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1 Introduction
In RAN1#60 meeting, RAN1 reached an important agreement regarding UE feedback structure in the following WF [1]:

· A precoder W for a subband is obtained as a matrix multiplication of the two matrices (Wk , k = 1, 2) 

· Note that two codebooks need to be designed

· Note that a kronecker structure is a special case

· Note that the matrices can have block structure (e.g. block diagonal) 

· Some codebook proposals may require explicit normalization 

· For 8 Tx, the precoder W can take on the form of

· For rank 1, at least 16 different beams (grid of beams) for co-polarized ULA

· The beams fully utilize all PAs and each beam achieves the maximum possible array gain 

· Example: DFT based precoder vectors

· For rank 1 and rank 2, at least 8 different beams (grid of beams) for each group of 4 co-polarized antennas in the closely spaced cross-polarized setup

· The beams fully utilize all PAs and each beam achieves the maximum possible array gain 

· Example: DFT based precoder vectors

· Additional precoders are not precluded

· At least for a (configurable) subset of the precoders W obeys the following properties

· Full PA utilization property, i.e.,
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· Orthogonal columns with same norm (unitary precoding)

This agreement represents the progress RAN1 has made regarding DL MU-MIMO codebook design. Based on this agreement, we discuss the enhancement schemes with this two-component feedback framework for 8Tx in this contribution. 
2 Principle of the Matrix Product Structure
As the above WF indicates, the overall code book is constructed by using the matrix multiplication of two separate matrix feedback. Naturally, the follow up question is what should be the best matrix product representation and the specific codebook for each of the matrix. Currently, following open issues need to be resolved to finalize the codebook structure.

1. Specific order of W1 and W2 in the matrix multiplication

2. For specific precoder of W1 and W2, whether other form of precoder, such as m-PSK precoder should be chosen in addition to DFT precoder
But before we start any discussion of these open issues, we should have some principles regarding the criteria that we can use to choose the appropriate decision. We believe the following criterion should be adopted:
Proposals
1. The decision on the specific format of the matrix multiplication should be based on the performance evaluation result, which include all prevalent antenna configuration and for both SU /MU MIMO transmission.

2. To reduce development and testing overhead, considering reusing Rel-8 codeword in the construction of codebook and endeavor to keep good Rel-8 codebook property as many as possible.
3. The associated signaling overhead corresponding to the suggested codebook should be affordable, especially for PUCCH transmission. 
2.1 Discussion on the Matrix Product Structure

As we know W1 is the   matrix feedback that targets the long-term/wideband channel statistics, while W2 targets short term/frequency selective channel characteristics. When choosing the appropriate multiplication order for W1 and W2, several aspects need to be considered. 

Firstly, from the study [2] we know that MU-MIMO’s performance is very sensitive to the quantization error. In previous meeting, RAN1 has concluded in the chairman’s note that mechanism to reduce quantization error should be stressed. From our studies and simulation evaluations,   we see matrix multiplication based on the format of W1 W2 [11] seriously limit the reduction of quantization error codebook achieve, as the overall quantization of the channel statistics is limited by the quantization in W1. 
In fact, this has also been demonstrated by simulations from multiple companies .For example, with the relationship of W1 W2, for cross-pole configurations (which will the dominant deployment antenna configuration), multiple companies simulation result have shown that codebook of W2 will be effectively reduced to a single codeword, i.e.  There is very small throughput increase. In our view, this will compromise the principle of   “dual codebook” design.  The key reason here is multiplication form of W1 W2, the CSI accuracy is mostly limited in the wide band feedback component W1.

We found that a better approach seems to be switching the multiplication form to W2 W1. In this format, CSI accuracy contained in W1 can be further enhanced by the sub-band/short-term feedback information contained in W2. For 8TX codebook, W2 can be used to further increase the accuracy of the 4TX ULA beamformer.  As we show later in both link and system simulations, with W2 W1, we get   7.7% more capacity  in cell average throughput.
Secondly, it has been shown [17] that format W1 W2 can be written as a special format of W2 W1 for Rank 2.
Thirdly, in rank one ULA configurations, format W1 W2  limit the choice of effectively beamforming.

2.2 Codebook Design for Matrix W1
Here we denote the codebook corresponding to the first matrix W1 as C1. C1 targets long-term/wideband channel statistics. Following the criterion proposed in section 2.1, we can construct C1 through following steps.
Step 1: using  
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Step 2: Define the 
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Step 3:  Carefully select the column vector/vectors from the matrix resulted in step one to construct C1. For Rank one codeword, use further adjustment via the rotation matrix constructed in step two, wherever necessary, to fine tune the beam for best performance. 

We give an example of the codebook C1 constructed using the above three steps in Table 1 below.
Table 1: Example of Codebook C1
	
	Rank1
	Rank2
	Rank3
	Rank4

	0
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Note the proposed codebook has the following good properties of Rel-8 codebook, such as constant modulus, minimal ‘complex’ multiplications operation requirement, good beam formation etc. Compared with pure DFT based codebook, the proposed one will have better performance in rich scattering scenario under XPOL antenna configuration, for example indoor environment, or Manhattan-type scenarios, with dense deployment where many eNBs won’t have the Tx antenna placed above the average building height ,as under these scenarios strong antenna correlation assumption doesn’t hold.
In the figure below, the array manifold/ response  is shown for the proposed codebook, compared with the DFT based codebook.  With finite 8PSK alphabet, the proposed codebook can still achieve similar array response as DFT based codebook. It can be also seen in section 3 that under correlated ULA scenario, the proposed codebook has the similar performance as the DFT based codebook. 
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Note that two sets of rank-1 codebook were proposed in [4], one for ULA and another one for cross-polarized antenna setup.  In correlated ULA, rank-1 is often chosen while in cross-polarized antenna setup, rank>=2 is often chosen.  From our simulation, we found out that the proposed rank-1 ULA codebook also performs well under XPOL setup.   Therefore, we combine rank-1 ULA codebook and rank-2 XPOL codebook into one single codebook to form the C1 as shown in table1. 
For high rank codebook design, the codeword form should satisfy the eigenvector model for XPOL(+/-45 at eNodeB) .  Based on this, we have the following proposals：
1. The 8×r codeword for Rank r should be in the form of  
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, U is 4×i  vector/matrix , V is 4×j vector/matrix, r=i+j
2. Reuse Rel-8 codewords for U,V 
2.3 Codebook Design for Matrix W2

Similarly, we denote the codebook corresponding to the second matrix W2 as C2. As discussed in section 2.1, the function of C2 is to further increase the channel feedback accuracy. With this in mind, we could have following design:  Four DFT based rank1 codeword and four DFT based rank2 codeword
 Rank one : 
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      Rank two :   
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        i=0,1,2,3
e.g. (i and (i  = (2i-3)/32
It has been proposed that C2 represents relative phase relation between the two polarizations [11]. In Section 3 we have presented the performance comparison of these two categories of codebook, where we have shown that the proposed C2 design in the contribution has 7% gain  in term of cell average throughput.
We note another alternative is to adopt multiple set of W2 for each different antenna configuration and use RRC signaling  to choose specific  set of codeword.
3 Performance Evaluation
In this section, we evaluate the performance of 8Tx MIMO with the proposed codebook. The performance of other exiting codebook designs is also compared. These codebook designs are listed as following:

· ZTE proposal (4-bit C1 in  table 1)
· Huawei proposal[12]

· Motorola proposal [3]
· Samsung proposal [6] 
· CATT proposal [13]
3.1 
Link Level Simulation – SU-MIMO evaluation

3.1.1 Cross-polarized Tx antenna 
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Figure 1  Link level performance of 8x2 SU-MIMO with rank adaptation (RI<=2)  under

DP antenna @eNB & UE  (0.5( Tx antenna spacing)  in low SNR (UP) and high SNR (BOTTOM) regions
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Figure 2  Link level performance of 8x4 SU-MIMO with rank adaptation (RI<=4) 
under DP antenna @eNB & UE  (4( Tx antenna spacing)
In figure 1 and figure 2, performance of 8x2 SU-MIMO and 8x4 SU-MIMO under DP antenna settings are given respectively.  In both cases, rank adaptation is done so that rank1 to rank 4 codebooks can be evaluated.   In most of the cases, the proposed codebook outperforms its counterpart.  The performance difference is more noticeable for rank3 and rank4 codebooks as shown in the high SNR region in figure 2.   
The 8Tx codebook described in section 2 is constructed by Kronecker product of 
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is a Householder matrix from Rel-8 4Tx codebook.  Among the 16 Rel-8 codewords, 8 of them are DFT codewords.  There was discussion on whether DFT codewords are good enough.  In figure 3, performance comparison is done between using all 16 Rel-8 4Tx codewords and using 8 DFT codewords only.  Performance loss is observed if only DFT codewords are used.  Performance loss becomes more significant for higher SNR region in which high rank codebooks are used most of the time.  
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 for the codebook shown in table 1.  Here we study if there is performance gain with the proposal in [11] which has another choice  
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 in the rank-2 codebook C2.  According the simulation results in figure 4, only slight performance difference is observed comparing with the 4-bit C1 codebook in table 1.   We also compare our  4-bit C1 + 2-bit C2 approach discussed in section 2 with the 4-bit C1 + C2 (1-bit/2-bit depending on the rank) proposal [11].  For SU-MIMO, the former performs slightly better in low SNR.   It can be shown in next sub-section that the major difference is in MU-MIMO cases in which feedback accuracy is more important.
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Figure 3  Link level performance of 8x4 SU-MIMO with rank adaptation (RI<=4) 
under DP antenna @eNB & UE  (4( Tx antenna spacing) -  Comparing with DFT only codewords
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Figure 4  Link level performance of 8x2 SU-MIMO with rank adaptation (RI<=2) 

under DP antenna @eNB & UE    (0.5( Tx antenna spacing)   - with different Kn matrices
3.2 System Level Simulation – MU-MIMO evaluation

3.2.1 Simulation Setup
Simulations were performed to study the MU-MIMO performance of different codebooks.  The following are the settings of the MU simulation.

· Maximum number of co-scheduled UEs is 2.  Maximum number of layers per UE is 2.  Maximum total number of layers is 4.  (i.e. The highest MU configuration is pairing two rank-2 UEs.)
· SU/MU dynamic switching is supported.   This dynamic adaptation/scheduling is done based on the maximum sum of PF metrics.  Rank override is possible at eNB.  The final rank and pairing decision is determined by the sum of PF metrics of different UE combinations.

· Chordal distance threshold is used to avoid pairing two UEs with channels correlated with each other.   This also can reduce the computation of comparing all the combinations.  

More simulation assumptions can be found in appendix. 
3.2.2 Cross-polarized Tx antenna 
System level simulation results of 8x2 MU-MIMO transmission using different codebooks are provided in Table 2. From Table 2, we can see that Ericsson’s codebook with variable 
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brings little gain in MU-MIMO simulation which aligns with the results in SU-MIMO link level simulation.   More gain can be achieved by applying enhancement similar to the 4Tx MU enhancement described in [14][15].  From this result, it shows that extra feedback overhead should be used to fine tune the 4Tx beamformer rather than having variable 
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Table 2: Performance of 8x2 MU-MIMO under DP antenna @eNB & UE

	Codebook
	Cell average SE (bits/s/Hz)
	5% Cell edge SE (bits/s/Hz/user)

	ZTE  codebook (4-bit C1 only)

(4-bit subband  PMI1 per 5ms)
	3.51
	0.102

	ZTE  codebook (4-bit C1+ 2-bit C2)  

(4-bit Wideband PMI1 per 20ms + 2 bit subband PMI2 per 5ms)
	3.80 (+8.3%)
	0.109(+6.8%)

	Ericsson codebook 

(4-bit Wideband PMI1 per 20ms + N-bit subband PMI2 per 5ms)
N=2 for RI=1, N=1 for RI=2
	3.55 (+1.1%)
	0.106(+3.9%)


Table 3 gives the results with PUCCH wideband feedback.  We set a baseline with feeding back W1 with fixed W2 [11] .  Again, significant performance gain is observed with our codebook shown in table 1.  This also shows that feeding back both wideband W1 and W2 in PUCCH can help in terms of the performance.  In [16], we discuss how we can add the wideband  W2 information on top of Rel-8 report type. 
Table 3: Performance of 8x2 MU-MIMO with wideband PMI feedback via PUCCH under DP antenna @eNB& UE

	Codebook
	Cell average SE (bits/s/Hz)
	5% Cell edge SE (bits/s/Hz/user)

	Ericsson codebook with fixed W2
(4-bit Wideband  PMI  per 5ms)
	3.16
	0.0850

	Ericsson codebook 

(4-bit wideband PMI1  per 5ms + N-bit wideband PMI2 per 5ms)
N=2 for RI=1, N=1 for RI=2
	3.17 (+0%)
	0.092(+8.7%)

	ZTE  codebook (4-bit C1+ 2-bit C2)  

(4-bit wideband PMI1  per 5ms + 2 bit wideband PMI2 per 5ms)
	3.34 (+5.3%)
	0.101(+19%)


3.2.3 Co-polarized ULA Tx antenna

In this sub-section, we evaluated different rank-1 codebooks under closely spaced co-polarized ULA Tx antenna setup.   Note that UE rank is fixed to 1 in the simulation.  We compare the performance of 4 codebooks in table 2.  The first two are single component codebooks shown in tables A3 and A4 respectively.  Rel-8 feedback framework can be re-used as 4-bit codebook is used.  The latter two are multi-granular codebooks which are multi-granular product precoder codebook [11] and enhanced DFT codebook in table A4.  These table can be found in  the appendix.

Table 4: Performance of 8x2 MU-MIMO under ULA antenna @eNB 
	Codebook
	Cell average SE (bits/s/Hz)
	5% Cell edge SE (bits/s/Hz/user)

	16 8Tx-DFT beams codebook  

(4-bit subband  PMI1 per 5ms)
	3.40
	0.125

	16 ULA beams codebook with 8PSK alphabet  in Table A3

(4-bit subband PMI1 per 5ms)
	3.39(-0.03%)
	0.128 (+2.4%)

	Ericsson codebook (4-bit C1 + N-bit rank-C2) [11]  

(4-bit Wideband PMI1 per 100ms + N bit subband PMI2 per 5ms) 
N=2 for RI=1, N=1 for RI=2
	3.37 (-0.8%)
	0.113(-9.6%)

	ZTE  codebook (4-bit C1+ 2-bit C2)  

(4-bit Wideband PMI1 per 100ms + 2 bit subband PMI2 per 5ms)
	3.66 (+7.7%)
	0.135(+8%)


These are the observations from the simulation results:

· It can be observed that the first two 4-bit codebooks have similar performance.  The second codebook has the advantage of having the same Rel-8 codebook property of finite 8PSK alphabet.   It is preferable to have configurable codebook between rank-1 ULA and XPOL antenna setups.  If it cannot configurable, this ULA with finite 8PSK alphabet codebook can be used as a rank-1 base codebook.

· The multi-granular product codebook proposed in [11] doesn’t give any gain over 4-bit DFT beam codebook.  It even has performance loss on the cell edge spectral efficiency.  The loss can be due to the fact that it only relies on the long term feedback W1 mostly.   W2 corresponding to the short term/subband PMI2 is hardly doing any refinement of W1 as wideband/long term and subband/short term division for XPOL doesn’t fit into this ULA structure.   This can’t reach the effect of refinement as the 2-level enhanced DFT codebook does.

· The 2-level enhanced DFT codebook gives significant gain over the single codebook structure.  This does refinement of the 4-bit DFT codebook to increase the feedback accuracy for MU-MIMO.  Moreover, it reduces overall feedback overhead. 

From the simulation results, we see clearly that the proposed codebook design (W1, W2 and the format of the W2 W1) has out-performed alternative proposals under both XPOL and ULA antenna configurations.
4 Conclusion
In this contribution we have discussed specific details for two-component feedback framework.  Based on these discussions and the performance evaluation result, we have the following proposals:
Proposal 1: W2 W1 should be adopted for the matrix multiplication operation
Proposal 2: For W1, M-PSK precoder should be adopted 

Proposal 3: For W2, effectively further enhancement of the CSI accuracy should be a first choice for feedback enhancement. e.g. feedback enhancement of the 4Tx ULA beamforming part is more important in the case of 8Tx XPOL.
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Appendix
Table A1  Link level simulation assumptions
	Parameter
	Assumption

	Carrier frequency
	2.0GHz

	System bandwidth
	10MHz

	Channel model
	  3GPP Case 1 –Urban Macro 3D (High Spread)

	Fading speed
	3km/h

	Antenna configuration
	8x2 / 8x4

	Antenna spacing at (eNB,UE)
	((/2,N/A) for 8x2, (4(,(/2) for 8x4 

	Antenna polarization for DP configurations
	+/-45(at eNB,  90/0(at UE

	Receiver
	MMSE

	Channel estimation
	Non-ideal

	CQI/PMI/RI reporting interval/ delay 
	5ms for CQI/PMI, 10ms for RI, 6ms delay

	CQI/PMI granularity 
	Subband CQI, 6RB granularity, Wideband PMI


Table A2: System level simulation assumptions
	Parameter
	Assumption

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

	Number of users per cell
	10

	Distance-dependent path loss
	L=128.1 + 37.6log10(.R), R in kilometers @ 2GHz

	Inter-site distance
	500m

	Operating bandwidth (BW)
	10 MHz

	Penetration loss 
	20dB

	Distance-dependent path loss
	L=128.1  + 37.6log10(.R), R in km

	Shadowing standard deviation
	8 dB

	Shadowing correlation
	Inter-eNodeB: 0.5  Inter-cell: 1.0

	UE Speed
	3km/h

	Channel model
	3GPP Case1 3D – Urban Macro (Low Spread)

	Antenna spacing at (eNB,UE)
	((/2,N/A) for 8x2

	Antenna polarization for DP configurations
	+/-45(at eNB,  90/0(at UE

	CQI/PMI/RI reporting interval
	5ms for CQI/PMI, 10ms for RI

	CQI/PMI granularity 
	Subband CQI, Subband PMI, 6RB granularity

	Delay for scheduling and AMC
	6ms

	Scheduler 
	Proportional Fair

	Receiver
	MMSE-IRC

	HARQ Scheme
	Chase Combining

	Channel estimation

	Non-ideal

	MU Precoding algorithm
	Zero forcing
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