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1 Introduction

In this contribution, we first review the proposed EGOB structure. This structure together with GOB [1] and beam-selection based codebook structure [2] falls into the same class named as wide-sense GOB, in which W1 is designed to provide the information of principal channel direction. And then the characteristics of wide-sense GOB structure are summarized, the similarities and differences among wide-sense GOB structures are analyzed. Furthermore, qualitative comparisons between wide-sense GOB and the other existing proposals [3, 4] are also given with detailed analysis.
2 EGOB structure
We assume that antennas are indexed as illustrated in Figure 1 and Figure 2, where NT is the number of transmit antenna.

Closely spaced DP (dual-polarized) antenna array can be considered as two groups of ULA (uniform linear array). Each ULA generates high correlated channels, while the channels between these two groups are of low correlation. Furthermore, the principal channel direction is rather stable over both time and frequency domains, and other properties of spatial channels are relatively changeful. 
From this viewpoint, it is better to describe the principal channel direction by W1 to give a general picture of spatial channel, while providing refined information of channel properties via W2, such as the channel properties between two ULA groups. The combination of W1 and W2 characterizes the spatial channel with high accuracy. Furthermore, since the principal channel direction is stable, W1 can be reported with coarse frequency and/or time granularity to reduce the feedback overhead.
Closely spaced ULA can also be separated into two groups of ULA, with antenna 1~ NT/2 in one group, and antenna NT/2+1~ NT in the other group. The only difference between ULA and DP array is that, the channel correlation between these two ULA groups is relatively higher. Therefore, dual-codebook structure and dual-codebooks suitable for DP as well as ULA can be derived by careful design. 
Based on the above analysis, the overall precoder of rank r for a subband is suggested to be constituted as
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Where,
· The overall precoder W is an NT × r unitary precoding matrix

· W1 targeting wideband/long-term channel properties is a square diagonal NT × NT matrix

· W2 targeting frequency-selective/short-term channel properties is a tall NT × r unitary matrix
· 
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, and v is an NT/2 × 1 DFT vector corresponding to the principal channel direction
· 
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, and M is an NT × r matrix, which contains the refined information of channel properties, concretely, M takes the following form for rank 1
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where, u is an NT/2 × 1 vector, providing the refined information of channel direction, and 
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 is a complex value which provides the co-phasing information. Then the overall precoder W for rank 1 is built as


[image: image6.wmf]12

diag()diag()

111

diag()diag()

rrr

aaa

¢

éùéùéùéù

====

êúêúêúêú

¢

ëûëûëûëû

v0uvuv

WWW

0vuvuv


where, 
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 is an NT/2 × 1 vector with one-step refinement over vector v.
Generally, the form of M for rank r is
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where, 
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 are NT/2 × 1 vectors.
Similar to GOB structure in [1], W1 in structure (1) contains a beamforming vector corresponding to the principal channel direction. Moreover, enhanced functions such as one-step differential can be performed by this proposed structure. Thereby the structure in (1) is named as enhanced GOB structure.
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Figure 1: DP antenna indexing
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Figure 2: ULA antenna indexing
3 Wide-sense GOB structure
3.1 Characteristics of wide-sense GOB structure
The feature of wide-sense GOB structure is that its wideband and/or long-term precoding matrix W1 is designed to provide the information of principal channel direction. It has the following advantages:
· Firstly, the separation between wideband and subband components is very clear.
According to the way forward [5], two codebook indices together determine the precoder, one of the two matrices targets wideband and/or long-term channel properties, and the other matrix targets frequency-selective and/or short-term channel properties. The separation of wideband and subband component is beneficial for reducing feedback overhead, i.e., report the wideband component with coarse frequency and time domain granularities. Since channel direction is stable over both time and frequency domains, the separation of wideband and/or long-term and frequency-selective and/or short-term channel properties in wide-sense GOB structure is very clear. Therefore, it provides the possibility to ease the design of feedback.
· Secondly, it can well support efficient PMI selection.
Precoder selection is a complex task for UE, which has to evaluate many different hypotheses, one for each possible precoder. Fortunately, in wide-sense GOB structure, W1 targeting the principal channel direction allows complexity reduction by avoiding an extensive joint search over W1 and W2, and instead first determining one uniform W1 for all rank and only thereafter seeking an appropriate rank and W2 per subband.
· Thirdly, it can well support PMI override for rank adaptation.

For the reported rank r larger than 1, the composed W is the preferred precoder for rank r, while W1 in wide-sense GOB structure does provide the network with information about the principal channel direction. A precoder with rank less than r can be constituted based on W1. Hence, optimal precoder of rank r and near optimal precoder of rank less than r is suggested by a single pair of W1 and W2.

· Finally, it can well support dynamic switching between SU- and MU-MIMO.

Since co-scheduled UEs are better to be separated in spatial domain, W1 in wide-sense GOB structure can be used for the UE separation in MU transmission. Meanwhile, the combination of W1 and W2 indicates the preferred precoder with the recommended rank for SU-MIMO.

Due to the above merits of wide-sense GOB structure, it is a good choice to design the wideband and/or long-term precoding matrix W1 to provide the information of principal channel direction.
Observation:

· It is better to provide the principal channel direction information by W1.
3.2 Comparisons among wide-sense GOB structures
3.2.1 Comparison with GOB structure
A matrix product precoder structure named as GOB structure had been proposed in [1]. The overall precoder was suggested to be formed as
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where,
· The inner matrix W1 is an NT × 2 matrix, which is to take care of wideband and/or long-term channel properties
· 
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 is an NT/2 × 1 vector corresponding to a beamforming vector
· The outer matrix W2 is a 2 × r matrix (
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), which tries to match the instantaneous properties of the effective channel, providing co-phasing information of effective channels generated by two ULA groups
Comparing GOB structure in (2) and EGOB structure, we can find their similarities:

· In both structures, W1 is composed of a beamforming vector corresponding to the principal channel direction.
· In both structures, W2 contains the co-phasing information between the two groups of ULA.

The difference between these two structures is that besides the channel properties between two ULA groups, W2 of EGOB can also perform one-step refinement over W1, therefore,

· Higher accuracy can be achieved by EGOB structure if both two structures have the same beam design of W1, because W2 can provide additional beamforming information over W1.

· EGOB structure is less sensitive to RF timing misalignment than GOB structure.

· Since W1 contains all beamforming information, while W2 only orthogonalizes the effective channel in GOB structures, the beams of all subbands are formed by the same DFT vector. If RF timing misalignment exists, the accuracy of feedback can not be guaranteed. Further details can be found in [6].
· Due to the one-step differential of EGOB structure, the beamforming vector in different subbands can be slightly adjusted depending on the reported W2. This can compensate the effect of RF timing misalignment to some extent.
· EGOB structure is more flexible than GOB structure.

· The precoder constituted by GOB structure is only composed of one beamforming vector, therefore, only precoders with rank not larger than 2 can be built by this structure. Though rank 3 and 4 codebooks were proposed in [1], it should be noticed that they are out of the scope of wide-sense GOB, since their W1 codebooks does not target the principal channel direction. Therefore, they are unprivileged from the advantage of wide-sense GOB.
· The precoder constituted by EGOB structure can contain different vectors for different columns; therefore, on the one hand, performance improvement can be achieved for rank 2 transmission under ULA configuration (see the simulation results in [7]), on the other hand, this structure can form precoders for any rank.

For instance, the precoder of rank r can be built as
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where, 
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 with k=1,…,r.
By further observation, we find that GOB structure can be considered as a special case of EGOB structure. For example, precoders constituted by GOB structure as
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can be derived by the proposed structure respectively as
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where, v is an NT/2 × 1 vector, 
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 is a complex value, and 
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Observation:

· GOB structure can be considered to be a special case of EGOB structure.
3.2.2 Comparison with FSGOB structure

A beam-selection based codebook structure was presented in [2]. Since this structure can form frequency-selective beams, we call it frequency-selective grid of beam (FSGOB). By FSGOB structure, the overall precoder was suggested to be formed as
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where, 

· The matrix W1 is an NT × 2Nb matrix, which targets wideband and/or long-term channel properties
· 
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, and X is an NT/2 ×Nb matrix corresponding to Nb adjacent overlapping beams
· The matrix W2 is a 2Nb × r matrix, whose function is beam selection and co-phasing
Obviously, the central one of Nb adjacent overlapping beams in W1 is also corresponding to the principal channel direction, and FSGOB can also generate frequency-selective beams for different subbands similar with EGOB. We can also find their differences:

· W1 in FSGOB includes Nb DFT vectors. The Nb DFT vectors are used to provide the candidate beams for different subbands. While W1 in EGOB is composed of single DFT vector, if different beams are necessary for subbands, they can be generated by the differential functionary of W2.
· The size of W1 and W2 in FSGOB is NT × 2Nb and 2Nb × r. While the size of W1 and W2 in EGOB is NT × NT and NT × r respectively.
The shortcoming of FSGOB comparing with EGOB is that the size and form of FSGOB heavily depends the antenna configurations and settings.  If a large number of different beamforming vectors are needed for subbands, for instance, when RF timing misalignment exists and the frequency-selectivity is severe, then the value of Nb shall be large, consequently, the size of W1 and W2 in FSGOB will be rather big. On the contrary, when the effect of RF timing misalignment is not severe, or it is not considered when the codebooks are designed, the frequency-selective beams for different subbands seem un-necessary (See the simulation results in [7]), and the function of beam selection of FSGOB becomes needless. While no matter what the number of candidate beams are, the form of EGOB is consistent.
By further observation, we can find that EGOB and FSGOB are equivalent. For example, there are precoders constituted by FSGOB structure as

[image: image26.wmf]()

()

,2

()

k

m

km

k

éù

=

êú

ëû

X0

WW

0X

                                      (4)
where, 
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 is the kth precoder in W1 codebook, and 
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There exits vectors 
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 with size of NT /2× 1 and matrix D with size of NT/2 ×Nb satisfying
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We can rewrite (4) as
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where, 
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. Then we can find it becomes the form of EGOB. Therefore, any FSGOB based dual-codebook definitely has its equivalent EGOB based counterpart.
Observation:

· Any FSGOB based dual-codebook has its equivalent EGOB based counterpart. EGOB and FSGOB are equivalent.
4 Qualitative comparisons with other structures
Although it has been agreed that a precoder W for a subband is obtained as a matrix multiplication of two matrices [5], there is still much work to do to complete this topic. It is necessary to narrow down the topic considering the limited time left for Rel-10. Some codebook structures, which are different from wide-sense GOB, are proposed by some companies [3], [4]. In this section, we will make a comparison between wide-sense GOB structure and some other existing structures. 
4.1 Comparison with structure in [3]
In [3], a dual-codebook structure was presented as

[image: image33.wmf]{

2

1

12

12

W

W

æöæö

==

ç÷ç÷

èøèø

DA0I

WWW

0DA

Λ

Λ

1442443

                               (5)

where,
· W1 targeting wideband/long-term channel properties is a square diagonal NT × 2r matrix
· W2 targeting frequency-selective/short-term time channel properties is a tall 2r × r unitary matrix
· 
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· D is a square diagonal NT/2 × NT/2 matrix with a DFT vector on its main diagonal
· A is an NT/2 × r matrix, which can be considered as a coarse quantization of channels on each ULA group

· 
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 is an r × r matrix, which contains 1 bit wideband phase alignment
· 
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, I is an r × r identity matrix, and
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 is a diagonal matrix with size of r × r, which provides 1 bit refined information about the phase alignment between two ULA groups
Compared to the wide-sense GOB structure, structure in (5) has the following shortcomings:
· Higher complexity in design, since 4 parameters, D, A, 
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 should be optimized
· More sensitive to RF timing misalignment than EGOB and FSGOB structure
· W2 in (5) can not adjust the direction of beamforming vectors of subbands.
· Inefficient in PMI selection

· Since in this structure W1 for different ranks is different, it should first determine W1 for each rank and thereafter seek an appropriate rank and W2 per subband. Moreover, comparing with W1 targeting channel direction, the dimension of W1 is much larger; therefore, higher complexity for wideband PMI selection is induced.
· Inefficient in supporting PMI override for rank adaptation
· Since W1 in (5) gives a coarse version of the overall precoder of rank r, if rank 1 is chosen by eNB, the precoder derived by nesting property may deviate from the principal channel direction.

· Inefficient in supporting dynamic switching between SU- and MU-MIMO
4.2 Comparison with differential codebook structure
A rotation-based differential codebook structure was proposed in [4]. By this structure, the overall precoder was built as
W=W2 W1                                    (6)
where,
· The outer matrix W1 is a tall NT × r unitary precoding matrix, which is a general version of the overall precoder.
· The inner matrix W2 is a square NT × NT diagonal matrix, which gives one-step refinement of the principal direction of the channel.
· For 4Tx MIMO, 
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 is a small angle.
· For 8Tx MIMO, 
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 is complex value and copes with the fact that the channel is single-polarized or dual-polarized
Since the instantaneous phase alignment between two ULA groups are reported by W1, and this information is frequency-selective and short-term channel properties. The separation of wideband and/or long-term channel properties and frequency-selective and/or short-term channel properties in this structure is unclear. The unclear separation will result in difficulties in the design of feedback granularity.
Due to the fact that W1 is also a coarse version of the overall precoder similar with structure in (5), structure in (6) also has the following disadvantages:

· Inefficient in PMI selection

· Inefficient in supporting PMI override for rank adaptation
· Inefficient in supporting dynamic switching between SU- and MU-MIMO
5 Conclusions
In this contribution, we first review EGOB and then give qualitative comparisons among different matrix-multiplication structures. Based on the discussion, we have the following observations:

· It is better to provide principal channel direction information by W1.
· GOB structure can be considered to be a special case of EGOB structure.
· Any FSGOB based dual-codebook has its equivalent EGOB based counterpart. EGOB and FSGOB are equivalent.
Based on the above discussion and simulation results in [7] and [8], the EGOB structure is proved to be flexible and efficient. By EGOB, the overall precoder of rank r for a subband was suggested to be built as
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where,
· The overall precoder W is an NT × r unitary precoding matrix

· W1 targeting wideband/long-term channel properties is a square diagonal NT × NT matrix

· W2 targeting frequency-selective/short-term channel properties is a tall NT × r matrix

· 
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, and v is an NT/2 × 1 DFT vector corresponding to the principal channel direction
· 
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, and M is an NT × r matrix, which contains the refined information of channel properties
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