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1. Introduction

The following conclusions are copied from Chairman Notes for RAN1 #61bis.
Conclusion: 

· It is noted that the cosigning companies of R1-104169 have agreed that there are significant gains for enhanced feedback schemes that are based on the cited WFs.

· It is noted that the cited WFs are already agreed including the case of 4 tx and the focus will be on making the way forward more concrete for 4 tx.

· It is noted that 4 tx is the priority. 

Couple of the key observations can be summarized based on last meeting’s discussion:
· 4 TX enhancements are shown by many companies and must be targeted as a priority for Release-10, given the interest of many operators in 4 Tx deployment in the immediate future.

· Small (e.g., half wavelength) and large (e.g., 4 wavelength) spacing cross-polarized antenna is of key interest to operators due to practical limitation (antenna size, siting, wind load, etc.) and the much desired deployment flexibility [2]. While it is generally agreed from previous company studies that ULA can deliver much improvement with MU-MIMO, it is important for Rel-10 to deliver improved throughput with SU/MU under both X-pol and ULA antenna configurations (perhaps even with greater importance to X-pol).  
In this contribution, we provide an updated codebook design based on the construction method described in our previous contribution [1], i.e., constructing the final codebook W from properly combining two “sub-precoders” for the two 2-element co-polarized sub-arrays. The sub-precoder can be rotated specific to each sub-band and the combining weight is also sub-band specific. It can be shown that Rel-8 codebook can be constructed in a similar fashion through combining sub-precoders. Similar two-component design is extended to 8-Tx using the same principle [3], using a larger DFT size.  

2. Codebook Design 

2.1. Design Principles 
From the company views discussed in previous meetings, it seems that the following Rel-10 design objectives are generally shared among companies:   
· The two-component CB should optimize performance in sub-band SU/MU precoding (i.e., frequency selective SU/MU), but it should be equally efficient when used for wideband precoding. 
· Both components can be reported together (e.g., in wideband precoding) or separately (e.g., for sub-band operation), just like the single-component Rel-8 codebook that can be used for both wideband and subband operation. Also, the two-component CB can be used in both periodic reporting based on Rel-8 PUCCH and aperiodic reporting via PUSCH.
The two-component framework was developed originally for 8-Tx scenario to minimize the feedback overhead, since it is envisioned to be able to reduce feedback overhead when reporting less often the component related to wideband/long-term spatial channel characteristics. However, the two-component feedback framework can be equally applicable to 4-Tx as well, and when designed properly, should provide some improvement over the Rel-8 single-component codebook because of the effectively increased combined codebook size (i.e., wideband plus sub-band related component). 

We further target the following goals:
· Final precoder is constructed as W=W1*W2, with W1 pertain to the wideband “sub-precoder” for the co-polarized 2-Tx sub-array and W2 pertain to sub-band specific parameters for constructing the final W, including a rotation of the “sub-precoder” and the combining weight of the two “sub-precoders”.
· Final codebook is nested for ranks 1-4, similar to that in Rel-8
· Component codebook for W2 has the same size as Rel-8 codebook (i.e., 4 bits) 
· Final precoder constructed from the two component codebooks is composed of fixed alphabet (PSK) entries. Higher DFT sampling than Release-8 for both ULA and XPOL could use 16 PSK instead of 8 PSK.
· The final precoder, if used for wideband precoding, can be obtained from W1 and a W2 selected under subset restriction, so that the total combined overhead is similar to that in Rel-8. 
· Codebook for W2 considers both X-pol and ULA antenna configuration (similar to that in Rel-8). To further reduce overhead if wanted, subset selection may be used to target a specific antenna configuration at eNB. 
· Search complexity must be reasonable. What could be helpful is to make the wideband codebook component to have some relation to the channel covariance matrix of the co-pol sub-array (e.g., typically relates to the principal Eigen vector of the wideband covariance matrix).
· Target close alignment between 4 Tx design and 8 Tx designs, with the only difference being the scaling corresponding to the increased number of antennas, hence correspondingly larger size of DFT. We obtain 3bit (WB)+4bit (Subband) overhead for 4 Tx and 4bit (WB)+4bit (Subband) overhead for 8 Tx.
2.2. Two Component Structure in Release 8 codebook 

Some of the previous two-component feedback proposals use the Rel-8 codebook as one component (typically W2). However, the Rel-8 codebook has 8 DFT-based matrices targeting correlated antenna and another 8 matrices targeting uncorrelated antennas. Correlated antenna exhibits long-term/wide band property that often holds well on a sub-band basis. Given that we have W1 to target the wideband long-term channel property already, the Rel-8 DFT-based matrices may not be needed, or at least can be optimized to capture only what W1 cannot capture, in which case perhaps only the refinement on sub-band basis. Refinement of DFT codebook addresses only the correlation domain, we also need to make sure that the final W combines the two rotated su-precoders properly at each sub-band to support X-pol configuration where the two sub-array can be uncorrelated.  

Hence one important effort is to optimize W2 knowing W1. To do so, we investigate Rel-8 codebook as if it is constructed from two components. 

First, define  
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 (i.e., the QPSK constellation and a rotated one by π/4), we specify the following set of 8 “sub-precoders”
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where the combined set {
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} represents a 2x1 DFT codebook with a spatial sampling of eight angles in [0,2π] , or oversampling a DFT-based 2-Tx codebook by a factor of 4. A “sub-precoder” can take any of the 8 vectors. 
Rel-8 codebook is constructed from “sub-precoders” as shown in the table below for the rank-2 example. Note that we scaled the columns in some cases to be able to represent the sub-precoder as 
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. Scaling one entire column will not affect the precoding at all. 
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Table 1 – Release-8 4 Tx codebook constructed from sub-precoders 
We note that the 4x2 precoder matrices can be constructed using one of the following structures, where 
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denotes the sub-precoder corresponding to the 2-Tx co-pol subarray:

	Structure
	Comments
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: Same sub-precoder X is chosen for the two sub-arrays.
	- Usually true for ULA, in which case rank-1 is often selected (i.e., only first column) with the co-phasing factor α also determined in a way such as 
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is a 4x1 DFT vector (see first 8 Rel-8 rank-1 vectors). 

- Can also happen quite often in rank-2 for both ULA and X-pol (CB #2,3,4, 9), in which case the two columns are orthogonal by construction and α is a co-phasing factor 
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: Same sub-precoder for the two subarrays on the same layer, but different among layers. 
	- Happens to ULA, either  rank-1 (same as above) or rank-2 (CB #1,5,6,7,8) in which case sub-precoder X and Y are typical orthogonal and α and β are also chosen to ensure orthogonal columns in the final matrix
- Can happen to X-pol (CB #10, 11, 12), in which case the second layer is introduced from the correlation domain from the co-polarized subarray, instead of from the polarization domain.
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	- Often happen to X-pol (CB #14, 15) in which case both sub-precoder X and Y are good to use for both subarrays. For the first layer, when one subarrary chooses X, the other subarray chooses Y. For the second layer, the first subarray changes to Y and the second one changes to X.
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	- May happen sometimes to X-pol (CB #13, 16) in which case both sub-precoder X and Y are good to use, but the first subarrary always prefers X for both spatial layers and the other subarray always prefers Y for both layers. 


We can see that:

· Rel-8 codebook can indeed be constructed from 2x1 sub-precoders 

· Given that Rel-10 will extract the wideband component separately in W1, we should dedicate the 4 bit overhead to convey subband information that was not already included in W1. For example, we can use some bits to effectively enable finer DFT codebook by rotating the sub-precoder represented in W1, while accommodating the different construction structures described above. In essence, we should not just use the Rel-8 as W2 in Rel-10, but rather extend its construction principle to better complement W1 that is conveyed separately.
2.3. Proposed Codebook

The following DFT based codebook is defined for Nt/2=2 element sub-array similar to Release 8.
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The first component is a preferred 2-Tx sub-precoder chosen from the above set on a wideband basis. So the first component can be represented in 3 bits. Note that Xi and X(i+4) mod 8 are orthogonal. For clarity, we simple denote X(i+4) mod 8 as Xi+4 from now on. A DFT vector, if used as the antenna weight vector, results in a beam pattern centering at a certain azimuth angle so that the signal arrives at two adjacent elements will have a phase difference of 2π/N. The above size-8 DFT codebook represents an oversampling factor of 4, meaning the vectors in the codebook can resolve phase difference that is 4 times smaller, i.e., π/4.
For each Xi, we can construct the final W in 16 different ways, i.e., using a 4-bit representation as the second component. We will follow a similar approach as in Rel-8 to construct the final W from Xi.  We will construct the W for rank 1~4 with a nested property (i.e., rank-m precoder is obtained simply from m sub-columns of W). 
But first, we introduce rotation matrices {Tk, k=1,2,3} to be applied on Xi: 
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In essence, Tk allows further phase rotation of +/-π/8 in addition to no rotation. 
Note that 4-Tx DFT codebook for 4-Tx ULA can be constructed as 
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, representing an oversampling factor of 2 for a 4-Tx DFT codebook. To further refine the DFT codebook for 4-Tx ULA, we can also introduce three rotation matrices {Uk, k=1,2,3}, to allow rotation of +/-π/8 in addition to no rotation.    
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Based on Xi from W1, we can then construct the final W as below
	Index
	W (up to rank 4)

	1
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*see note-1
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*see note-3

	14
	

	15
	

	16
	


Notes:
1) The subband codebook includes structures that are suitable for both cross-poles and ULA. The first 3 indices are mainly used for refining subband feedback for ULA. The first two columns are based on length 4 DFT vectors and the spatial multiplexing for rank-2 is obtained based on two orthogonal directions of ULA.
2) Subband codebook indices 4 through 12 mainly target cross-pole, allowing also rotation to sub-precoders using three rotation matrices, together with also three co-phasing factors to combine the two sub-precoders (the same 2x1 vector) corresponding to the two subarrays with different polarization. Compared to the 4-Tx ULA scenario that the special co-phasing factor 
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 is tied to 
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, independent co-phasing factors can be chosen from three values here. The reason that 
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is not included is that this structure is already included in the previous three matrices targeting ULA. 
3) Subband codebook indices 13-16 also target cross-pole and allow four co-phasing vectors 
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for combining sub-precoders, while achieving rank 2 orthogonality for the overall precoder. This structure corresponds to the Rel-8 structure where two different sub-precoders are employed for the same spatial layer. In  Release-8, however, the exact structure used is 
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, forcing the precoder to have orthogonal sub-columns.  In our evaluation, we find that both constructions are useful for cross-poles and the variation used here is preferred as it provides better performance, especially for rank-1. For the first layer, when one sub-array chooses Xi, the other sub-array chooses Xi+2. For the second layer, the first sub-precoder changes to Xi+2 while the second sub-precoder changes to Xi.
2.4. Product Representation

Even though we represented the final W from the sub-precoder Xi directly in the previous section for better understanding of the construction of the final precoder, we can represent the final W in a product form as W=W1W2, where W1 is the wideband component and W2 is the wideband component. 

Specifically, we can define
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[image: image30.wmf]2
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 has 16 matrices as given in the table below. Even though W=W1W2 is clearly a function of Xi, we can show that W2=W1HW will actually result in a W2 that is fixed and independent from W1.
	Index
	W2
	Index
	W2

	1
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Rank 1-3 codebooks can be obtained by taking subsets of columns as described before. In our simulations, the rank 1 and rank 2 codebooks are obtained by taking first column and first two columns respectively.
2.5. Wideband Codebook using subset restriction on W2
The wideband codebook can be expressed as a codebook subset selection of the above codebook to obtain a 5-bit codebook, by using indices.
	W1 Indices
	W2 Indices

	1,2,3,4,5,6,7,8
	2,7,8,9


which correspond to following 4 final matrices for each of the 8 sub-precoder Xi (i=0,1,…,7) for a 5-bit wideband codebook. Note that the first matrix targets 4-Tx ULA and the next three matrices target X-pol.
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3. Performance Comparisons
3.1. Codebook Search

In all the results, we have performed exhaustive search to determine W1 and W2. Corresponding to each W1, a good-put metric is computed for each subband using the best W2 for that subband, and a sum wideband good-put metric is determined. The W1 with the highest wideband metric is chosen along with the corresponding W2 for each subband. For our proposal, we determine the DFT vector closest to the principal Eigen vector of the ULA sub-array and limit the exhaustive search to the set of 3 closest DFT vectors (hence 3 closest W1).
3.2. W2 Selection 

The table below shows the probability of selection of W2 among the indices 1-16, grouped by similar codebook elements. A key observation is that in all antenna configurations, all indices have a good selection probability, though the “statistically suitable” elements get selected with a higher probability. This observation indicates that codebook selection based on an antenna configuration is not necessarily a good design.
	
	Indices 1-3
	Indices 4-12
	Indices 13-16

	4L XPOL
	0.27
	0.51
	0.22

	0.5L XPOL
	0.11
	0.70
	0.18

	0.5L ULA
	0.44
	0.34
	0.22


Table 2 – W2 Selection Probability with Rank Adaptation (10 dB SNR)

3.3. Link Simulations
The parameters for the simulation are summarized in the Appendix. The results are summarized below. The Motorola result is using 3bit(WB)+4bit(SB) overhead. The Samsung results plotted are using the 2-bit W2 codebook[4]. 3-bit variation is used in the final system results. Huawei’s result is based on 6bit W1 codebooks  in [5]. For the link results, both W1 and W2 are computed and reported every 10ms.
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Figure 1 - SU-MIMO Closely Spaced ULA
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Figure 2 - MU-MIMO Closely Spaced ULA

In SU with ULA, slightly better performance is observed than Rel-8 due to refined subband precoders, but the Rel-8 4-bit CB shows good performance given that 8 of them are based on DFT. For MU, a much larger performance gain is observed due to refined subband precoder that benefits MU significantly.
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Figure 3 - SU-MIMO, Closely Spaced Cross-Pol
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Figure 4 - MU-MIMO, Closely Spaced Cross-Pol

For X-pol , better performance gain is seen due to the particular attention to X-pol paid in the two-component codebook design.  Performance gain is also observed over release-8 codebook, which is based on single-component and does not capture enough subband codebook elements suitable for cross-pole. Adaptive CB performs reasonably well, since the wideband covariance information is captured well, which is useful for MU. Samsung 2-bit codebook performs worse primarily since even if a ULA rotation is a little useful in this case, the underlying precoder W2 is fixed on wideband and hence degrades performance.
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Figure 5 - SU-MIMO, Widely Spaced Cross-pol
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Figure 6 - MU-MIMO, Widely Spaced Cross-pol
For widely spaced cross-pol, Release-8 codebook obtains good performance for SU. Using adaptive codebook for W1 seems to degrade performance. On the other hand for MU, our proposal improves performance over Release-8. However, Samsung proposal degrades performance, since there is no gain from rotation, but loss due to fixing Release-8 codebook on a wideband basis. As expected, it behaves almost similar to a Release-8 codebook applied on a wideband basis. We also note that in general, performance gains of MU in this scenario may be limited.
3.4. System Simulations
The parameters for the simulation are summarized in the Appendix. The results are summarized below. For Motorola and Samsung proposals, W1 is updated every 40ms and every 100ms for adaptive codebook proposals (Huawei/ALU). W2 is reported every 10ms for all proposals. ALU’s result is based on the 7bit W1 codebook in [6]. The Motorola (4+4) result below is based on same proposal as described before, but increasing W1 DFT size to 4 bits. 
	1/2 L ULA  (SE - bps/Hz)
	SU (Mean)
	SU (5 %)
	SU/MU (Mean)
	SU/MU (5%)

	REL8
	1.98
	0.054
	2.31
	0.054

	Huawei (Adaptive 6+4)
	2.01
	0.056
	2.32
	0.061

	Motorola (3+4)
	2.02
	0.054
	2.42
	0.060

	Motorola (4+4)
	2.03
	0.056
	2.46 (6.5%)
	0.061(13%)

	Samsung (4+2)
	2.00
	0.054
	2.41
	0.054

	Samsung (4+3)
	2.01
	0.054
	2.44
	0.062

	ALU(7+4)
	2.02
	0.054
	2.31
	0.063


	1/2 L XPOL  (SE - bps/Hz)
	SU (Mean)
	SU (5 %)
	SU/MU (Mean)
	SU/MU (5%)

	REL8
	2.32
	0.043
	2.21
	0.050

	Huawei (Adaptive 6+4)
	2.33
	0.044
	2.24
	0.050

	Motorola (3+4)
	2.36
	0.044
	2.30
	0.056

	Motorola (4+4)
	2.36
	0.046
	2.30
	0.057

	Samsung (4+2)
	2.33
	0.043
	2.20
	0.049

	Samsung (4+3)
	2.34
	0.043
	2.26
	0.058

	ALU(7+4)
	2.35
	0.044
	2.29
	0.055


	4 L XPOL  (SE - bps/Hz)
	SU (Mean)
	SU (5 %)
	SU/MU (Mean)
	SU/MU (5%)

	REL8
	2.34
	0.042
	2.16
	0.044

	Huawei (Adaptive 6+4)
	2.22
	0.039
	2.02
	0.044

	Motorola (3+4)
	2.39
	0.044
	2.20
	0.044

	Motorola (4+4)
	2.39
	0.043
	2.18
	0.045

	Samsung (4+2)
	2.31
	0.040
	2.08
	0.041

	Samsung (4+3)
	2.32
	0.041
	2.13
	0.045

	ALU(7+4)
	2.34
	0.041
	2.13
	0.046


The observations in link simulations are also reflected in the system results, though to a lesser magnitude due to limitation on geometry in a system setting. MU obtains significant gains in 1/2L ULA case for all proposals. Motorola (4+4) and Samsung (4+3) obtain best performance in this case. 

However, we noticed a slight degradation in mean throughput with MU in cross-pol scenarios, though an improvement in cell-edge is observed. 
We also note that Release-8 performs effectively in all scenarios for 4 bit subband overhead and limited to one component feedback by allowing different codebook elements to cover different configurations. On the other hand, for two-component feedback, our proposal which isolates the wideband and subband components performs most effectively in all scenarios. We observe some performance loss with Samsung and adaptive codebook proposals compared to Release-8 for widely spaced cross-pol. 
4. Conclusions

A two-component framework is proposed based on similar formulations of Release-8 codebook elements based on W1W2 framework. The codebook satisfies the following 

· Final precoder is constructed as W=W1*W2, with W1 is the wideband 4x4 diagonal matrix (3 bits) and W2 is a 4xR subband matrix (4 bits). Similar design principles are also applied in the proposed 8Tx codebook in [3].
· Final codebook is nested for ranks 1-4, similar to that in Rel-8
· Component codebook for W2 has the same size as Rel-8 codebook (i.e., 4 bits) 
· Final precoder constructed from the two component codebooks is composed of fixed alphabet (PSK) entries. Higher DFT sampling than Release-8 for both ULA and XPOL could use 16 PSK instead of 8 PSK.
· The final precoder, if used for wideband precoding, can be obtained from W1 and a W2 selected under subset restriction, so that the total combined overhead is similar to that in Rel-8. 
· Codebook for W2 considers both X-pol and ULA antenna configuration (similar to that in Rel-8). To further reduce overhead if wanted, subset selection may be used to target a specific antenna configuration at eNB. 
· Search complexity is reasonable. The diagonal vector of the W1 relates to the principal Eigen vector of the wideband covariance matrix.
Link and system simulation results show improvements over Release-8 for all antenna configurations. The proposed codebook can be summarized as follows
Proposal: Construct the subband precoder as W1W2 with W2 capturing the subband component and W1 capturing the wideband component 

· W1 is a diagonal matrix of dimension, 4x4 represented as W1 =
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 is a DFT vector chosen from a size-8 DFT codebook
· W2 is a matrix of dimension 4 X r, which performs co-phasing and fine tuning of 4-element co-pol sub-arrays on a subband basis. 
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Appendix

Link Simulation Parameters

	Parameter
	Value

	Channel Model
	ITU Urban Micro (3kmph)

	Antenna Configuration
	i) 4 Tx eNB: XPOL 4 lambda; 2 Rx UE: XPOL
ii) 4 Tx eNB: ULA 0.5 lambda; 2 Rx UE: 0.5L ULA
iii) 4 Tx eNB: XPOL 0.5 lambda; 2 Rx UE: XPOL

	Deployment
	FDD, 10 MHz, Center site simulation (19 sites, 3 sectors per site for interference modeling)

2 UEs per sector (always paired in case of MU). Assume the same SNR;

Only drops with UE pairs that have minimum cross-correlation of 0.25 for their rank 1 precoders are used in the final result.

	Link adaptation
	Ideal (Genie) CQI (eNB assumed to know the ideal Post-BF CQI)
PMI Selection based on exhaustive search for W1,W2; W1 updated only every reporting cycles (10ms)

	Channel estimation
	Ideal

	Feedback Impairments (PMI)
	Subband (6 RB) Feedback
Reporting period: 10 ms ; Minimum Delay: 5 ms

	Overhead
	Control channel of 3 symbols;
RS for 4 as in Release 8 for Control symbols; 12 in Data Symbols

	Mode Switching
	Wideband Rank Feedback; Subband SU/MU switching

	Traffic Model
	Full Buffer

	MIMO Mode
	SU-MIMO Rank 1 & 2, MU 1+1

	Interference Modelling
	6 Significant interferers ; Rest of the interferers modelled as flat fading

	UE Receiver
	MRC/MMSE for SU Rank1/2; MMSE for MU;


System Simulation Parameters
	Parameter
	Value

	Channel Model 
	ITU Urban Micro (3kmph)

	Antenna Configuration 
	i) 4 Tx eNB: XPOL 4 lambda; 2 Rx UE: XPOL
ii) 4 Tx eNB: ULA 0.5 lambda; 2 Rx UE: 0.5L ULA
iii) 4 Tx eNB: XPOL 0.5 lambda; 2 Rx UE: XPOL 

	Deployment 
	FDD, 10 MHz, 19 sites, 3 sectors per site ; 10 UEs per sector 

	Scheduler 
	Proportional fair and frequency selective scheduling; 

Scheduling granularity of one subframe (dynamic on a subframe basis);
Search of all UE pairs sum proportional fair rate for MU; 

	Link adaptation 
	Non Ideal subband CQI ; Delayed based on subband PMI feedback;
MU CQI estimated based on SU CQI (Rank 1) at eNB;
Outer Loop Link Adaptation for MCS and Mode Switching 

	Feedback Impairments (CQI, PMI) 
	Subband (6 RB) Feedback 

Reporting period: 10 ms for both W1 and W2 and Rank; (assuming 10ms CSI-RS configuration); Minimum Delay: 5 ms
PMI Selection based on exhaustive search for W1,W2; W1 updated only every n reporting cycles, n=4 for Samsung and Motorola codebooks, n=10 for Huawei codebook. 

	Feedback Mode
	Corresponds to PUSCH feedback with subband PMI/CQI and wideband RI reported in one instance.

	Overhead 
	Control channel of 3 symbols;  RS for 4 as in Release 8 for Control symbols; 12 in Data Symbols 

	Mode Switching 
	Wideband Rank Feedback; Subband Mode Switching 

	Traffic Model 
	Full Buffer 

	MIMO Mode 
	SU-MIMO Rank 1 & 2, MU 1+1 

	Interference Modelling 
	6 Significant interferers (Post beamforming interference considering  scheduling and beamforming from these cells); Rest of the interferers modelled as flat fading 

	UE Receiver
	i) MRC/MMSE for rank 1/2 SU. MMSE receiver based on knowledge of co-scheduler UE for MU. No inter-cell interference cancellation

	HARQ
	Max 4 retransmissions; Synchronous non-adaptive HARQ (chase combining); 
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