB (This is, in 4 Tx antenna case, 8 REs/RB per 5ms)

	
	Overhead of 2-ports CRS

	BS antenna downtilt
	Case 1 3GPP 3D: 15 deg

	Feeder loss
	0dB

	Channel model
	SCM urban macro for 3GPP case 1, 3km/h

	
	8 degrees angle spread

	Link error prediction technique
	MIESM (RBIR)

	Intercell interference modeling
	Random interference in adjacent cells

	
	CQI calculated based on MMSE receiver assuming identity covariance matrix for the interferers


Table 1. System Level Simulation assumptions
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The transformation assumes the channel is i.i.d.
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