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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: _Ref129681832]Based on the WID of NR MIMO enhancements for Rel-16 in RAN meeting #80 [1], Rel-16 will specify overhead reduction, based on Type II CSI feedback, taking into account the tradeoff between performance and overhead as follows:
· Extend specification support in the following areas [1]
· Enhancements on MU-MIMO support:
· Specify overhead reduction, based on Type II CSI feedback, taking into account the tradeoff between performance and overhead 
· Perform study and, if needed, specify extension of Type II CSI feedback to rank >2  
In this contribution, we discuss potential codebook design for the overhead reduction and performance improvement in NR based on Type II CSI feedback. In addition, we discuss whether rank 3 and 4 is needed for the type II codebook design.
Evaluation Assumptions
Evaluation assumptions for system level simulation are listed in Table 1, including the assumptions for overhead reduction and Type II CSI for rank > 2. Some parameters and baseline schemes are different for overhead reduction and type II CSI with rank > 2.
Table 1. Evaluation assumptions for overhead reduction and Type II CSI for rank > 2.
	Parameters
	Overhead Reduction
	Type II CSI for Rank > 2

	Layout
	Single layer: Hexagonal grid, 3 sectors per site, 19 macro sites

	Scenario
	Dense Urban (single/dual layer)

	Carrier frequency
	4GHz

	Subcarrier spacing
	15kHz / 30kHz

	Simulation Bandwidth
	20MHz per CC

	BS antenna configuration
	According to Table A.2.1-4 in 38.802

	UE antenna configuration
	(M, N, P, Mg, Ng) = (1,1,2,1,1) ;
The polarization angles are 0 and 90
	(M, N, P, Mg, Ng) = (1,2,2,1,1) ;
The polarization angles are 0 and 90

	UE distribution
	80% indoor, 3km/h; 20% outdoor, 30km/h; 10 users per BS

	UE receiver
	MMSE-IRC

	MIMO mode
	SU/MU-MIMO
	SU-MIMO: 25/50% RU
SU/MU-MIMO: 50%/80% RU

	Traffic model
	FTP model 1/3 with packet size 0.5Mbytes

	Traffic load
	50/80% RU
	25/50/80% RU

	Baseline of CSI schemes
	Rel-15 Type II CB
	Rel-15 Type I and/or Type II CB



Proposal 1: The system-level evaluation assumptions for CSI feedback enhancement in Rel-16 MIMO WID should start from Table A.2.1-1 in 38.802 with following clarifications in order to mitigate and align RAN1 simulation effort as much as possible: 
· Scenario: dense urban with single/dual network layout 
· UE antenna configuration: 2Rx for overhead reduction and 4Rx for high rank Type II extension.  
· MIMO transmission: 
· SU/MU MIMO with 50/80% RU for overhead reduction 
· SU MIMO with 25/50% RU and SU/MU MIMO with 50/80% RU for high rank Type II extension
· Baseline of CSI feedback: Rel-15 Type II CB for overhead reduction and Rel-15 type I/II CB for high rank type II extension 

CSI Feedback Compression in Rel-16
System performance and CSI feedback overhead 
CSI feedback enhancement is motivated to enhance the system performance and feedback efficiency, which is not only to reduce the feedback overhead. As agreed in the WI scope for Rel-16, both performance and overhead should be taken into account in the CSI enhancement in Rel-16. For eMBB scenarios, improving SE and network throughtput are very important in NR deployment. Even for type II feedack in NR Rel-15, there is still some performance gap between the best performance of Rel-15 and ideal feedback. Therefore it is necessary to narrow down the performance gap and improve the system performance by enhancing the type II codebook design in Rel-15 to archive higher CSI feedback resolution, whilst CSI feedback overhead shall not be increased.
On the other hand, the overhead of type II codebook increases approximately linearly with the number of reported subbands. The mechanism of feedback overhead reduction should be specified especially when the number of subbands is considerably large. As we know, one of straightforward solutions for CSI overhead reduction is to increase subband size, where the corresponding number of subbands will be reduced. As it is shown in Fig.1, the performance will be reduced accordingly with such mechanism of CSI overhead reduction. Fig.1 shows system-level simulation results of type II codebook with double subband size (8 PRBs) and triple subband size (12 PRBs) compared to the baseline of 4 PRBs per CSI reporting subband.
[image: ]
Figure 1. Performance comparison of subband size enlarging and type-II codebook.
From above evaluation results, we can see that the performance will decrease remarkably when simply enlarging the subband size. Even though the overhead can be reduced by around 50%, the performance also decreases by 5%-10%.
Proposal 2: Both system performance improvement and CSI overhead reduction should be considered equally in CSI feedback enhancement in Rel-16.

CSI Feedback at Frequency Domain
During the discussion of codebook design in Rel-15, it has been revealed that there may be a certain correlation between channels of different subbands, which can be exploited to further reduce the feedback overhead by performing compression in frequency domain.
By taking advantage of high channel correlation in frequency domain (at certain scenarios with dominant LoS), channel from all subbands can be compressed and jointly quantized. Taking type II codebook as an example, after projecting the channel onto 2D-DFT beams at spatial domain, the coefficients of linear combination in type II codebook from adjacent subbands can be compressed with a certain mechanism. 
For type II codebook, a typical method to calculate PMI at UE side is to find the beams and the corresponding coefficients to approximate the precoding vector UE intending to report (e.g. eigenvector of channel) per subband. A space-frequency matrix can be obtained by concatenating the precoding vectors of different subbands UE wants to report for a specified transmission layer. The method to report RI/PMI/CQI, if compressing PMIs from all reported subbands in the frequency domain, is to reformulate the space-frequency matrix without the loss of CSI of reported subbands.
The dimension of the space-frequency matrix is , where  denotes the number of TXRU ports at gNB side and  denotes the number of subbands. An illustration of space-frequency matrix is shown in Fig. 2 with red block whereas each column of the space-frequency matrix W is the precoding vector of single subband. 
The space-frequency matrix can be compressed in spatial domain and/or frequency domain to reduce the feedback overhead. In Rel-15, only spatial domain is considered for Type II codebook per subband. Due to the channel correlation of different subbands, there may exist some basic patterns along the frequency dimension for each row of space-frequency matrix. A basic pattern makes up a frequency domain based codebook. The rows of space-frequency matrix can be approximately represented as linear combinations of several items within the frequency domain based codebook, similar to the existing approach in the spatial domain.
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Figure 2. Illustration of space-frequency matrix.
Moreover, the overhead saved by frequency domain compression can be used to improve the performance, if the same CSI reporting overhead is assumed. For example, more spatial beams can be configured and higher resolution with more quantization bits can be used for amplitude and phase coefficients quantization. In other words, the system throughput can be further improved even with the same feedback overhead of Type II codebook of Rel-15.

Space-Frequency compression codebook
In the following sections, we have further elaboration of CSI feedback enhancement in Rel-16 to achieve the goal of performance enhancement and overhead reduction in which frequency domain compression has been considered. 
It is simpler to report the precoding matrix relatively independent for each layer, as existing type II codebook in Rel-15. The overhead can be reduced by introducing a frequency domain codebook, which consists of frequency basis vectors with dimension . The spatial precoding vectors of all reported subbands in type II can be concatenated and form a space-frequency matrix. Separated space-frequency matrices can be obtained for different quantization layers. Considering a single layer, type II precoding vector of subband n can be written as

where  is a column vector with dimension of , and  consists of the wideband spatial 2D-DFT beams with dimension of , and  is a vector of combination coefficients with dimension of , where  denotes the number of TXRU ports and  denotes the number of spatial beams for each polarization. By concatenating the precoding vectors of different subbands, a space-frequency matrix is obtained as , and then

where , the dimension of  is  and  is the number of subbands. The matrix  is a concatenating matrix of the spatial combination coefficients. Fig. 3 shows the derivation of this section.
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Figure 3. Derivation of the codebook form.
Each row of  can be represented as a linear combination at frequency domain and  itself can be approximated with a mathematical form of

where  is a matrix of  consisting of  selected items in the frequency codebook and  is a compressed combination matrix whose dimension is  only for both spatial and frequency domains. 
Therefore, the original space-frequency matrix  can be represented and approximated by the following formulation

where  and  are composed of selected basis vectors from the spatial codebook and frequency codebook, respectively. The dimension of the coefficients matrix  is , with  and  depend on the feedback precision at spatial and frequency domains. The UE only needs to feedback the indices of selected spatial and frequency basis vectors, i.e. and , as well as the combination coefficients , as Rel-15 Type II design principle. 
In the above formulation,  is introduced for frequency domain compression, where the dimension K represents the compression level. If  is less than , the overhead can be reduced compared to type-II CSI feedback in Rel-15. K is related to the frequency domain correlation so that K can be a very small value if propagation channel is high correlated. With this space-frequency codebook formulation involving two sets of basic codebooks, the compression of CSI feedback based on Type II codebook can be achieved.
The overhead reduction can be observed from Fig. 3. As shown in the middle subfigure, type II codebook should feedback the subband coefficient matrix , with  coefficients for all subbands in total. However, for the space-frequency compression shown in the right subfigure, the coefficient matrix is  and only  coefficients are fed back. Since most of type II feedback overhead is used for quantizing subband coefficients, this scheme will reduce the amount of reported coefficients significantly. Moreover, as a special case, if the value of  is set to be  and  is an identity matrix, this scheme is fallback to Rel-15 Type II codebook, and if MIMO channel is flat, the value of K can be set to be 1 and W_freq is an all-one vector eventually. 
Observation 1: CSI feedback with frequency domain compression can be realized by a space-frequency matrix of CSI for all reported subbands with two sets of basic PMI codebooks with reduced codebook dimension and quantization coefficients.

Simulation Results
Preliminary results of system-level simulation are illustrated in Fig. 4. The proposed space-frequency compression codebook follows the form of space-frequency compression codebook. The spatial basis reuses the oversampled 2D-DFT beam, while the frequency basis uses a DFT beam. The coefficient matrix , whose size is  is quantized with 4 bits for amplitude and 4 bits for phase. Detailed parameters are shown in Appendix I.
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Figure 4. Performance comparison of scheme 1 and type-II codebook.
According to the simulation result, it can be seen that for the first parameter setting, the proposed space-frequency codebook has almost the same CA and CE performance, while the overhead of the proposed codebook is only 36% of type II codebook. For the second parameter setting, the proposed codebook has around 90% overhead compared with type II codebook, and has 12% performance gain for CA. Compared with Type II codebook, the proposed space-frequency codebook can reduce the overhead significantly with a similar performance, and improve the performance significantly with a similar overhead.
Actually, the basis for spatial domain and frequency domain can be optimized to further improve the system throughput as well as the quantization method of coefficients for linear combination. Further evaluation is needed for detailed designs.
Observation 2: With the same cell average/edge performance compared to Rel-15 Type II based feedback, a space-frequency matrix of CSI feedback can reduce around 70% overhead of CSI reporting.
Observation 3: With the same overhead of CSI reporting compared to Rel-15 Type II based feedback, a space-frequency matrix of CSI feedback can provide better performance with around 10% cell average gain.
Proposal 3: Space-frequency compression codebook should be considered to balance CSI reporting overhead and performance improvement more efficiently in Rel-16.

Enhancements on Type II CSI for more than 2 layers
Only up to rank 2 is supported in type II codebook in Rel-15. However, up to rank 8 transmission is supported per user in Rel-15. That means the SU-MIMO performance will be limited by the maximal reporting rank of type II codebook.

Probability of rank 3 and 4 for Type II CSI feedback
In NR Rel-15, up to 32 CSI-RS ports at gNB side has been supported and UEs with 4Rx are mandated to be supported in some NR bands. Fig. 5 shows the distribution of ranks of CSI reports, with the assumption of 32Tx at gNB and 4Rx at UE without any rank restriction. Simulation results show that the possibility of UE reporting rank 3 or 4 is 25%-30% for SU-MIMO in both UMa and UMi scenarios. On the other hand, for SU-MIMO case, since type II CSI feedback has higher resolution than type I, supporting rank 3 and 4 for type II can improve UE experience compared with type I CSI feedback. Therefore, the extension of type II codebook for rank 3 and 4 can be a good candidate technique of CSI feedback enhancement. 
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Figure 5. Distribution of feedback ranks in UMa and UMi scenarios.
Observation 4: The probability of UE reporting rank 3 or 4 is 25%-30% in both UMa and UMi scenarios.
One straightforward method to design high rank codebook is to separately quantize and feedback the combining coefficients in W2 for each layer. In other words, a type-II-like codebook for rank 3 and 4 can be obtained by simply extending type II codebook design for rank 1 and 2 with each layer quantized independently and same linear combination codebook for each layer.
However, the CSI reporting overhead with simply extension of type II codebook to high rank will be doubled. Therefore, compressing the feedback overhead of high rank codebook of type-II-like should be considered, for example with frequency domain reduction discussed in section 2, so that CSI feedback overhead using high resolution codebook for low and high rank CSI reporting can be unified by balancing system performance gain and codebook design requirements.

Performance evaluations of codebooks with rank 3 and 4
Preliminary system-level simulation results of rank adaptation for SU-MIMO are illustrated in Fig. 6 and Fig. 7, for UMi and UMa scenarios. The performance gain of type II in Rel-15 and type-II-like codebook over type I codebook in Rel-15 is shown. In terms of codebook design of type-II-like codebook, Rel-15 type II codebook is reused for rank 1 and 2 and the design for type II codebook is simply extended to rank 3 and 4 for each layer of rank 3 or 4. In the simulation, the maximum rank of type-II-like codebook is 4, while the maximum rank of Rel-15 type II is 2, as supported in Rel-15. For the baseline using type I codebook, the maximum rank of type I codebook is 4. Detailed parameters are shown in Appendix II.
It can be seen that for SU-MIMO case type II codebook in Rel-15 up to rank 2 has about 6%-8% performance gain over type I codebook. Moreover, the performance for type-II-like codebook in Rel-16 up to rank 4 has about 5-10% gain over the Rel-15 type II with maximum rank 2. Therefore it is necessary to extend type II codebook to rank 3 and 4.
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Figure 6. Performance comparison of type I, type II codebook in Rel-15 and type-II-like codebook in UMi scenario.
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Figure 7. Performance comparison of type I, type II codebook in Rel-15 and type-II-like codebook in UMa scenario.
Observation 5: Extending type II codebook with rank 3 and 4 can provide around additional 5-10% cell average gain compared with Rel-15 type II with rank 1 and 2 only, at least for the scenario with high RU.
Proposal 4: Type II codebook should be extended to rank 3 and 4 in Rel-16.

Potential Type-II codebook enhancement for rank 3 and 4
In the above sections, we have shown the benefits for type-II with extension to rank 3 and rank 4. The principle of codebook design for rank 3 and 4 is that the CSI overhead for rank 3 or 4 shall not be increased compared with the overhead of Rel-15 Type II codebook in general. For beam combination codebook, such as type II codebook, the performance of using that codebook can be considerably better than that of using beam selection codebook such as type-I codebook. Considering both of performance and overhead, two potential codebook structures can be considered.
One potential structure is a hybrid codebook design with both beam selection and beam combination. Beam combination codebook is utilized within dominant layer and beam selection is utilized within rest weak layer(s). For layers with beam combination, the beams for combination are selected from an orthogonal 2D-DFT beam group as Rel-15. As type II codebook in NR, wideband amplitude, subband amplitude and subband phase are feedback to represent the coefficients of linear combination of dominant layers. For rest weak layer(s) with beam selection, a beam can be selected from the same orthogonal 2D-DFT beam group with a co-phasing term between polarizations, but the set of beams for beam selection may be different from beams used for dominant layers with beam combination.
Another potential codebook structure is that the combination coefficients of layer 3/4 are constructed based on the coefficients of layer 1/2, guaranteeing the orthogonality among some layers. For example, the amplitude coefficients of layer 1 can be reused for layer 3, where the coefficients are reordered based on the power level of beams in layer 3. For the phases, the phases of the 1st polarization in layer 1 is reused for the 1st polarization in layer 3, the phases of the 2nd polarization in layer 1 are rotated for the 2nd polarization layer 3. The permutation of the amplitude and/or phase coefficients of beams in layer 1 and layer 3 can be designed to guarantee the orthogonality among layer 1 and layer 3. With above design, only coefficients of the first two layers are reported and the overhead of high rank type II codebook can be greatly reduced.

Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]The contribution discusses the codebook design or enhancement for Rel-16, based on which the following observations and proposals are made.
Observation 1: CSI feedback with frequency domain compression can be realized by a space-frequency matrix of CSI for all reported subbands with two sets of basic PMI codebooks with reduced codebook dimension and quantization coefficients.
Observation 2: With the same cell average/edge performance compared to Rel-15 Type II based feedback, a space-frequency matrix of CSI feedback can reduce around 70% overhead of CSI reporting.
Observation 3: With the same overhead of CSI reporting compared to Rel-15 Type II based feedback, a space-frequency matrix of CSI feedback can provide better performance with around 10% cell average gain.
Observation 4: The probability of UE reporting rank 3 or 4 is 25%-30% in both UMa and UMi scenarios.
Observation 5: Extending type II codebook with rank 3 and 4 can provide around additional 5-10% cell average gain compared with Rel-15 type II with rank 1 and 2 only, at least for the scenario with high RU.

[bookmark: _GoBack]Proposal 1: The system-level evaluation assumptions for CSI feedback enhancement in Rel-16 MIMO WID should start from Table A.2.1-1 in 38.802 with following clarifications in order to mitigate and align RAN1 simulation effort as much as possible: 
· Scenario: dense urban with single/dual network layout 
· UE antenna configuration: 2Rx for overhead reduction and 4Rx for high rank Type II extension.  
· MIMO transmission: 
· SU/MU MIMO with 50/80% RU for overhead reduction 
· SU MIMO with 25/50% RU and SU/MU MIMO with 50/80% RU for high rank Type II extension
· Baseline of CSI feedback: Rel-15 Type II CB for overhead reduction and Rel-15 type I/II CB for high rank type II extension 
Proposal 2: Both system performance improvement and CSI overhead reduction should be considered equally in CSI feedback enhancement in Rel-16.
Proposal 3: Space-frequency compression codebook should be considered to balance CSI reporting overhead and performance improvement more efficiently in Rel-16.
Proposal 4: Type II codebook should be extended to rank 3 and 4 in Rel-16.
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Appendix I
	Parameters
	UMi

	Carrier frequency
	2.1GHz

	Subcarrier spacing
	15kHz

	System Bandwidth
	15MHz (18 subbands, 4 PRB for each subband)

	Layout
	Hexagonal grid, 3 sectors per site, 19 macro sites

	Inter-BS distance
	200m

	Minimum distance
	10m

	BS antenna height
	10m

	BS Tx power
	41dBm

	BS antenna configuration
	 (M, N, P, Mg, Ng) = (4,4,2,1,1), (dH, dV) = (0.5, 0.8) λ

	UE antenna configuration
	(M, N, P, Mg, Ng) = (1,1,2,1,1); the polarization angles are 0 and 90

	UE distribution
	80% indoor, 3km/h; 20% outdoor, 30km/h; 10 users per BS

	UE receiver
	MMSE-IRC

	Scheduler
	PF

	Traffic model
	Full buffer


Appendix II
	Parameters
	UMa
	UMi

	Carrier frequency
	4GHz

	Subcarrier spacing
	15kHz

	System Bandwidth
	10MHz

	Layout
	Hexagonal grid, 3 sectors per site, 19 macro sites, 570 UEs

	Inter-BS distance
	500m
	200m

	Minimum distance
	35m
	10m

	BS antenna height
	25m
	10m

	BS Tx power
	46dBm
	41dBm

	BS antenna configuration
	(M, N, P, Mg, Ng) = (4,4,2,1,1), (dH, dV) = (0.5, 0.8) λ

	UE antenna configuration
	(M, N, P, Mg, Ng) = (1,1,2,1,1); the polarization angles are 0 and 90

	UE distribution
	80% indoor, 3km/h; 20% outdoor, 30km/h; 10 users per BS

	UE receiver
	MMSE-IRC

	Scheduler
	PF

	Traffic model
	Non full buffer
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