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1. Introduction 
According to the agreed way forward for Rel-10 feedback [1], a precoder 
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 for a subband is composed of two matrices, one of which targets wideband and/or long-term channel properties, denoted by 
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, and the other of which targets frequency-selective and/or short-term channel properties, denoted by 
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. 
So far, various two-stage feedback solutions have been proposed (see [2-7]). For a system with 
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 transmit antennas and 
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 layers per user, the key question is whether 
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 is a 
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 square matrix [2-4], or is a 
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matrix [5-6] (of which a 
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 matrix [2, 7] is a special case). In this contribution, we elaborate on the two-stage feedback framework with square 
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 (
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). 
This paper is organized as follows: Section 2 discusses the periodicity of the 
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 reporting, and shows that a natural and flexible approach with low overhead is to send 
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 only when the UE measures a change.  Section 3 explains how the two-stage feedback approach with square 
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 (
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) should be specified as implicit feedback. Codebook design principles for 
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 and 
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 for the two-stage feedback approach with square 
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 are provided in Section 4 and Section 5. Section 6 discusses the advantages of the two-stage feedback approach with square 
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 and shows how this framework encompasses the two-stage feedback proposals made by other companies. 
2. About the dynamic reporting of two-feedback components

In RAN1 #61 the following way forward was agreed [17]: 

· Aperiodic PUSCH: 
· The report in aperiodic PUSCH is self-contained in the same subframe
· One report can contain both 
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 and 
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· In case one of W1/W2 is fixed, one report can contain 
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 only or 
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 only

· Regardless of which, the precoder 
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 is derived from 
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 and 
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· The same report contains RI and CQI

· Periodic PUCCH
· 
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/
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 reporting procedure 
· CSI Mode 1: 
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 and 
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 are signalled in separate subframes
· 
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 could be wideband or subband

· CSI Mode 2:  
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 is determined by a single report confined to a single subframe, e.g.
· one of 
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/
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 could be fixed and hence does not need to be signaled 

· W1/W2 is not fixed but still does not necessarily need to be signaled

· But the precoder 
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 is still derived from 
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 and 
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· W2 could be wideband (i.e. subband size could be the system bandwidth)

In [2] it was proposed to update 
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 only when the UE detects a variation of the wideband/long-term characteristic of the channel. In this section we investigate whether this is appropriate by presenting some simulation-based analyses of 
[image: image39.wmf]1

W

’s variation. We count a variation when a UE selects a different codebook entry (for 
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) with respect to the last one reported.
We consider the two simulation scenarios for ULA and CLA summarized in Table 1 and Table 2 in Appendix 1, evaluated for 100 users over 1000 subframes. The results are shown in Figure 1 and Figure 2. The duration for which 
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 is unchanged is denoted by 
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Figure 1. Variation of W1, for the ULA case.
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Figure 2. Variation of W1, for the CLA case.
From Figure 1 and Figure 2, it is clear that there is a wide variation in the necessary update rate of 
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, and therefore fixing the periodicity of 
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 cannot achieve the optimal performance with the minimum feedback overhead. Furthermore, the duration for which W1 is unchanged is typically long, confirming the decision to feed back 
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 and 
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 in different subframes.
Therefore, we propose the following.
Proposal 1: Wideband/long-term feedback (corresponding to 
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) should be updated only when the UE detects a variation of the wideband/long-term characteristics of the channel.

3. Two-stage feedback approach with square W1
General description
A precoding matrix 
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 is to be reported from each UE to the eNB. 
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 is a complex matrix of size 
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, where 
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 is the number of transmit antennas at the eNB and 
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 is the preferred rank for each UE. 
In the two-stage feedback approach with square 
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, the precoding matrix 
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 indicated by the feedback is the result of normalizing the product of 
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 and 
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, i.e., 
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,  where 
[image: image60.wmf]1

W

 is a square matrix of size 
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, fed back to the eNB as long-term wideband feedback, and 
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 is a matrix of size 
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, fed back to the eNB as short-term narrowband feedback. 
Therefore, there are two types of PMI feedback from the UE. We denote 
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 feedback as “PMI type 1”, and 
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 feedback as “PMI type 2”. The UE reports PMI type 1 selected from precoder codebook 
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 and reports PMI type 2 selected from precoder codebook 
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.

PMI type 1 and PMI type 2 can be sent independently in different subframes. It is therefore useful and important that the eNB can make use of 
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 as soon as it is received, without having to wait to receive 
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 before it can make any precoded transmissions. In order to do this, it needs to be possible to send a CQI report together with 
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. This will enable the eNB to know what MCS to use if it is to use a precoder indicated by the 
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 feedback. When CQI is conditioned on a PMI report of type 1, in the layer domain the CQI reference resource is defined by the first 
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 eigenvectors of 
[image: image73.wmf]1

W

 where 
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 is the codebook entry indicated by the PMI report of type 1. When CQI is conditioned on a PMI report of type 2, in the layer domain the CQI reference resource is defined by 
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 where 
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 is indicated by the PMI report of type 1 and where 
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 is indicated by the PMI report of type 2.
Procedure for PMI feedback (at the UE) 
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 feedback:
For long-term wideband feedback, 
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 is selected from the codebook 
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 in which each entry 
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 is a 
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 square matrix, according to long-term wideband channel characteristics. As in Rel-8, the detailed selection criterion would not be specified directly, but would be required to meet specified performance requirements in conjunction with the CQI reporting. Typically, a part of each codebook entry would be considered as a long-term wideband precoder candidate, e.g., the first 
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 eigenvectors of each codebook entry 
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, and the UE would select among the candidates in order to maximise the corresponding CQI (corresponding to a BLER of 10%). The UE feeds back the index of the selected codeword.
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 feedback: 
For short-term narrowband feedback, for each codeword 
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 (a 
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 matrix) in the codebook 
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, a corresponding precoder candidate 
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 can be derived in conjunction with 
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 by normalization of the product of 
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 and 
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. Some examples of the normalisation operation are given in Appendix 5. Then, one of the
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’s is selected corresponding to the 
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 that maximises the corresponding CQI, and the index is fed back to the eNB. 
Procedure at the eNB
The eNB receives the PMI reports of type 1, and also (typically separately) type 2, each accompanied by a corresponding CQI report. If 
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 is received alone, the eNB interprets the CQI report as corresponding to a precoder based on the first 
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 eigenvectors of the received codebook entry for 
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. When 
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 is received, the eNB normalizes the product of 
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 and 
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(e.g. using one of the methods in Appendix 5). The CQI report is then interpreted as corresponding to a precoder consisting of the normalized 
[image: image101.wmf]12
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. 
4. Codebook design principle for W1
In the codebook 
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 for 
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 feedback, each codeword 
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 is a 
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 square matrix. In [8-10], we show that MU-MIMO systems with two-stage feedback and correlation-matrix based selection at UE achieve good performance with respect to average throughput and cell edge throughput, which corresponds to the solutions proposed in [11,12]. 
The optimal codebook design for 
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 depends on the eNB antenna configuration. Here we propose codebook designs for
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, that applies to both 4 and 8 transmit antennas, for the cases of closely-spaced co-polarized antennas and closely-spaced cross-polarized antennas. For far-spaced antennas, the structure of the codebook entries in 
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 needs further study. The choice of codebook for 
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 would be configured by RRC signalling depending on the eNB antenna configuration. 
4.1 Closely-spaced co-polarized ULA
It is known that for a real channel with closely-spaced ULA antennas, the normalized spatial correlation matrix, normalized by the maximal diagonal entry, can be approximated by an exponential correlation model, in which each 
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 where 
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 is a real number and all diagonal entries are approximated to 1 since the antennas are highly correlated [13]. Considering a complex channel, we can extend this normalized model to a complex exponential correlation model, in which each 
[image: image113.wmf](,)

mn

-th entry is of form 
[image: image114.wmf]()

mn

jmn

mn

re

q

r

-

-

=

 where 
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 is a positive real number smaller than 1 and greater than 0.5 since the antennas are highly correlated. 
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 and 
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 can be regarded as two random variables independent to each other. Therefore, we can design two real scalar codebooks 
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 and 
[image: image119.wmf]q

A

, corresponding to the distributions of 
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and 
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 respectively, among which the distribution of 
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 is uniform. Subsequently, a correlation-matrix codebook 
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 can be generated by fully combining the codewords in 
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 and 
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. Each codeword in 
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 is a Hermitian matrix of the dimensions 
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 and constructed by two codeword scalars in 
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 and 
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 respectively. 
For example, based on the abovementioned codebook design principle, a 6-bit correlation codebook for 
[image: image130.wmf]M

 transmit antennas is given in Appendix 2. 
4.2 Closely-spaced cross-polarized CLA
In the case of cross-polarized CLA, the antennas can be divided into two groups. Antennas in each group are on the same polarization and thus can be treated as co-polarized ULA antennas. Theoretically, antennas in different groups are spatially uncorrelated. Hence, the spatial correlation matrix 
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 could be approximated by a block diagonal matrix 
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where 
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 and 
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 Hermitian matrices. Moreover, from observations, we find that in the case of closely spaced CLA, 
[image: image136.wmf]21

a

»

RR

, where 
[image: image137.wmf]a

 is a positive real number. So we have
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Therefore, with an 
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-bit correlation-matrix codebook for 
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-Tx ULA and an 
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-bit scalar quantization codebook for the coefficient 
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, we can generate a (
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)-bit correlation-matrix codebook for correlation matrix feedback in the case of closely-spaced cross-polarized CLA. 
For example, based on the abovementioned codebook design principle, a 6-bit correlation codebook for 
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 transmit antennas is given in Appendix 3. 
5. Codebook design principle for W2
In the codebook 
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 for 
[image: image146.wmf]2

W

 feedback, each codeword 
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 is a 
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 complex matrix. In this contribution, codebook design for 
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 feedback targets good performance under the assumption that 
[image: image150.wmf]1

W

 is a square matrix following the principles described above and 
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 is fed back in one-step. Note that hierarchical feedback can further refine 
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 with equivalent feedback overhead and multiple steps [14]. Similarly as for 
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, the optimal codebook design for 
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 depends on the eNB antenna configuration and would be configured by RRC signalling depending on the eNB antenna configuration.
5.1 4-Tx closely-spaced co-polarized ULA
Theoretically, since codewords in 
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 are to be transformed by 
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, a codebook composed of codewords for uncorrelated channels (Grassmanian line packing) should be an efficient codebook [11,12]. Observing the Rel-8 PMI codebook, we find that the last 4 codebook entries are good for uncorrelated channel (near Grassmanian line packing), i.e., a 2-bit 
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 (a subset of the Rel-8 PMI codebook) can be used. For enlarging this codebook, more codewords can be added in to construct an enlarged codebook for uncorrelated channels. 
5.2 4-Tx closely-spaced cross-polarized CLA
Option 1 – polarization codebook: 
By observation, we find that there exists a fast-varying complex factor between the two antenna groups with antennas in each group on the same polarization, i.e., 
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where 
[image: image160.wmf]1
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 is the channel matrix representing one antenna group on one polarization and 
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 is the channel matrix representing the other antenna group on the other polarization, and 
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 can be treated as long-tem wideband static channel. This observation also agrees with the theoretical analysis on cross-polarized antennas in [15, 16]. 
For closely-spaced antennas, the dominant vector in 
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, 
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, can be approximated by a DFT vector, 
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 for single layer case as follows, 
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where 
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and 
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 denotes the all-zero vector of length 
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. For closely-spaced cross-polarized CLA, we see that 
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 can be treated as a correlation matrix.  
For rank-2 feedback, 
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 can be          
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For example, a 4-bit 
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 codebook for 
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 transmit antennas and maximum 2 layers is given in Appendix 4, and with the 6-bit 
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 codebook in Appendix 3, a two-stage feedback scheme can be accomplished. 
Option 2 – Rel-8 codebook:
Rel-8 PMI codebook can be treated as the codebook for
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 as well. However, the performance would be worse than the polarization codebook proposed above with equivalent feedback overhead. 
5.3 8-Tx closely-spaced co-polarized ULA

As a simple extension, we can concatenate the Rel-8 4-Tx PMI codebook to a 8-Tx PMI codebook as 
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. For example , a 4-bit 8-Tx 
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 can be generated as follows:
Step 1: 
Select the last 4 base vector 
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Step 2: 
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Step 3: 
When 
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, firstly generate the base codebook 
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 for rank 8 composed of 16 codeword matrices, 
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Then, select the first 
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 columns from each codeword matrix in 
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 to build the base codebook 
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5.4 8-Tx closely-spaced cross-polarized CLA
Option 1 -- Concatenated codebook:
The concatenated 8-Tx codebook described in Section 5.3 can also be used for 8-Tx closely-spaced cross-polarized CLA antenna configuration. 
Option 2 -- Polarization codebook
The 4-Tx polarization codebook described in Section 5.2 can also be used for 8-Tx closely-spaced cross-polarized CLA antenna configuration. 

6. Discussion 

Performance
In [10], we can see that using the abovementioned two-stage feedback approach with square 
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 in MU-MIMO systems achieves significant performance gains, w.r.t. average cell throughput and cell edge throughput. 
Enlarging the codebook sizes for 
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 and 
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 could help to improve system performance, which is to be further studied. 

Compatibility

In the following discussion, we will see that the various two-stage feedback proposals with 
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 a 
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matrix [5-6], or a 
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 matrix [2, 7] can be implemented with the two-stage feedback framework with a square 
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In [5, 6], a two-stage differential feedback approach is proposed, with 
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 square diagonal matrix whose diagonal is a DFT vector and 
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 matrix.  In fact, we see that this differential feedback approach can equivalently be implemented with 
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 a square matrix. 
For example, when 
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, according to the description in [5, 6], 
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and 
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Nevertheless, (19) can be written in alternative form as follows, 
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where 
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 is a square matrix for long-term wideband feedback and 
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 matrix for short-term narrow band feedback. Therefore, if there are subsets in 
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, then two-stage differential feedback approach can be implemented with the square codebook entries in 
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. 
In [2, 7], the two-stage GoB feedback approach is proposed with 
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 matrix. In Section 5.2 and 5.4, a polarization codebook 
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 is proposed for CLA configurations. We see that for a specific subset in the polarization codebook 
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 with 
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, the generated 
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 can be exactly the results of the proposal for the GoB approach for CLA configurations [2,7]. Therefore, using subsets in 
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 and 
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, the two-stage GoB approach can be implemented. 
Scalability
From the aforementioned description of codebook design, we see that the feedback overhead for 
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 will not increase with the number of transmit antennas and the performance is not reduced. 
Flexibility

From the aforementioned description of codebook design, we see that the principle of square 
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 can be used for any transmit antenna configuration. Optimised codebooks could be provided for each case. 
Storage overhead
All the codebooks we proposed can be generated with a very small scalar codebook or vector codebook. Therefore, there should not be any worry about the storage overhead at UE. 
PA friendly subset
Though the whole codebook of 
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 may not be such that all entries have the same modulus, i.e., so-called “PA-friendly”, a subset of 
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 and 
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 can be set to satisfy the PA-friendly requirement.  
7. Conclusion 

In this contribution, 
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 feedback periodicity is discussed, and it is shown that 
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 feedback should be sent only when necessary. 

Design principles for the two-stage feedback approach with square 
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 and suitable codebooks are presented. 
In [10] it is shown that this approach achieves significant performance gain with MU-MIMO. 
In particular, the approach with square 
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 is generally applicable to different eNB antenna configurations (ULA or cross-polarized), in contrast to the tall 
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 approach which is limited in its applicability. 

We propose that the two-stage feedback approach with square 
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 be adopted for Rel-10. 
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Appendix 1
Table 1. Simulation parameters used for the ULA case.
	Parameter
	Assumptions used for evaluation

	Deployment scenario
	3GPP case 1 3D, SCM-UMa with large angle spread. 

Speed: 3km/h

	Antenna configuration (eNodeB)
	ULA, 0.5 wavelengths between antennas (4 Tx: |||| )

	Antenna configuration (UE)
	Co-polarized ULA at UE (2 Rx: ||)

	W1 feedback
	6-bit codebook (Appendix 2), wideband
periodicity: per subframe (/ms)


Table 2. Simulation parameters used for the cross-polarized CLA case.
	Parameter
	Assumptions used for evaluation

	Deployment scenario
	3GPP case 1 3D, SCM-UMa with large angle spread. 

Speed: 3km/h

	Antenna configuration (eNodeB)
	CLA, 0.5 wavelengths between antennas (4 Tx: xx )

	Antenna configuration (UE)
	Cross-polarized at UE (2 Rx: +)

	W1 feedback
	6-bit codebook (Appendix 3), wideband
periodicity: per subframe (/ms)


Appendix 2

Table 3 A 6-bit codebook for W1 feedback, 
when the antenna configuration is closely-spaced co-polarized ULA
M: the number of transmit antennas. 
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Appendix 3
Table 4 A 6-bit codebook for W1 feedback, 
when the antenna configuration is closely-spaced cross-polarized CLA
M: the number of transmit antennas. 
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Appendix 4
Table 5 A 4-bit codebook for 
[image: image263.wmf]2
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 feedback, 
when the antenna configuration is closely-spaced cross-polarized CLA
M: the number of transmit antennas. 
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Appendix 5

Various normalization methods can be implemented. Four options are given below as example:

Option 1 – matrix-wise normalization: 

Normalize 
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 by dividing the Frobenius norm of 
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Option 2 – column-wise normalization: 

Normalize each column in 
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 into a unit norm vector and divide the result by 
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Option 3 – SVD and normalization: 
Take the most-left 
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 singular vectors of 
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 and divide the result by dividing 
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Option 4 – separate multiplication and normalization: 
Multiply corresponding columns in
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 with different parts of 
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and normalize the result. For example, when 
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The four options above are equivalent for the case of 
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. For the cases of 
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, option 4 is used in our simulations for performance evaluation (results can be seen in [10]). 
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� Note that an equivalent result may be obtained in practice by selecting the codebook entry that most closely corresponds to the measured correlation matrix of the channel. This approach is used in [10] but would not be directly specified. 
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