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Introduction
At the RAN1 #88b meeting [1], CSI feedback Type I was discussed and the agreements are captured as followings:
	Agreements:
· Companies are encouraged to simulate the following to compare L=1, L=4 (at least for rank 1)
· 4,8,16,32 ports
· CSI-RS channel estimation impairments modeled
· {Umi, UMa}
· (M,N)=[(4,2) (8,2) (8,4) (8,8) (8,16)] for Q=4,8,16,32 ports; dual polarized array (P=2) 
· Nh,Nv=(2,1),(2,2),(4,2),(8,2),(16,1)
· Nh=# of ports in horizontal domain
· Nv=# of ports in vertical domain
· O1,O2=(4,4), (8,8), [(4, 8)], [non-uniform sampling]
· At least RU=50%, 70%; other RU values are not precluded
· 2 UE receive antennas


In this contribution, we discuss in more detail about Type I CSI feedback design, including single panel codebook and multi-panel codebook. Evaluation results and corresponding observations are provided.
Type I single panel codebook design
2.1  General structure of Type I codebook
Type I CSI is designed to provide necessary CSI information with low CSI feedback overhead. Therefore, the codebook structure shall be as simple as possible. Note that the CSI Type I like codebook has been intensively studied in LTE, resulting in a general codebook structure, as follows.
 
where , with , and   contains vectors for beam selection per polarization and co-phasing between polarizations. During the LTE study, numerous evaluations were made and eventually the above codebook structure is selected. For NR Type I CSI feedback, the similar design can be reused. 
Proposal 1: For single panel antenna array,  codebook design is based on the structure of , where each matrix  contains 2D DFT precoders for each polarization.
Proposal 2: For single panel antenna array,  codebook contains beam selection and co-phasing for L-beam based .
2.2  Scalable codebook design
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Various types of codebooks were specified in LTE for different antenna port numbers and different antenna port layouts, due to the phased study of different antenna array sizes and structures. In LTE Rel. 8, codebooks are specified for 2 and 4 ports. In Rel. 10, codebooks are specified for 8 ports (with 1D layout only) and up to 8 layers, and focused on cross-polarized antenna array. In Rel. 12, an alternative 4-port codebook is designed to further optimize the performance. In Rel. 13, a very flexible codebook design is introduced, the antenna port layout is parameterized by the number of ports per dimension of a 2D port layout. It supports cross polarized array with the port layouts listed in Table I. 
Table I: Supported configurations of (N1, N2) and (O1, O2) in LTE Rel. 13/14.
	Number of 
CSI-RS antenna ports, P
	

	


	
	
	

	8
	(2,2)
	(4,4), (8,8)

	12
	(2,3)
	(8,4), (8,8) 

	
	(3,2)
	(8,4), (4,4) 

	16
	(2,4)
	(8,4), (8,8) 

	
	(4,2)
	(8,4), (4,4) 

	
	(8,1)
	(4,-), (8,-)

	20
	(2,5)
	(8,4)

	
	(5,2)
	(4,4)

	
	(10,1)
	(4,-)

	24
	(2,6)
	(8,4)

	
	(3,4)
	(8,4)

	
	(4,3)
	(4,4)

	
	(6,2)
	(4,4)

	
	(12,1)
	(4,-)

	28
	(2,7)
	(8,4)

	
	(7,2)
	(4,4)

	
	(14,1)
	(4,-)

	32
	(2,8)
	(8,4)

	
	(4,4)
	(8,4)

	
	(8,2)
	(4,4)

	
	(16,1)
	(4,-)


In the NR codebook design, it is desired to consider a flexible codebook design, too. Considering that the LTE Rel. 10 8-port codebook and Rel. 12 4-port codebook share some similar structure of the LTE Rel. 13 codebook, it is expected that a natural extension of the LTE Rel. 13 codebook to cover those two use cases shall be reasonable. 
During the Rel. 13 codebook specification, a general scalable codebook framework was proposed to cover both 1D and 2D port layouts. However, it makes the specification very complicated, with a lot of special descriptions for the 1D layout. For the purposed of a concise and clear specification, it is proposed to separate the design and specification for the 1D and 2D port layouts.
Proposal 3: Separate the codebook design/specification for 1D port layout (N1=1 or N2=1) and 2D port layout (N1>1 and N2>1).
Proposal 4: Consider a scalable codebook design, parameterized by the number of ports per dimension of a 2D port layout to cover all necessary 2D antenna port numbers for NR.
Proposal 5: Consider a scalable codebook design, parameterized by the number of ports of a 1D port layout to cover all necessary 1D antenna port numbers for NR.
For a given antenna port number, it shall be further studied, which antenna port layout is supported. Such discussion shall take into account different possible antenna port labeling options, as illustrated in Figure 1 and Figure 2.
[image: ]
Figure 1: Port labeling option 1: different codebooks for different structures with a same number of ports.
[image: ]
Figure 2: Port labeling option 2: By transpose indexing, a single codebook can be applied for different structures with a same number of ports.
Observation 1: Antenna port layout for codebook design can be further studied.
The LTE Rel. 10, 12 and 13 codebooks are mainly based on the grid of beam approach, as illustrated in Figure 3. The precoding matrix are constructed by selection and combination of DFT beams which span the entire angular domain. Suitable precoders are searched in two stages. The first stage beam searching with  codebook is wideband and can be long-term, wherein a group of candidate beams are found. The second stage beam searching with  codebook can be sub-band and short term, wherein beams are selected and co-phase is determined across different polarizations. Several parameters are related to the grid of beam, and the beam group, which may impact the performance of the codebook.
[image: ]

Figure 3: Illustration of the grid of beam and beam group.
Besides the flexible configurability of the antenna port layout, the LTE Rel. 13 codebook also provides the configurability of the beam number of the beam group configuration. Beam number is controlled by a so-called over-sampling factor. The beam number in a single dimension is the product of antenna port number Ni times the over-sampling factor Oi. The supported over-sampling factor values are listed in Table I for different antenna port layouts. For a single number of antenna port number, there are quite a few different combinations of over-sampling factors. The original intension is to allow more flexible configurability. However, the design shall be simplified if different over-sampling factor combinations do not effectively impact the performance.
We conducted evaluation on different over-sampling factor combinations to observe the effect of over-sampling factor. In our previous evaluation [2], we compared the performance of oversampling factor (O1, O2) = (4, 4) with (O1, O2) = (8,4), which showed that higher over-sampling factor does not always outperform low over-sampling factor. In this contribution, we compare over-sampling factor (O1, O2) = (4,4) and (O1, O2) = (8,8) to get further observation. Evaluation results are summarized in Figure 4. 

Figure 4(a) performance compare between oversampling factors for pattern 4-1

Figure 4(b) performance compare between oversampling factors for pattern 4-2

Figure 4(c) performance compare between oversampling factors for pattern 4-4
From the three figures above, it can be observed that the high oversampling factor (O1, O2) = (8,8) performs quite close to or even worse than (O1, O2) = (4,4). The performance gain is summarized in Table II.
Table II: performance gain of (O1, O2) = (8,8) over (O1, O2) = (4,4)
	Patterns
	Performance gain

	
	mean
	5%

	4-1
	-3.42%~-0.07%
	-9.06%~+5.29%

	4-2
	-0.40%~+1.28%
	-0.97%~+10.06%

	4-4
	-0.01%~-0.54%
	-0.35%~+1.36%


From the table, it can be observed that using (O1, O2) = (8,8) obtains quite limited performance gain in mean throughput, e.g., only -3.42% ~ +1.28% performance gain can be obtained. In 5% user performance, up to 10% performance gain for pattern 4-2 can be obtained while the performance gain is limited for pattern 4-4.
Based on the observation, oversampling factor reduction can be taken into consideration since higher oversampling factor does not perform better in quite a lot of cases. In addition, having higher over-sampling factor will increase the feedback overhead. To achieve higher performance, one can consider to use Type II CSI feedback, instead of increasing the over-sampling factor values.
Observation 2: Higher oversampling factor does not always outperform low oversampling factor, or even worse than low oversampling factor.
Based on the observation, we propose that:
Proposal 6: Optimize the over-sampling factor values by adopting one oversampling factor for each antenna port layout, e.g., (4, 4) for 2D antenna port layout, (4, -) for 1D antenna port layout.
2.3  Details of W1 codebook design for rank 1 and 2
In the LTE Rel. 13 codebook, four different beam group configurations are provided. The beam group pattern for rank 1 and rank 2 are illustrated in Figure 5. Among the four configurations, Config 1 is a special case as the beam group contains only one active beam. Using Config. 1, there is no further beam selection in stage two and the feedback overhead can be reduced. However, the beam group size and beam group pattern is designed to capture the wideband and long-term channel characteristics. The selection of the beam group will impact the performance. 
[image: ]
Figure 5: LTE Rel. 13 codebook beam group patterns.
The above beam group patterns were designed for 12 and 16 port arrays, which are not so massive. Given that the NR antenna array may be larger, it may be necessary to further optimize the beam group design. With more antenna elements, very narrow beams will be formed. More beams or wider beam spacing are needed to cover a specific angle spread. In addition, sub-array structure within the supported antenna port layout can be introduced for more flexible control of the beam width. Performance benefit shall then be clarified.
Observation 3: Beam group size and beam group pattern can be studied.
Typically, the beam group can be formed by either orthogonal beams or non-orthogonal beams. In Figure 6, we enumerate candidate non-orthogonal beam group patterns for different beam groups sizes of 1, 2 or 4. Note that pattern X-1 (X=1, 2, 4) and pattern 4-Y (Y=1, 2, 3, 4, 5) are used in the LTE Rel. 13 codebook. Pattern 2-Z (Z=1, 2, 3, 4, 5) are designed to be a natural extension of 1-beam or 4-beam patterns. In the NR codebook design, beam size/pattern can be selected based on the enumerated candidates for each given antenna array layout. In practice, a same port layout may be formed by different antenna element to TXRU mapping schemes, e.g., sub-array vs. full-connection; and the number of antenna elements mapped to a single TXRU may also be different. In addition, different deployment scenario may lead to different codebook requirement. Therefore, it may be beneficial to allow configurability of the beam group size and/or pattern. 


Figure 6: Candidate non-orthogonal beam group size (L) and patterns (L-K) for NR.
Orthogonal beam groups can be constructed in similar way as non-orthogonal beam groups except that beams are separated by multiples of over-sampling factor. The total number of orthogonal beams within a beam group is limited by N1N2. Another construction of the beam group is to enlarge the spacing between the neighboring beams in Figure 6. Note that for higher rank, e.g., rank >1, it may be desired that orthogonal beams are used for different layers. Depending on the rank number, the requirement orthogonal beam number is different. 
In our previous contribution [2], we provided evaluation results to compare the performance among beam patterns. The results showed that L=4 beam pattern performs L=1 generally. In this contribution, we provide further evaluation results to compare the performance among beam patterns, but with more antenna port combinations. i.e., we provide evaluation results for antenna layouts (Nh, Nv) = (2, 2), (4, 2) and (8, 2) in Figure 7. Oversampling factor (O1, O2) = (4, 4) is assumed in the evaluation. 

Figure 7(a) performance compare among beam patterns, (Nh, Nv) = (2, 2)

Figure 7(b) performance compare among beam patterns (Nh, Nv) = (4, 2) 

Figure 7(c) performance compare among beam patterns (Nh, Nv) = (8, 2)
From three figures above, it can be observed that in (Nh, Nv) = (2, 2) and (Nh, Nv) = (4, 2), low RU case, L=4 beam pattern out performs L=1 beam pattern, while in (Nh, Nv) = (8, 2), low RU case, L=1(pattern 4-1) out performs L=4(pattern 4-2). In (Nh, Nv) = (4, 2) and (Nh, Nv) = (8, 2), middle and high RU case, L=4 out performs L=1, while in (Nh, Nv) = (2, 2), middle and high RU case, L=1 performs close to or better than L=4. Based on the evaluation results, both L=1 and L=4 beam pattern should be supported in NR due to the performance varies when the scenario changes.
Proposal 7: Support both L=1 and L=4 beam group size and beam pattern in NR codebook design
To reduce the number of possible beam patterns for L=4. One can consider to selection on beam group pattern for L=4. Given the above discussion, the following proposal is made.
Proposal 8: One L=4 beam group pattern is selected for 1D layout and 2D layout separately.
As discussed earlier, we prefer to make orthogonal beams for different layers. The orthogonality can be achieved either by controlling the co-phasing factors, or by using orthogonal DFT vectors in vertical or horizontal dimension. For instance, for rank 2, the DFT beams for two layers can come from the same beam or two orthogonal beams separated to multiples of over-sampling O1 or O2. One example is shown in Figure 8 The selection of the orthogonal beam pairs can be conducted either in wideband fashion to save the feedback overhead, or in sub-band fashion to achieve better performance. In Figure 8, wideband beam pair selection is illustrated for both pattern 4-1 (L=1) and pattern 4-2 (L=4).[image: ]
Fig.8(a) Beam selection for pattern 4-1 (L=1)
[image: ]
Fig.8(b) Beam selection for pattern 4-2 (L=2)
Figure 8 Beam selection for two layers’ transmission
Compared to the LTE rank 2 codebook design, which allows non-orthogonal beams selected in subband fashion, the proposed scheme assumed orthogonal beams between two layers. We also conducted evaluation to verify the effectiveness for this Rank 2 codebook design with orthogonal beam selection. In the evaluation, we compare the performance between codebook in Rel.13 with new codebook for only Rank 2. We assume the same beam pattern 4-1 and 4-2 for beam selection for layer 1, then beam for layer 2 is selected among beams locate at  with respect to beam in layer 1, i.e., layer 2 can select the same beam with layer 1, or layer 2 can select orthogonal beam in horizontal or vertical dimension with respect to layer 1. (Nh, Nv) = (8, 2) is assumed and oversampling factor (O1, O2) is (4, 4) in the evaluation. The beam selection from the beam group is subband based. Orthogonal beam pair selection for two layers can be wideband based or subband based in the evaluation.
The evaluation results and overhead calculation are summarized in Table III. In Table III and Table IV, N represents the sub-band number.
Table III Performance gain of proposed rank 2 codebook with respect to Rel.14 rank 2 codebook (wideband beam selection)
	Patterns
	Performance gain
	Overhead(bit)

	
	Mean
	5%
	W1
	W2

	4-1
	-2%~+5%
	-1%~+7%
	10(8+2)
	2*N

	4-2
	-2%~+4%
	+0%~+16%
	8(6+2)
	3*N


From the evaluation results, it can be observed that similar or higher performance can be obtained by adopting new codebook design with respect to Rel.13/14 codebook. Meanwhile, the overhead of PMI2 feedback for new codebook is the same for pattern 4-1, 1 bit less for each sub-band for pattern 4-2.
Table IV Performance gain of proposed rank 2 codebook with respect to Rel.14 rank 2 codebook (sub-band beam selection)
	Patterns
	Performance gain
	Overhead(bit)

	
	Mean
	5%
	W1
	W2

	4-1
	+5%~+16% 
	+5%~+27% 
	8
	4*N

	4-2
	+1%~+9% 
	+2%~+28% 
	6
	5*N


We also provide evaluation results for sub-band beam selection and corresponding overhead in Table IV, from the evaluation results, it can be observed that decent performance gain, e.g., +5%~+16% for pattern 4-1, can be obtained by sub-band beam selection for both layer 1 and layer 2. However, the overhead for PMI2 feedback is higher than Rel.13/14 PMI2 feedback.
Based on the discussion and evaluation results, we propose that:
Proposal 9: For Rank 2, select orthogonal beams for different layers with the offsets between layer 1 beam and layer 2 beam to be selected in wideband from . 
2.4  Details of W2 codebook design
For Type I CSI feedback, the W2 codebook design shall support a joint operation with W1 as well as LTE-Class-B-type-like CSI feedback, i.e., based on UE-specific beamformed CSI-RS. For the UE-specific beamformed CSI-RS, the codebook shall support at least 2, 4 or 8 ports.
Proposal 10: For single panel antenna array,  codebook supports LTE-Class-B-type-like CSI feedback with at least 2, 4 and 8 ports.
Type I multiple panel codebook design
At the RAN1#88 meeting [3], in CSI Type I feedback design, multi-panel scenarios were discussed and the followings were agreed.
	Agreements:
· At least Type I CSI feedback should support multi-panel scenarios by choosing one of the two following alternatives:
· Alt1: only wideband co-phasing factor across panels
· Alt2: wideband and subband co-phasing factor across panels 
· At least the following criteria should be used:
· Performance-overhead tradeoff
· Description of design goal, e.g. for channel compensation or hardware impairments  
· FFS: How to capture this feature (co-phasing factor across panels) in codebook design
· Examples: in W3 with W1W2W3, W1W3W2 or W3W1W2 structure, W1W2 where multi-panel co-phasing is included in either W1 or W2
· Other examples are not precluded


3.1  The impact of multi-panel antenna array 
In LTE, antenna elements are distributed within one panel, and the distances of two adjacent antenna elements in horizontal or vertical dimension are identical. In NR, to reduce the complexity of implementation, multiple antenna panels are introduced, which constructs to antenna panel array. In each panel, the distribution of antenna elements follow the same rule with Rel.13 antenna elements layout, i.e, the antenna elements are uniformly distributed. Regarding the distance between panels, there are two models for panel distribution.
One model is the spacing between two antenna elements of two neiboring panels is the same with the spacing between adjacent antenna elements within one panel, which is illustrated in Fig. 9(a). In that sense, all the antenna elements are distributed uniformly among the entire antenna panel array. Another model is that the spacing between two antenna elements of two neiboring panels is not the same with adjacent antenna elements within one panel, e.g., 8 for panel spacing (4 for two adjacent antenna elements of two neiboring panels) while the spacing for adjacent antenna elements within one panel is 0.5. In that sense, antenna elements are un-uniformly distributed among the entire panel array.
In NR, one TRP may consists of multi-panel antanna, which brings up one queastion whether the panels are calibrated to each other or not, which obviously will impact beamforming.


             
Fig.9(a) Uniform antenna array               Fig.9(b) Un-uniform antenna array
Figure 9 Multi-panel antenna array distribution
3.1.1 Impacts come from multi-panel antenna array structure
[bookmark: _GoBack]As there are uniform and un-uniform antenna array distribution cases, for un-uniform antenna array, codebook designed in Rel.13 may be no longer applicable to the antenna port layout. Amplitude differences in the RF hardware may bring random phase for panels.
3.1.2 The impact on channel modelling
Based on the discussion above, during the channel modeling, antenna spacing between two adjacent panels and random phase should be considered in un-uniform antenna array and non-calibrated case. Take NLOS channel modelling as example, following equation should be adopted.

 [4]
Where detailed information about this equation can be found in [4].






In the channel modelling, antenna elements spacing is modelled in parameter , random phase is modeled in parameter ,,and , for which  is assumed for the random phase modelling.
3.2  NR Type I codebook for multi-panel scenario
3.2.1 Codebook for multi-panel antenna array
For multi-panel antenna array codebook design, one straightforward way is reusing the codebook designed in Rel.13/14, which supports up to 32 ports for downlink transmission. However, Rel.13 codebook works on condition that the phase differences between antenna elements are uniform. Based the discussion in section 3.1, multi-panel antenna array does not satisfy this condition when antenna elements are non-uniformly distributed, and there will be other factors causing amplitude differences in the RF hardware, e.g., temperature drift. In that sense, co-phase compensation between panels should be taken into consideration.
3.2.2 Evaluation for multi-panel codebook
To verify the effectiveness of codebook with co-phase compensation among panels, evaluation is conducted to compare the performance of Rel.13 codebook and codebook with co-phase compensation between panels. In the evaluation, we assume 32 ports in total. Antenna elements deployments and TXRU mapping are illustrated in Figure 10. The antenna elements of the panel array are indexed with:








Where is the vertical panel index, is the horizontal panel index, is the vertical antenna port index within a panel,  is the horizontal antenna port index within a panel and is the polarization index. is antenna element number in vertical dimension,is the antenna element number in horizontal dimension. P is polarization number for antena elements deployment.





Un-uniform antenna array distribution, non-calibrated case is assumed in the evaluation, TXRU numbering is illustrated in Figure 10. (,,,,)=(8, 16, 2, 2, 2), detailed evaluation assumptions are listed in Table B in the appendix.


        
Figure 10 Antenna elements deployments and TXRU mapping
Evaluation results are illustrated in Figure 11 and performance gain are summarized in Tabel V.

Figure 11 Performance compare between Rel.13 codebook and codebook with co-phase compensation among panels
Performance gain can be found in the following table.
Table V Performance gain of codebook with co-phase compensation compared to Rel.13 codebook
	Performance gain
	Wideband
	Sub-band

	
	Low RU
	Middle RU
	High RU
	Low RU
	Middle RU
	High RU

	Mean
	+5.63%
	+28.11%
	+28.73%
	+25.17%
	+51.38%
	+50.41%

	5%
	+18.62%
	+70.88%
	+55.91%
	+45.75%
	+91.10%
	+64.80%

	50%
	+9.56%
	+40.95%
	+40.99%
	+44.54%
	+67.68%
	+61.28%


Observation 4: Wideband co-phase compensation obtains decent performance gain for multi-panel transmission. Sub-band co-phase compensation obtains larger performance gain than wideband compensation.
Based on the discussion above and the observation, we propose that:
Proposal 11: Support codebook deign with co-phase compensation between panels for multi-panel antenna array. 
Summary
In this contribution, we discuss the Type I CSI feedback for NR. Based on the discussion, we have the following observations and proposals.
Observation 1: Antenna port layout for codebook design can be further studied.
Observation 2: Higher oversampling factor does not always outperform low oversampling factor, or even worse than low oversampling factor.
Observation 3: Beam group size and beam group pattern can be studied.
Observation 4: Wideband co-phase compensation obtains decent performance gain for multi-panel transmission. Sub-band co-phase compensation obtains larger performance gain than wideband compensation.
Proposal 1: For single panel antenna array,  codebook design is based on the structure of , where each matrix  contains 2D DFT precoders for each polarization.
Proposal 2: For single panel antenna array,  codebook contains beam selection and co-phasing for L-beam based .
Proposal 3: Separate the codebook design/specification for 1D port layout (N1=1 or N2=1) and 2D port layout (N1>1 and N2>1).
Proposal 4: Consider a scalable codebook design, parameterized by the number of ports per dimension of a 2D port layout to cover all necessary 2D antenna port numbers for NR.
Proposal 5: Consider a scalable codebook design, parameterized by the number of ports of a 1D port layout to cover all necessary 1D antenna port numbers for NR.
Proposal 6: Optimize the over-sampling factor values by adopting one oversampling factor for each antenna port layout, e.g., (4, 4) for 2D antenna port layout, (4, -) for 1D antenna port layout.
Proposal 7: Support both L=1 and L=4 beam group size and beam pattern in NR codebook design
Proposal 8: One L=4 beam group pattern is selected for 1D layout and 2D layout separately.
Proposal 9: For Rank 2, select orthogonal beams for different layers with the offsets between layer 1 beam and layer 2 beam to be selected in wideband from . 
Proposal 10: For single panel antenna array,  codebook supports LTE-Class-B-type-like CSI feedback with at least 2, 4 and 8 ports.
Proposal 11: Support codebook deign with co-phase compensation between panels for multi-panel antenna array. 
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Appendix
Table A Simulation Assumptions for Single Panel Codebook Evaluation
	Parameter
	Values

	Scenarios
	NR Urban macro

	Traffic model
	FTP

	Carrier frequency
	4 GHz

	Bandwidth
	10 MHz (Downlink)

	BS Tx power
	49 dBm

	BS antenna configurations
	(M, N, P, Mg, Ng) = (8, 8, 2, 1, 1),
(dH, dV) = (0.5, 0.8) 
(Nh, Nv) = (8,2)/ (4,2)/ (2,2)

	UE antenna configurations
	(M, N, P) = (1, 1, 2)

	Oversampling factor
	(O1, O2) = (4,4) / (8,8)

	UE number per TRP
	10 

	UE distribution 
	80% indoor, 20% outdoor

	UE attachment 
	Based on RSRP from CRS BS port 0 

	UE antenna pattern
	Omni-directional

	UE velocity
	20% Outdoor in cars: 3km/h,
80% Indoor in houses: 3km/h

	Traffic model
	FTP (High/Medium/Low RU) 

	UE receiver
	MMSE-IRC

	Scheduler
	Multi-user PF scheduler

	MU dimension
	4


Table B Simulation Assumptions for Multi-panel Codebook Evaluation
	Attributes
	Values of assumptions

	Scenarios (Carrier Frequency)
	Urban macro (carrier frequency 4GHz)

	Transmission Mode
	DL SU-MIMO 

	Channel Model
	Following related assumption in TR 38.802

	BS antenna configurations
	(M,N,P,Mg,Ng) = (4,8,2,2,2) 
(dH, dV, dHg,dVg) = (0.5, 0.8, 4.0, 6.4) for non-uniform array
Panel spacing (8 horizontally, 6.4 vertically)

	BS Antenna height
	25 m

	BS receiver noise figure 
	7 dB

	BS Tx power
	49 dBm

	UE antenna configurations
	(M, N, P) = (1, 1, 2)

	UE distribution
	20% Outdoor in cars: 3km/h,
80% Indoor in houses: 3km/h

	UE receiver type
	MMSE-IRC

	Scheduling algorithm
	PF scheduler

	Traffic Model
	FTP model

	CSI periodicity
	5 ms

	CSI delay 
	5 ms

	CSI mode
	PUSCH Mode 3-2

	HARQ
	Max 5 retransmissions

	Handover margin
	3 dB

	Metric
	Packet throughput




performance compare between oversampling factors
(M,N)=(8,8),(Nh,Nv)=(4,2), pattern 4-1

(O1,O2)=(4,4)	low RU avg. 	low RU 5%	low RU 50%	middle RU avg. 	middle RU  5%	middle RU50%	high RU avg. 	high RU 5%	high RU 50%	36.716999999999999	14.413	37.448999999999998	27.466999999999999	8.1442999999999994	23.966999999999999	20.815999999999999	5.1401000000000003	16.981000000000002	(O1,O2)=(8,8)	low RU avg. 	low RU 5%	low RU 50%	middle RU avg. 	middle RU  5%	middle RU50%	high RU avg. 	high RU 5%	high RU 50%	35.460999999999999	13.106999999999999	35.246000000000002	26.768000000000001	8.0504999999999995	23.564	20.800999999999998	5.4119999999999999	17.05	
Throughput(Mbits)




performance compare between oversampling factors
(M,N)=(8,8),(Nh,Nv)=(4,2),pattern 4-2

(O1,O2)=(4,4)	low RU avg. 	low RU 5%	low RU 50%	middle RU avg. 	middle RU  5%	middle RU50%	high RU avg. 	high RU 5%	high RU 50%	36.194000000000003	13.662000000000001	36.792000000000002	27.962	8.3719000000000001	24.966000000000001	21.181000000000001	4.9170999999999996	17.548999999999999	(O1,O2)=(8,8)	low RU avg. 	low RU 5%	low RU 50%	middle RU avg. 	middle RU  5%	middle RU50%	high RU avg. 	high RU 5%	high RU 50%	36.655999999999999	13.53	37.118000000000002	27.850999999999999	8.0350999999999999	25.116	21.283999999999999	5.4119999999999999	17.475999999999999	
Throughput(Mbits)




performance compare between oversampling factors
(M,N)=(8,8),(Nh,Nv)=(4,2),pattern 4-4

(O1,O2)=(4,4)	low RU avg. 	low RU 5%	low RU 50%	middle RU avg. 	middle RU  5%	middle RU50%	high RU avg. 	high RU 5%	high RU 50%	37.494999999999997	13.888	39.569000000000003	27.974	8.0197000000000003	24.818000000000001	20.693999999999999	4.8376999999999999	17.12	(O1,O2)=(8,8)	low RU avg. 	low RU 5%	low RU 50%	middle RU avg. 	middle RU  5%	middle RU50%	high RU avg. 	high RU 5%	high RU 50%	37.290999999999997	14.074999999999999	39.198999999999998	27.963000000000001	8.1285000000000007	24.966000000000001	20.692	4.8209999999999997	17.05	
Throughput(Mbits)




performance gain among patterns
(M,N)=(8,2),(Nh,Nv)=(2,2)

pattern 4-1	low RU avg. 	low RU 5%	low RU 50%	middle RU avg. 	middle RU  5%	middle RU50%	high RU avg. 	high RU 5%	high RU 50%	27.341999999999999	7.9287000000000001	23.564	15.603	3.0152999999999999	11.429	5.2271000000000001	0.78369	2.9558	pattern 4-2	low RU avg. 	low RU 5%	low RU 50%	middle RU avg. 	middle RU  5%	middle RU50%	high RU avg. 	high RU 5%	high RU 50%	28.481000000000002	8.3886000000000003	25.42	15.679	2.9621	11.815	4.9739000000000004	0.70874000000000004	2.7324000000000002	pattern 4-3	low RU avg. 	low RU 5%	low RU 50%	middle RU avg. 	middle RU  5%	middle RU50%	high RU avg. 	high RU 5%	high RU 50%	27.981000000000002	7.8692000000000002	24.818000000000001	15.866	3.1511999999999998	11.95	5.0789	0.75970000000000004	2.8321000000000001	pattern 4-4	low RU avg. 	low RU 5%	low RU 50%	middle RU avg. 	middle RU  5%	middle RU50%	high RU avg. 	high RU 5%	high RU 50%	28.117000000000001	7.1574999999999998	24.245000000000001	15.927	2.9045999999999998	11.815	4.8598999999999997	0.73623000000000005	2.6972999999999998	pattern 4-5	low RU avg. 	low RU 5%	low RU 50%	middle RU avg. 	middle RU  5%	middle RU50%	high RU avg. 	high RU 5%	high RU 50%	29.402999999999999	8.6303000000000001	26.379000000000001	15.901999999999999	3.0954000000000002	11.715999999999999	5.8520000000000003	0.80288999999999999	3.214	
Throughput(Mbits)




performance gain among patterns
(M,N)=(8,4),(Nh,Nv)=(4,2)

pattern 4-1	low RU avg. 	low RU 5%	low RU 50%	middle RU avg. 	middle RU  5%	middle RU50%	high RU avg. 	high RU 5%	high RU 50%	32.244	10.255000000000001	30.175000000000001	22.123000000000001	5.2759	18.559000000000001	13.646000000000001	2.5041000000000002	10.23	pattern 4-2	low RU avg. 	low RU 5%	low RU 50%	middle RU avg. 	middle RU  5%	middle RU50%	high RU avg. 	high RU 5%	high RU 50%	32.271000000000001	10.98	29.536999999999999	22.416	5.7931999999999997	18.315999999999999	14.465	2.6496	10.407999999999999	pattern 4-3	low RU avg. 	low RU 5%	low RU 50%	middle RU avg. 	middle RU  5%	middle RU50%	high RU avg. 	high RU 5%	high RU 50%	33.389000000000003	11.215	31.536000000000001	23.254000000000001	5.2892000000000001	19.152000000000001	14.962	3.0931000000000002	10.894	pattern 4-4	low RU avg. 	low RU 5%	low RU 50%	middle RU avg. 	middle RU  5%	middle RU50%	high RU avg. 	high RU 5%	high RU 50%	33.993000000000002	11.305	32.018000000000001	22.29	5.5042999999999997	18.396000000000001	14.701000000000001	2.6246999999999998	10.592000000000001	pattern 4-5	low RU avg. 	low RU 5%	low RU 50%	middle RU avg. 	middle RU  5%	middle RU50%	high RU avg. 	high RU 5%	high RU 50%	34.161000000000001	11.125	33.287999999999997	22.878	5.3362999999999996	18.725000000000001	14.114000000000001	2.6345999999999998	10.082000000000001	
Throughput(Mbits)




performance gain among patterns
(M,N)=(8,8),(Nh,Nv)=(8,2)

pattern 4-1	low RU avg. 	low RU 5%	low RU 50%	middle RU avg. 	middle RU  5%	middle RU50%	high RU avg. 	high RU 5%	high RU 50%	36.716999999999999	14.413	37.448999999999998	27.466999999999999	8.1442999999999994	23.966999999999999	20.815999999999999	5.1401000000000003	16.981000000000002	pattern 4-2	low RU avg. 	low RU 5%	low RU 50%	middle RU avg. 	middle RU  5%	middle RU50%	high RU avg. 	high RU 5%	high RU 50%	36.194000000000003	13.662000000000001	36.792000000000002	27.962	8.3719000000000001	24.966000000000001	21.181000000000001	4.9170999999999996	17.548999999999999	pattern 4-3	low RU avg. 	low RU 5%	low RU 50%	middle RU avg. 	middle RU  5%	middle RU50%	high RU avg. 	high RU 5%	high RU 50%	37.121000000000002	13.888	38.130000000000003	28.145	7.9287000000000001	25.116	20.823	4.8714000000000004	17.190000000000001	pattern 4-4	low RU avg. 	low RU 5%	low RU 50%	middle RU avg. 	middle RU  5%	middle RU50%	high RU avg. 	high RU 5%	high RU 50%	37.494999999999997	13.888	39.569000000000003	27.974	8.0197000000000003	24.818000000000001	20.693999999999999	4.8376999999999999	17.12	pattern 4-5	low RU avg. 	low RU 5%	low RU 50%	middle RU avg. 	middle RU  5%	middle RU50%	high RU avg. 	high RU 5%	high RU 50%	36.259	12.945	37.118000000000002	26.933	7.5709	23.431999999999999	21.199000000000002	4.9753999999999996	17.260999999999999	
Throughput(Mbits)




performance of Rel.13 codebook and codebook with co-phase compensation

Rel.13 codebook	low RU avg. 	low RU 5%	low RU 50%	middle RU avg. 	middle RU  5%	middle RU 50%	high RU avg. 	high RU 5%	high RU 50%	27.673999999999999	7.3974000000000002	24.385000000000002	14.878	2.6766000000000001	10.782	7.7781000000000002	1.0757000000000001	4.6193	codebook with phase compensation(WB)	low RU avg. 	low RU 5%	low RU 50%	middle RU avg. 	middle RU  5%	middle RU 50%	high RU avg. 	high RU 5%	high RU 50%	29.231999999999999	8.7746999999999993	26.715	19.059999999999999	4.5739000000000001	15.196999999999999	10.013	1.6771	6.5129000000000001	codebook with phase compensation(SB)	low RU avg. 	low RU 5%	low RU 50%	middle RU avg. 	middle RU  5%	middle RU 50%	high RU avg. 	high RU 5%	high RU 50%	34.64	10.782	35.246000000000002	22.521999999999998	5.1150000000000002	18.079000000000001	11.699	1.7726999999999999	7.4499000000000004	
Throughput(Mbit)
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