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Introduction
Design alternatives for Type I CSI feedback using a single panel were agreed in the January RAN1 NR adhoc:
Agreements:
· For Type I for single panel case with two-stage, i.e. W1W2, codebook-based PMI feedback, 
· Bi in W1 consists of a set of L DFT beams 
· For all ranks: FFS value(s) of L 
· FFS: Orthogonal or non-orthogonal beams
· Select from following alternatives:
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        Alt4: , B as Alt 3
· Other alternatives are not precluded
· Note: the above matrices are constructed with 2D DFT precoders
· W2 is constructed, by down-selecting from following alternatives: 
· Alt 1: co-phasing only; beam selected wideband (in W1). 
· Alt 2: basis combination coefficient based on L basis based W1
· Alt 3: beam selection and co-phasing from L-beam based W1
· Alt 4: LTE-Class-B-type-like CSI feedback (e.g. based on port selection/combination codebook) (NOTE: W1 and W2 are derived from different set of CSI-RS resources)
· Other alternatives are not precluded
This contribution addresses the design alternatives, addressing their performance, CSI reporting overhead, relative complexity, and use cases. The requirements for Type I CSI feedback contrasted with those of Type II CSI feedback, and the shortcomings of Rel-13 LTE CSI in light of these requirements are discussed.  This leads to a proposal supporting both open loop and semi-open loop operation.  Note that this contribution addresses single panel configurations; extension to the multi-panel case is discussed in [1].
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Type I and II design goals
In order to make use of Type I and II feedback definitions, it is first useful to discuss the motivations for defining these two types.  SU-MIMO does not require extremely high resolution CSI feedback, as can be seen from the modest gains of the subband beam selection in Configs 2-4 over Config 1 in the Rel-13 Class A codebooks [2], and discussed in more detail below.  This is because SU-MIMO principally relies on the UE to suppress inter-layer interference.  
NR will have a very wide variety of UE types and capabilities, from certain MTC devices that are very sensitive to complexity and power consumption, to high performance eMBB devices targeting very large user throughputs.  This also motivates the differentiation between Type I and II.
On the other hand, high resolution CSI feedback is quite beneficial for MU-MIMO operation, as can be seen from the Rel-14 advanced CSI studies [3].  Since MU-MIMO uses multiple antennas at eNB to spatially suppress interference to different UEs, this higher resolution CSI feedback enables more precise nullforming at eNB, thereby substantially improving MU-MIMO performance.  Furthermore, such high resolution feedback needs to be frequency selective in order to provide the best performance [4].  In order to avoid very high overhead from this frequency selective feedback, long term channel properties can be used.  A high resolution version of the W1/W2 framework used in Rel-10 through Rel-13 is well suited to this task, wherein wideband reduced space channel approximation / parameterizations are combined using multiple non-zero amplitude combining weights.  This approach has been adopted for LTE Rel-14 advanced CSI, and is described in detail in [5].
Observations:
Type I CSI feedback should: 
· Be optimized for SU-MIMO operation.
· Require low overhead 
· Be usable for devices requiring simpler CSI computation
Type II CSI feedback should: 
· Be optimized for MU-MIMO operation
· Require more overhead, but efficiently represent the channel
· Wideband, long term channel knowledge should be used to reduce overhead
· Provide accurate subband approximations of the channel
Type I design alternatives
The alternatives for W1 identified in the January RAN1 NR adhoc fall into 3 categories: 
1. W1 with ‘Hadamard’ construction (Alts. 1 and 2)
In these alternatives, the number of beams in W1 is doubled, and the polarizations within a first set of beams is combined with 0° phase, while the second set is combined at 180° phase.  This wideband cophasing and expanded size of W1 has the potential to provide more degrees of freedom in the beam selection and cophasing.  However, at least one extra bit is required in W2 for beam selection due to the doubling of the number of beams.  Furthermore, fading across polarizations tends to be frequency selective, and so the use of wideband cophasing may have limited benefit in addition to subband cophasing.

In order to quantify the potential benefit of wideband cophasing, simulation results of this approach are provided in the Appendix (Section 5.1).  The results show essentially the same performance of wideband cophasing and Rel-13 style cophasing.

2. Rel-13 style construction (Alt. 3)
Here, there is no wideband beam cophasing, nor the corresponding expansion of the number of beams as compared to alternatives 1. and 2.

3. Beam splitting / antenna grouping (Alt. 4)
This approach splits W1 into 4 block diagonal elements from the 2 used in Alt. 3 (and in Rel-13).  This may improve performance as compared to Alt.3 if beams are more decorrelated, perhaps in larger arrays or with high angle spread in sufficiently large arrays.  

Since the precoder is calculated using , this doubling of the number of columns of W1 doubles the number of rows W2.  Since W2 is reported per subband, the overhead for W2 could double, and the computational complexity grow substantially, unless there is some constraint such that certain portions of W2 are combined wideband.  

This beam splitting design and its use case are quite similar to the multi-panel use case, where beams may be cophased across panels. Essentially, a multi-panel codebook design is applied on a single panel with this alternative.  In [1], we found that, for the multi-panel case, a codebook assuming  spatially separated panels with wideband cophasing of beams across panels was sufficient to provide notable gains over a single panel codebook design with the same number of antenna ports  On the other hand, subband cophasing of all beams would approximately double PMI overhead, as discussed above.  Such a doubling of overhead would then be about the same amount of overhead as required for Type II CSI, and therefore such a multibeam design should be considered in the context of Type II.
The alternatives for W2 can be classified according to their similarity to LTE Rel-13 and 14.  Alternatives 1 and 3 correspond to Config 1 and to Configs 2-4, respectively.  The use of subband beam selection is the primary differentiator between Alts. 1 and 3, and is discussed further in section 2.3 below.  Alternative 2 allows a basis of multiple beams to be linearly combined by W2, which is what is done in advanced CSI in LTE Rel-14, and is also proposed for Type II CSI in NR.  As such, it requires L times larger W2, and this high resolution CSI is clearly makes this a Type II scheme rather than a Type I scheme.  Alternative 4 can be thought of as a ‘beam space’ version of alternative 3, where beamformed CSI-RS ports are selected by a codebook in each subband.  Given that alternatives 3 and 4 essentially solve the same problem, we see no need for both of them.  Furthermore, given the equivalence of alternatives 3 and 4, the need for subband port or beam selection may be questioned (again as discussed in section 2.3).
Observations:
· W1 Alts. 1 and 2 (W1 with ‘Hadamard’ construction) 
· Strives to increase performance with wideband cophasing
· Increases the size of W1, which likely increases subband reporting overhead.
· W1 Alt. 3 (‘Rel-13 style’ W1) 
· Uses only wideband beam selection to minimize overhead and CSI complexity
· W1 Alt. 4 (‘Beam splitting’) 
· Attempts to exploit decorrelated beams to improve performance
· Could double CSI reporting overhead if subband cophasing is used
· Should be designed for multi-panel operation
· W2 Alts 1 and 2. (wideband and subband beam selection)
· Are based on Rel-13 Config designs 
· W2 Alt 3. (basis combining)
· Is a Type II designs, rather than Type I
· Has very high overhead that is expected to be the same as for Type II
· Has much higher computational complexity, since beam combining computations are required per subband.
· W2 Alt 4. (‘Rel-13 style K=1 port selection codebook’)
· Solves the same problem as beam selection in W2 Alt 2 by using port selection
· Should have similar performance to Alt. 2 (as well as Alt. 1)
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Given that it uses wideband beam selection, the Rel-13/14 Config 1 codebook is a good starting point for NR Type 1 CSI feedback.  As has been observed during Rel-13 discussions, Config 1 to 4 generally provide similar system performance.  Table 1 below shows representative performance comparison of Configs 1-4 with two 32 port layouts under 3D UMi.  More details of the simulation assumptions can be found in the Appendix.  It can be seen that Configs 1-4 have equivalent UE throughputs in most of the cases. 
[bookmark: _Ref473971055]Table 1: UE throughputs with different codebook configs and port layouts under 3D UMi 
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	0%
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	0%
	1%
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	Mean user throughput
	0%
	-1%
	-1%
	-3%
	0%
	-2%
	-4%
	-4%

	Cell-edge user throughput
	0%
	-10%
	-8%
	-11%
	0%
	-4%
	-4%
	-7%



Config 1 in LTE requires 2, 2, 1, and 0 bits per subband for PMI+CQI feedback with 1, 2, 3, and 4 layers, respectively.  Therefore, with 13 subbands in 20 MHz, 26, 26, 13, and 0 bits are required for all subbands.  By contrast, Configs 2-4 require 4, 4, 4, and 3 bits per subband for 1-4 layers, and therefore 52, 52, 52, and 39 bits per layer.  Therefore the overhead for Configs 2-4 is 2x-4x higher than Config 1 for ranks 1-3, and requires 39 PMI bits per report with rank 4, whereas Config 1 requires none. 

The overhead of a Type II CSI report with 2 beams and QPSK cophasing can be 6 and 12 bits per subband [6] for rank 1 and 2 reporting.  While this is substantially more than the 4 bits per subband needed for beam selection, the mean throughput gains are around 10% and 15% over Config 2, respectively, in contrast with the 1-4% mean and 4-11% cell edge gains of Configs 2-4 over Config 1.  Therefore, the extra 2 bits and 8 bits per subband are rather more justified in Type II than for the extra 2-3 bits for Configs 2-4 in Type I.

Observations:
· Subband beam selection provides small gains only at very high loads.
· Subband beam selection based on Rel-13 requires 2x-4x more PMI overhead for ranks 1-3 than designs without beam selection
· Higher overhead subband reporting is beneficial in Type II, in contrast to Type I
· Type II CSI feedback can require as few 2 or 6 extra bits per subband compared to Rel-13 subband beam selection, but can provide significant throughput gains.

Proposal:
· Subband cophasing is supported for Type I CSI, but subband beam selection is not.
· Beams in W1 are selected only in wideband fashion
· W2 has at most one cophasing coefficient per subband per layer
· Subband reporting for multiple beams is supported in Type II instead of Type I

Changes in Type I CSI vs. LTE Rel-13/14
Type I CSI may be slightly extended or improved in a couple of areas:
1. Additional (N1,N2) combinations are needed to {2,4,8,12,16,24,32,[64]} ports in NR.
a. 2 ports can be supported by using Config 1’s W2, without defining a W1
b. For >2 ports, Config 1 can be straightforwardly extended to support all (N1,1) and (N1,N2>1) combinations for 2*N1*N2=P ports
i. New (N1,N2) values = {(1,1),(2,1),(4,1),(6,1),[(32,1)],[(16,2)],[(8,4)],[(4,8)],[(2,16)]} are needed
ii. For rank r>2, adjacent orthogonal beams along i1and/or i2 are used
2. Rank 2 cophasing can be optimized
a. Config 1 uses QPSK cophasing, which does not provide better performance than BPSK

Proposals:
· Type I CSI feedback uses Rel-14 eFD-MIMO Config 1, except:
· All (N1,1) and (N1,N2>1) combinations are supported for P=2*N1*N2 CSI-RS port codebook
· Ranks {1,2,3,4,5-8} have {2,1,1,1,0} bit cophasing for single panel case
· W1 is not defined for a 2 port CSI-RS codebook
If semi-open loop operation is specified for use with PDSCH, then cophasing is not needed.  For rank 1 operation with SFBC, a single non-linear precoder is used instead of linear cophasing, and it is not actually possible to compute the cophasing.  For rank 2 or higher, if a single codeword is used as proposed in [7], it is possible to compute a wideband value for cophasing, or to use codebook subset restriction to limit the cophasing to a fixed value.  Single codeword operation can then be seen as a middle ground between pure open loop and closed loop operation, since it obtains diversity for a codeword across MIMO layers, while still achieving some array gain from precoding.  Assuming that wideband precoding uses only one bit, and since codebook subset restriction can be used to fix the assumed precoder when the CSI is excessively stale (e.g. when UE velocity is too high) for even wideband CSI to track the channel, there seems to be no need to redefine Config 1 W2 for rank > 2.  Consequently, the only change needed to support (semi-)open loop operation is to make W2 undefined when reporting CSI for SFBC.

Observations:
· It is not possible to compute cophasing for SFBC
· Single codeword operation provides both diversity and precoding gain
· Codebook subset restriction can be used to fix the assumed W2 when CSI is excessively stale

Proposal:
· If SFBC is specified, W2 is not defined when reporting CSI for SFBC
Conclusions
In this contribution we have considered the characteristics of Type I in contrast with Type II CSI feedback, making the following observations:
· Type I CSI feedback should: 
· Be optimized for SU-MIMO operation.
· Require little overhead 
· Be usable for devices requiring simpler CSI computation
· Type II CSI feedback should: 
· Be optimized for MU-MIMO operation
· Require more overhead, but efficiently represent the channel
· Wideband, long term channel knowledge should be used to reduce overhead
· Provide accurate subband approximations of the channel
· Wideband beam selection with subband cophasing (W1 Alt. 3 + W2 Alt. 1) has good performance with low CSI overhead
· Wideband cophasing (as in W1 Alternatives 1 and 2) does not appear to provide gain but will likely increase CSI overhead.
· Subband beam or port selection (as in W2 alternatives 2 or 4) does not provide gain commensurate with their increased overhead.
· Subband basis combining (W2 alt 3) is a Type II, not a Type I design
· It has up to L times more CSI overhead than other Type I designs
· It has very high computational complexity compared to Type I
Given its low overhead, SU-MIMO targeted operation, we found that a design using W1 alternative 3 and W2 alternative 1 (that is, a Rel-13 Config 1 based design) is a good starting point for NR Type I CSI.  However, Config 1 has some limitations, and needs to be extended to more port layouts, optimized slightly for rank 2 cophasing, and tweaked for compatibility in case SFBC is defined for PDSCH.  We therefore propose:

Proposals:
· Type I CSI feedback for single panel operation is based on Rel-14 eFD-MIMO Config 1
· Ie, W1 alternative 3 and W2 alternative 1
· Type I CSI is slightly enhanced over Rel-13 config 1:
· All (N1,1) and (N1,N2>1) combinations are supported for P=2*N1*N2 CSI-RS port codebook
· Ranks {1,2,3,4,5-8} have {2,1,1,1,0} bit cophasing for single panel case
· W1 is not defined for a 2 port CSI-RS codebook
· If SFBC is specified, W2 is not defined when reporting CSI for SFBC 
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Appendix

	Simulation parameters

	Carrier frequency
	2 GHz 

	Bandwidth
	10 MHz 

	Scenarios
	3D UMi 200m ISD

	Antenna Configurations
	32 ports:  4x8and 16x2 with 2x1 virtualization 
tilt for 3D-UMi: 130°


	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),

	Traffic model
	FTP Model 1, 500 kB packet size

	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
	LTE Rel-14 codebook 

	HARQ
	Max 5 retransmissions

	Antenna spacing
	0.8 lambda in vertical, 0.5 lambda in horizontal

	Handover margin
	3 dB
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The following alternatives for W1 structure for Type I CSI feedback were discussed in RAN1#88AH:
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Alternative 3 thus corresponds to a Rel-13 W1 design while alternatives 1 and 2 comprise a form of wideband cophasing
To assess if wideband co-phasing is needed, we perform simulations comparing:
· No wideband cophasing (W1 Alternative 3)
· Fixed wideband cophasing (W1 Alternative 1)
· Variable wideband co-phasing, where  (W1 Alternative 2)
All systems use a W2 with polarization cophasing and no subband beam selection. The results are presented in Figure 1 below. As seen, all simulated systems perform roughly equal. Hence, there is no need to change the basis design compared to LTE Rel-13 Class A codebook. 

	Scheme
	Cell edge gain [%]
	Normalized user throughput gain [%]

	32TX No wideband cophasing (W1 Alternative 3)

	0
	0

	32TX Fixed wideband cophasing (W1 Alternative 1)

	-2
	-4

	32TX 4 wideband co-phasing hypotheses 
	-2
	-3


[bookmark: _Ref473897035]Figure 1: Comparison of different wideband co-phasing schemes
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