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Introduction
In RAN1#88b, the following agreement was made regarding Type I CSI feedback:
Agreements:
· For Type I and II Cat1 (if Cat1 is supported) single panel codebooks ( structure):
· The exact design of  is to be decided in RAN1#89 for both Type I and Type II Cat1 (if Cat1 supported)
· For W1 codebook, companies are encouraged to perform more evaluations comparing the different alternatives
· For Type I: Study further the values of L among L=1 and L= 4, at least for rank 1

Furthermore, a set of evaluation assumptions was also agreed:
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

This contribution addresses the issues for further study captured in the above agreements and presents Type I single-panel codebook designs and comparisons for ranks 1-4. Our view on codebook designs for Type II is presented in [1] while multi-panel Type I codebook designs are presented in [2]. In our companion contribution [3], we discuss further the need for a scalable Type I codebook covering a variety of antenna ports and port layouts.
Overview
With the introduction of the new codebooks in the LTE Rel-13 FD-MIMO work item, essentially four different types of DL codebook “categories” were supported in LTE, namely
· Class A 2D/1D DFT port combining codebooks for 8-16 ports
· Which further has four different codebook Configs
· Class B K=1 with legacy 2-8TX port combining codebooks
· I.e. the Rel-8 2TX, Rel-8 4TX Householder, Rel-10 8TX DFT and the Rel-12 4TX DFT codebooks
· Class B K=1 with alternative port selection codebook for 2-8 ports
· Class B K > 1 with CSI-RS resource selection 
· Where the legacy port combining codebooks are applied within a CSI-RS resource
The number of codebooks was further increased in LTE Rel-14 with the introduction of the advanced CSI codebook as well as the extension of Class A codebooks to support up to 32 antenna ports. 
Thus, there are quite many different codebook categories in LTE, some which have a similar structure and have overlapping functionality. This is in part due to that the codebooks were added sequentially in different releases. For NR, as all the Type I codebooks are to be added at once, there is thus an opportunity to simplify the specification/implementation, extract the relevant functionality and prune away unnecessary redundancies in the specification. 
A first observation is that the Class A DFT codebooks can be extended to support a lower number of ports (similarly to how the LTE advanced CSI codebook supports 4-32 ports with the same structure), as the legacy codebooks anyway are implementations of a dual-polarized DFT codebooks. Thus, the allowed port combinations for the “Class A” codebook could be extended to include  which means that special port combining codebooks for 2-8 ports does not need to be specified in NR. Further, for more than 2 ports, it is well known that DFT codebooks gives better precoding performance than unstructured codebooks such as the Householder codebook for antenna arrays consisting of closely spaced cross-poles, which is by far the most common antenna setup environed for NR deployments, implying that an unstructured DL codebook may not be needed for NR.
[bookmark: _Toc481766339]The Rel-13/14 Class A codebooks as well as the Rel-8 2TX, Rel-10 8TX DFT and the Rel-12 4TX DFT codebooks are all implementations of dual-polarized DFT codebooks and can be implemented with a common codebook structure.
[bookmark: _Toc481766340]4TX DFT codebook is generally known to outperform the 4TX Householder codebook for cross-polarized antenna setups, which is the antenna setup environed for NR deployments, therefore a DL Householder codebook may not be needed in NR

A second observation is that the port selection with Class B K=1 and the resource selection with Class B K>1 implement the same functionality (at least for rank ) as it does not fundamentally matter if e.g. 2 out of 8 ports are selected within a CSI-RS resource or if one out of four 2-port CSI-RS resources are selected. The only difference being that CRI is reported on a wideband basis in LTE, while port selection with the K=1 codebook may be done on a subband basis. However, in NR, it is not certain that subband beam/port selection should be supported at all, and if it is supported, it could be implemented via frequency-selective CRI reporting.
[bookmark: _Toc481766341]Class B K=1 port selection codebook implements the same functionality as Class B K>1 resource selection with port combining within the CSI-RS resource

Based on these observations, we propose that a unified codebook structure that avoids a Class A / B distinction is used for NR. 
[bookmark: _Toc481593535][bookmark: _Toc481604928][bookmark: _Toc481741087][bookmark: _Toc481766347]A unified codebook structure is used for single-panel Type I CSI feedback in NR where precoder determination consists of
· Resource selection: UE selects at out of  configured/indicated CSI-RS resources
· Port combination: UE combines the ports within the selected CSI-RS resource using the Type I dual-polarized DFT codebook applicable for 2-32 antenna ports
[bookmark: _Toc481593536][bookmark: _Toc481604929][bookmark: _Toc481741088][bookmark: _Toc481766348]Port selection codebooks are not supported; beam selection is handled via CSI-RS resource selection

Thus, the basic mode of operation for precoder determination in NR should be similar to the LTE Class B K>1 case, but where the number of CSI-RS resources can be equal to one and where a “Class A”-like codebook is used to combine the ports within the resource. 
On basis design and codebook for rank 1
It has been agreed that NR that Type I codebook for single-panel uses a dual-stage structure similar to LTE codebooks, where  and  contains beam selection and is reported on a wideband basis while contains co-phasing and possibly also beam selection and can be reported on a subband basis. In our view, W1 basis design, at least for lower ranks, should follow LTE with 2-block diagonal structure mapping the same 2D DFT beam(s) to the two polarizations:

where  contains L beams. As was agreed in RAN1#88b, candidate values of L, at least for rank 1, are L=1 and L=4. When L=1, beam selection is wideband while further subband beam selection has to be made in case L=4. The corresponding rank-1  matrices has the form  in case of L=1 and  in case of L=4, where  is a QPSK polarization co-phasing coefficient and  is a size-L selection vector. This is further discussed in the next section where evaluation results comparing the two schemes are presented.

Other proposals for basis design include using a Hadamard structure W1 where 
or similar. This proposal can result in more W1 overhead and it was found in [4] that performance is not increased compared to block-diagonal W1 structure. Other proposals also use a block-diagonal design, but uses slightly different beam directions on the two polarizations as
where  and  contains L beams each which may be partially overlapping. This W1 design increases the W1 overhead since multiple sets of beams have to be selected, which is undesirable. Further, in LTE Rel-13 discussion, it was found that using different beams on each polarization does not increase performance. 
On subband beam selection (i.e. L=1 or L=4)
In the LTE Class A codebook, Configs 2-4 implements subband beam selection by first selecting a group of  beams in W1 and then selecting one of the four beams in W2 on a per subband basis while Config 1 uses only wideband beam selection, i.e. . It was observed in the Rel-13 discussions that the different codebook Configs performed rather similar. That is, Config 1 without subband beam selection perform similar to Configs 2-4 with subband beam selection. For NR, a number of different beam patterns for both  for subband beam selection have been proposed and downselection was made to L=1,4 in RAN1#88b. Some such candidate beam patterns are illustrated in Figure 1 below. Furthermore, there are proposals of supporting configuration of arbitrary beam patterns as well as UE selection of beam pattern or arbitrary selection of beams to form a beam group. While such a flexibility in beam selection certainly is motivated for Type II CSI feedback with beam combination, where appropriate beam choices can yield a large performance gain, it does not seem motivated for Type I feedback, as the gains from subband beam selection are limited. 
[bookmark: _Toc481766342]Increased overhead and complexity of subband beam selection should be motivated by a significant performance gain

Further, if gNB configures the UE with one of multiple patterns, it needs some way of determining what the appropriate pattern should be. While allowing configurability of beam patterns could be theoretically motivated by that UEs experience different angular spread, it is unclear how the gNB could utilize this in practice and configure an appropriate beam pattern for each UE, i.e. based on what information. 
[bookmark: _Toc481766343]Unclear how gNB should determine preferred beam pattern for each UE if multiple beam patterns are supported
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[bookmark: _Ref477870461]Figure 1: Illustration of possible beam group patterns for L=1 and L=4


[bookmark: _Ref477950166]Table 1: W2 overhead for simulated schemes
	Number of beams in W1
	W2 rank 2 overhead for 20 MHz BW

	1
	13 bits

	4
	39 bits



To quantify the gains of subband beam selection (with L=4) over wideband beam selection (with L=1), we have performed simulations comparing the identified beam patterns for L= 4 beams with a baseline beam pattern without subband beam selection, ‘Pattern 1-1’. The simulated patterns are illustrated in Figure 1 above while the corresponding W2 overhead is shown in Table 1.
The codebooks are simulated for oversampling factors of  as well as , the latter results are presented in the Appendix. The beam spacing within a group  (i.e. considering adjacent beams rather than orthogonal beams) while the beam group spacing (i.e. considering overlapping beam groups, so that effective oversampling rate is not reduced). The simulations are performed according to the previously agreed simulation assumptions using 4, 8, 16, and 32 antenna ports and both 3GPP 3D UMi and UMa scenarios. Other simulation assumptions are captured in the Appendix.
As the performance differences with subband beam selection is rather limited, it is important to also include the margin of error in the simulation results in order to determine if the performance difference is statistically significant or not, so that correct conclusions can be drawn. We therefore propose that the following evaluation methodology should be adopted by RAN1, when appropriate:
[bookmark: _Toc481578284][bookmark: _Toc481578408][bookmark: _Toc481593537][bookmark: _Toc481604930][bookmark: _Toc481741089][bookmark: _Toc481766349]In order to determine if a small performance difference is statistically significant or just a random variation due to insufficient statistics, the number of simulated users and drops as well as an estimated error margin should be presented.

In these simulations, the FTP1 traffic model with 100 kB packet size has been used and each scheme is simulated using 10 drops, where each drop contains 5000 users. The margin of error in the mean and 5th percentile user throughput is estimated by calculating the standard deviation of these metrics across the multiple drops. With this many drops, we observe that the average margin of error for the simulated systems are around 0.5-1.0% for mean user throughput and 1-2% for cell edge user throughput, even with this many simulated users (50 000 users). If the number of drops would have been lower, the margin of error would have been even higher. 

The results for UMi are presented in Table 2 while the corresponding UMa results are presented in Table 3. All simulated systems perform rather similar and the differences in performance lie within a few percent. Out of the L=4 beam patterns, Pattern 4-1 performs the best. However, it seems that the performance is actually slightly reduced with subband beam selection, as a general trend. Only in some cases, such as UMa with a larger number of ports, does subband beam selection give a significant gain over wideband beam selection and even in those cases the gains are not very large, only a few percent.
This result may seem counter-intuitive, since subband beam selection increases the degrees of freedom compared to the wideband beam selection in Pattern 1-1, and the Pattern 1-1 codebook is actually comprised in Pattern 4-x codebooks. Increasing the number of precoder hypotheses should not decrease precoding gain. However, this is not the source of the performance loss, rather it’s due to second order system level effects. In Figure 2, a C.D.F. of the standard deviation of interference variations between the time a CQI report is calculated and the time it’s used for setting the link adaptation of PDSCH, the so called “flashlight interference” is shown. A large value means that the interference level is varying more rapidly, and so, the CQI is more likely to be outdated and cause incorrect link adaption, possibly leading to incorrectly decoded PDSCH and re-transmission. As can be seen, the interference variations are larger with subband beam selection than without subband beam selection. This makes sense, as the beam chosen by the UE can vary over the subbands, and frequency-selective scheduling based on PF-metric is used, meaning that UEs can be scheduled with different beams in different subframes if the subband allocations changes. As UE typically performs at least some averaging of interference across frequency, this means that the variability is increased. The result of increased flashlight interference and the corresponding increased link adaptation errors can be observed in the increased SINR offset off the outer loop LA, which is shown in Figure 3.

[bookmark: _Toc481766344]Subband beam selection may lead to a statistically significant performance loss due to increased interference variations between the time a CQI report is calculated and the time it’s used for PDSCH link adaptation, leading to increased link adaptation errors


[bookmark: _Ref481588906]Table 2: Simulation results comparing L=1 and L=4 for UMi with 4x oversampling
	4 antenna ports: (N1,N2)=(2,1), (O1,O2) = (4x4), UMi, 50%RU

	Scheme
	Average UPT
	Cell edge UPT

	
	[bps/Hz/user]
	Gain [%]
	[bps/Hz/user]
	Gain [%]

	UMi, Type I CB Pattern: 1-1
	2,0429
	0
	0,35886
	0

	UMi, Type I CB Pattern: 4-1
	2,0186
	-1,2
	0,35462
	-1,2

	UMi, Type I CB Pattern: 4-2
	1,9776
	-3,2
	0,3502
	-2,4

	UMi, Type I CB Pattern: 4-3
	1,9776
	-3,2
	0,3502
	-2,4

	UMi, Type I CB Pattern: 4-4
	1,9929
	-2,4
	0,35433
	-1,3

	8 antenna ports: (N1,N2)=(2,2), (O1,O2) = (4x4), UMi, 50%RU

	Scheme
	Average UPT
	Cell edge UPT

	
	[bps/Hz/user]
	Gain [%]
	[bps/Hz/user]
	Gain [%]

	UMi, Type I CB Pattern: 1-1
	2,1764
	0
	0,45184
	0

	UMi, Type I CB Pattern: 4-1
	2,1521
	-1,1
	0,4341
	-3,9

	UMi, Type I CB Pattern: 4-2
	2,1305
	-2,1
	0,43428
	-3,9

	UMi, Type I CB Pattern: 4-3
	2,1241
	-2,4
	0,42425
	-6,1

	UMi, Type I CB Pattern: 4-4
	2,1298
	-2,1
	0,42524
	-5,9

	16 antenna ports: (N1,N2)=(4,2), (O1,O2) = (4x4), UMi, 50%RU

	Scheme
	Average UPT
	Cell edge UPT

	
	[bps/Hz/user]
	Gain [%]
	[bps/Hz/user]
	Gain [%]

	UMi, Type I CB Pattern: 1-1
	2,3078
	0
	0,50121
	0

	UMi, Type I CB Pattern: 4-1
	2,3003
	-0,3
	0,50841
	1,4

	UMi, Type I CB Pattern: 4-2
	2,2497
	-2,5
	0,494
	-1,4

	UMi, Type I CB Pattern: 4-3
	2,25
	-2,5
	0,4969
	-0,9

	UMi, Type I CB Pattern: 4-4
	2,2384
	-3
	0,49005
	-2,2



[bookmark: _Ref481588909]	Table 3: Simulation results comparing L=1 and L=4 for UMa with 4x oversampling
	4 antenna ports: (N1,N2)=(2,1), (O1,O2) = (4x4), UMa, 50%RU

	Scheme
	Average UPT
	Cell edge UPT

	
	[bps/Hz/user]
	Gain [%]
	[bps/Hz/user]
	Gain [%]

	UMa, Type I CB Pattern: 1-1
	1,9921
	0
	0,34758
	0

	UMa, Type I CB Pattern: 4-1
	1,9818
	-0,5
	0,33927
	-2,4

	UMa, Type I CB Pattern: 4-2
	1,9485
	-2,2
	0,34017
	-2,1

	UMa, Type I CB Pattern: 4-3
	1,9453
	-2,3
	0,33687
	-3,1

	UMa, Type I CB Pattern: 4-4
	1,9416
	-2,5
	0,33476
	-3,7

	8 antenna ports: (N1,N2)=(2,2), (O1,O2) = (4x4), UMa, 50%RU

	Scheme
	Average UPT
	Cell edge UPT

	
	[bps/Hz/user]
	Gain [%]
	[bps/Hz/user]
	Gain [%]

	UMa, Type I CB Pattern: 1-1
	2,0521
	0
	0,40109
	0

	UMa, Type I CB Pattern: 4-1
	2,0918
	1,9
	0,40653
	1,4

	UMa, Type I CB Pattern: 4-2
	2,0285
	-1,1
	0,38344
	-4,4

	UMa, Type I CB Pattern: 4-3
	2,0233
	-1,4
	0,37827
	-5,7

	UMa, Type I CB Pattern: 4-4
	2,006
	-2,2
	0,38443
	-4,2

	16 antenna ports: (N1,N2)=(4,2), (O1,O2) = (4x4), UMa, 50%RU

	Scheme
	Average UPT
	Cell edge UPT

	
	[bps/Hz/user]
	Gain [%]
	[bps/Hz/user]
	Gain [%]

	UMi, Type I CB Pattern: 1-1
	2,3082
	0
	0,51122
	0

	UMa, Type I CB Pattern: 4-1
	2,3345
	1,1
	0,52199
	2,1

	UMa, Type I CB Pattern: 4-2
	2,2713
	-1,6
	0,49976
	-2,2

	UMa, Type I CB Pattern: 4-3
	2,2508
	-2,5
	0,48679
	-4,8

	UMa, Type I CB Pattern: 4-4
	2,2454
	-2,7
	0,47763
	-6,6

	32 antenna ports: (N1,N2)=(2,8), (O1,O2) = (4x4), UMa, 50%RU

	Scheme
	Average UPT
	Cell edge UPT

	
	[bps/Hz/user]
	Gain [%]
	[bps/Hz/user]
	Gain [%]

	UMa, Type I CB Pattern: 1-1
	2,5279
	0
	0,61853
	0

	UMa, Type I CB Pattern: 4-1
	2,548
	0,8
	0,62496
	1

	UMa, Type I CB Pattern: 4-2
	2,4821
	-1,8
	0,60717
	-1,8

	UMa, Type I CB Pattern: 4-3
	2,4862
	-1,7
	0,6112
	-1,2

	UMa, Type I CB Pattern: 4-4
	2,4683
	-2,4
	0,61185
	-1,1



Thus, it does not seem motivated to support subband beam selection, as this feature often actually leads to reduced performance while it at the same time increased the overhead: W2 overhead increases with 300% for the 4-x patterns over Pattern 1-1, as is shown in  Table 1 above, and we make the following proposal:

[bookmark: _Toc481604931][bookmark: _Toc481741090][bookmark: _Toc481766350]Wideband beam selection using L=1 codebook is supported for Type I CSI feedback. 

[image: ]
[bookmark: _Ref478115933]Figure 2: C.D.F of standard deviation of interference variations for the simulated codebook patterns. Subband beam selection leads to increased interference variations.

[image: ]
[bookmark: _Ref478115944]Figure 3: C.D.F of outer loop LA SINR offset for the simulated codebook patterns. Subband beam selection leads to increased OLLA SINR offset.





Rank 2 codebook
In our view, the rank-2 codebook could follow the rank-1 codebook design and use the same W1 structure and follow the Rel-13 design. That is, for L=1, , where  is a cophase coefficient indicated with 1 bit. However, for L=4, the Rel-13 W2 codebook uses 3 bits subband beam selection which includes that different beams can be selected for the two layers, as is illustrated in Figure 4 below. One issue with this W2 codebook is that it reduces the inter-layer orthogonality as the beams in W1 are adjacent non-orthogonal beams, in addition to not being motivated from an overhead perspective. As an alternative approach, the same beam could be used for both layers, which reduces the subband overhead with 1 bit. 


[bookmark: _Ref481597205]Figure 4: Illustration of different beam selection for the two layers in Rel-13 Config 2 rank-2 codebook
An additional approach is to, similarly as for the Rel-13 rank 3,4 codebooks, select the beam to be used on the second layer as part of W1 and to use orthogonal beams instead of non-orthogonal beams, to increase inter-layer orthogonality.

In that approach, the W1 matrix can be described as


where  is the beam group (which may be of size 1) and  is an orthogonal offset applied to the beams in the the beam group. The corresponding W2 matrix can then be expressed as

where is a size-2L selection vector. With this approach, 2 bits in W1 is used for indicating orthogonal beam offset of the second layer (same beam selection for both layers is possible) while  bits are used for SB beam selection.

We have compared these three approaches for rank-2 codebook for 16TX in UMi. The results are presented in Table 4 below. For L=1, there seems to be some benefit with allowing an orthogonal DFT beam to be selected for the second layer, with around 2% cell edge gain, but all differences are within the margin of error (as pointed out in the previous section).


[bookmark: _Ref481598410]Table 4: Comparison of rank-2 codebooks for 16TX UMi, 4x oversampling
	Scheme
	Average UPT
	Cell edge UPT
	Overhead

	
	[bps/Hz/user]
	Gain [%]
	[bps/Hz/user]
	Gain [%]
	W1 bits
	W2 bits

	Pattern 1-1 Same beam on both layers
	2,3078
	0,0%
	0,50121
	0,0%
	7
	1

	Pattern 4-1 Same beam on both layers
	2,3003
	-0,3%
	0,50841
	1,4%
	5
	3

	Pattern 1-1 WB Orth beam selection for second layer
	2,3134
	0,2%
	0,51053
	1,9%
	9
	1

	Pattern 4-1 WB Orth beam selection for second layer
	2,2546
	-2,3%
	0,50337
	0,4%
	7
	3

	LTE Rel-13 Config 2
	2,2933

	-0,6%

	0,49849

	-0.5%
	6
	4



[bookmark: _Toc481766345]For L=1, WB orthogonal beam selection for second layer results in ~2% cell edge gain

Rank 3&4 codebook
For rank 3 and 4, LTE Rel-13 codebooks selects two orthogonal beams as part of W1 feedback, similar to the rank-2 codebook discussed in the previous section. This approach could be reused in the NR rank 3 & 4 codebooks as well.

As an alternative, an antenna grouping approach can be considered, where the antenna array is split into two parts along the longest dimension and a DFT beam corresponding to half of the array is applied to each antenna group. Orthogonal beams can then be created by applying an appropriate cophasing between the antenna groups and the two polarizations. Such a rank-4 precoder matrix can be constructed as





Where:
·  is a size-() 2D DFT beam
·  is an inter-group cophasing factor
·  is an inter-polarization cophasing factor
By applying  to each antenna group, a broader beam DFT beam is created. The inter-group co-phasing then creates a narrower beam within the envelope of the DFT beam, different cophasing will slightly alter the beam direction. This is illustrated in Figure 5 below. For each polarization, the inter-group co-phasing will create two orthogonal beams (as orthogonal co-phase is used for the second column). Remaining two orthogonal beams will be created due to orthogonal polarization cophase, resulting in rank 4 precoder matrix. To construct rank-3 precoder matrix, the last column can be removed.

[image: ]
[bookmark: _Ref481600844]Figure 5: Illustration of beam patterns of antenna grouping rank 3 & 4 codebook
The inter-group co-phasing could either be reported wideband as part of W1 or subband as part of W2 together with the polarization co-phase, corresponding to a higher overhead.

We have compared the performance of the Rel-13 rank 3&4 codebooks with the discussed codebooks based on antenna grouping. For the Rel-13 codebooks, Config 1 and Config 2 have been evaluated. For the antenna grouping, L=1 have been considered with both WB and SB inter-group cophase, as well as L=4 with WB inter-group cophase. Simulations have been performed in 3GPP 3D UMi with 32TX and 4RX UE using FTP1 traffic model in a lowly loaded scenario. Dynamic rank adaptation is used and the rank 1&2 codebooks are the same for all systems (using Rel-13 Config 1), however around 80% of the times ranks 3&4 are selected. The results are presented in Table 5 below. As can be seen, all codebooks perform similar. However the antenna grouping codebooks with wideband inter-group cophase seem to have a bit larger cell edge UPT gain but lower average UPT gain in UMa than the Rel-13 codebooks. Further, a loss is observed with having subband inter-group cophase compared to wideband in UMa. This can be due to that the optimal inter-group cophase selection is similar across frequency but there are CSI-RS channel estimation errors. When the inter-group cophase is estimated separately per subband, it is estimated from less information and so the estimation error may be larger.

[bookmark: _Ref481604369]Table 5: Comparison between different rank 3&4 codebooks for 32TX
	Scheme
	UMi
	UMa
	Overhead

	
	Average UPT gain [%]
	Cell edge UPT gain [%]
	Average UPT gain [%]
	Cell edge UPT gain [%]
	W1 bits
	W2 bits

	Rel-13 basis Config 1
	0,00%
	0,00%
	0.0%
	0.0%
	9
	1

	Rel-13 basis Config 2
	2,00%
	0,90%
	2.2%
	5.3%
	7
	3

	Antenna grouping basis L=1, wideband inter-group cophase
	-1,60%
	0,00%
	-1.8%
	4.0%
	9
	1

	Antenna grouping basis, L=1, subband inter-group cophase
	-1,20%
	0,10%
	-3.2%
	-3.7%
	7
	3

	Antenna grouping basis, L=4, wideband inter-group cophase
	0,40%
	-0,70%
	0.1%
	6.5%
	7
	3



[bookmark: _Toc481766346]Rel-13 rank 3 / 4 codebooks perform similarly as antenna grouping codebooks
Conclusions
In this contribution, we have discussed Type I codebook design for ranks 1-4 and made the following observations:
Observation 1	The Rel-13/14 Class A codebooks as well as the Rel-8 2TX, Rel-10 8TX DFT and the Rel-12 4TX DFT codebooks are all implementations of dual-polarized DFT codebooks and can be implemented with a common codebook structure.
Observation 2	4TX DFT codebook is generally known to outperform the 4TX Householder codebook for cross-polarized antenna setups, which is the antenna setup environed for NR deployments, therefore a DL Householder codebook may not be needed in NR
Observation 3	Class B K=1 port selection codebook implements the same functionality as Class B K>1 resource selection with port combining within the CSI-RS resource
Observation 4	Increased overhead and complexity of subband beam selection should be motivated by a significant performance gain
Observation 5	Unclear how gNB should determine preferred beam pattern for each UE if multiple beam patterns are supported
Observation 6	Subband beam selection may lead to a statistically significant performance loss due to increased interference variations between the time a CQI report is calculated and the time it’s used for PDSCH link adaptation, leading to increased link adaptation errors
Observation 7	For L=1, WB orthogonal beam selection for second layer results in ~2% cell edge gain
Observation 8	Rel-13 rank 3 / 4 codebooks perform similarly as antenna grouping codebooks

Based on the discussion in this contribution we propose the following:
Proposal 1	A unified codebook structure is used for single-panel Type I CSI feedback in NR where precoder determination consists of
Proposal 2	Port selection codebooks are not supported; beam selection is handled via CSI-RS resource selection
Proposal 3	In order to determine if a small performance difference is statistically significant or just a random variation due to insufficient statistics, the number of simulated users and drops as well as an estimated error margin should be presented.
Proposal 4	Wideband beam selection using L=1 codebook is supported for Type I CSI feedback.
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Appendix
Simulation assumptions
	Simulation parameters

	Carrier frequency
	2 GHz 

	Bandwidth
	10 MHz 

	Scenarios
	3D UMi 200m ISD, 3D UMa 500m ISD

	Antenna Configurations
	UMi:
4 ports:  4x2 with 4x1 virtualization (108 deg tilt)
8 ports:  8x2 with 4x1 virtualization (108 deg tilt)
16 ports:  8x4 with 4x1 virtualization (108 deg tilt)
32 ports:  8x4 with 2x1 virtualization (130 deg tilt)
UMa:
4 ports:  4x2 with 4x1 virtualization (108 deg tilt)
8 ports:  8x2 with 4x1 virtualization (108 deg tilt)
16 ports:  8x4 with 4x1 virtualization (108 deg tilt)
32 ports:  8x8 with 4x1 virtualization (108 deg tilt)


	Cell layout
	57 sectors in total

	Wrapping
	Radio distance based

	UE receiver
	MMSE-IRC

	CSI periodicity
	5 ms

	CSI delay 
	5 ms

	CSI mode
	PUSCH Mode 3-2

	Outer loop Link Adaptation
	Yes, 10% BLER target

	UE noise figure 
	9 dB

	eNB Tx power 
	41 dBm (UMi), 46 dBm (UMa)

	Traffic model
	FTP Model 1, 100 kB packet size
5000 users/ drop
10 drops
50% target RU

	UE Rx antenna
	2 cross-pol antennas

	UE speed 
	3 km/h

	Scheduling 
	Proportional fair in time and frequency

	DMRS overhead
	2 DMRS ports

	CSI-RS
	Overhead accounted for.  
Channel estimation error modeled.

	Codebook
	As indicated

	HARQ
	Max 5 retransmissions

	Antenna spacing
	0.8 lambda in vertical, 0.5 lambda in horizontal

	Handover margin
	3 dB



Additional simulation results

Table 6: Simulation results comparing L=1 and L=4 for UMi with 8x oversampling
	4 antenna ports: (N1,N2)=(2,1), (O1,O2) = (8x8), UMi, 50%RU

	Scheme
	Average UPT
	Cell edge UPT

	
	[bps/Hz/user]
	Gain [%]
	[bps/Hz/user]
	Gain [%]

	UMi, Type I CB Pattern: 1-1
	2,0497
	0
	0,37305
	0

	UMi, Type I CB Pattern: 4-1
	2,0394
	-0,5
	0,36578
	-1,9

	UMi, Type I CB Pattern: 4-2
	2,026
	-1,2
	0,36243
	-2,8

	UMi, Type I CB Pattern: 4-3
	2,0289
	-1
	0,36353
	-2,6

	UMi, Type I CB Pattern: 4-4
	2,0271
	-1,1
	0,35871
	-3,8

	8 antenna ports: (N1,N2)=(2,2), (O1,O2) = (4x4), UMi, 50%RU

	Scheme
	Average UPT
	Cell edge UPT

	
	[bps/Hz/user]
	Gain [%]
	[bps/Hz/user]
	Gain [%]

	UMi, Type I CB Pattern: 1-1
	2,1937
	0
	0,45376
	0

	UMi, Type I CB Pattern: 4-1
	2,2123
	0,8
	0,45891
	1,1

	UMi, Type I CB Pattern: 4-2
	2,1644
	-1,3
	0,44002
	-3

	UMi, Type I CB Pattern: 4-3
	2,1771
	-0,8
	0,44692
	-1,5

	UMi, Type I CB Pattern: 4-4
	2,1531
	-1,9
	0,43703
	-3,7

	16 antenna ports: (N1,N2)=(4,2), (O1,O2) = (4x4), UMi, 50%RU

	Scheme
	Average UPT
	Cell edge UPT

	
	[bps/Hz/user]
	Gain [%]
	[bps/Hz/user]
	Gain [%]

	UMi, Type I CB Pattern: 1-1
	2,3248
	0
	0,51973
	0

	UMi, Type I CB Pattern: 4-1
	2,3348
	0,4
	0,52994
	2

	UMi, Type I CB Pattern: 4-2
	2,3115
	-0,6
	0,51966
	0

	UMi, Type I CB Pattern: 4-3
	2,2984
	-1,1
	0,50634
	-2,6

	UMi, Type I CB Pattern: 4-4
	2,287
	-1,6
	0,50563
	-2,7





Table 7: Simulation results comparing L=1 and L=4 for UMa with 8x oversampling
	4 antenna ports: (N1,N2)=(2,1), (O1,O2) = (8x8), UMa, 50%RU

	Scheme
	Average UPT
	Cell edge UPT

	
	[bps/Hz/user]
	Gain [%]
	[bps/Hz/user]
	Gain [%]

	UMa, Type I CB Pattern: 1-1
	2
	0
	0,34689
	0

	UMa, Type I CB Pattern: 4-1
	1,9979
	-0,1
	0,35405
	2,1

	UMa, Type I CB Pattern: 4-2
	1,9728
	-1,4
	0,34486
	-0,6

	UMa, Type I CB Pattern: 4-3
	1,971
	-1,4
	0,34468
	-0,6

	UMa, Type I CB Pattern: 4-4
	1,9702
	-1,5
	0,33925
	-2,2

	8 antenna ports: (N1,N2)=(2,2), (O1,O2) = (8x8), UMa, 50%RU

	Scheme
	Average UPT
	Cell edge UPT

	
	[bps/Hz/user]
	Gain [%]
	[bps/Hz/user]
	Gain [%]

	UMa, Type I CB Pattern: 1-1
	2,0702
	0
	0,40147
	0

	UMa, Type I CB Pattern: 4-1
	2,1062
	1,7
	0,41528
	3,4

	UMa, Type I CB Pattern: 4-2
	2,0757
	0,3
	0,40221
	0,2

	UMa, Type I CB Pattern: 4-3
	2,0564
	-0,7
	0,39379
	-1,9

	UMa, Type I CB Pattern: 4-4
	2,0564
	-0,7
	0,38858
	-3,2

	16 antenna ports: (N1,N2)=(4,2), (O1,O2) = (8x8), UMa, 50%RU

	Scheme
	Average UPT
	Cell edge UPT

	
	[bps/Hz/user]
	Gain [%]
	[bps/Hz/user]
	Gain [%]

	UMi, Type I CB Pattern: 1-1
	2,3162
	0
	0,51273
	0

	UMa, Type I CB Pattern: 4-1
	2,354
	1,6
	0,52339
	2,1

	UMa, Type I CB Pattern: 4-2
	2,33
	0,6
	0,51491
	0,4

	UMa, Type I CB Pattern: 4-3
	2,3018
	-0,6
	0,50471
	-1,6

	UMa, Type I CB Pattern: 4-4
	2,3034
	-0,6
	0,50832
	-0,9

	32 antenna ports: (N1,N2)=(2,8), (O1,O2) = (8x8), UMa, 50%RU

	Scheme
	Average UPT
	Cell edge UPT

	
	[bps/Hz/user]
	Gain [%]
	[bps/Hz/user]
	Gain [%]

	UMa, Type I CB Pattern: 1-1
	2,5423
	0
	0,63641
	0

	UMa, Type I CB Pattern: 4-1
	2,5896
	1,9
	0,66203
	4

	UMa, Type I CB Pattern: 4-2
	2,5528
	0,4
	0,63965
	0,5

	UMa, Type I CB Pattern: 4-3
	2,5298
	-0,5
	0,62863
	-1,2

	UMa, Type I CB Pattern: 4-4
	2,5177
	-1
	0,61945
	-2,7
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