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1	Introduction
[bookmark: _Ref178064866]In RAN1#95, the following agreements where reached regarding Type II CSI enhancements:
Agreement 
On the issue of Type II overhead reduction (rank 1, 2), to further progress, interested companies are to submit evaluation results (especially performance-overhead tradeoff) in RAN1#95 once the evaluation methodology is finalized in RAN1#94B.
· Focus on proposals based on linear combination codebook as in Rel-15
· Also investigate potential common ground between frequency domain and time domain approaches, e.g. merging these two into one category

Agreement
The study and, if needed, work on Type II higher rank extension is performed as follows:
· Only for rank 3 and 4 by taking into account the outcome of Type II overhead reduction for rank 1-2
· Simple extension of Rel.15 Type II without any additional optimization (which results in ~3-4x overhead over rank-1) is ruled out

In this contribution, we discuss Type II overhead reduction mechanisms and present a proposal for an enhanced codebook.

2	On importance of subband size and evaluation bandwidth
System-level evaluations for codebook design have been performed in RAN1 for a long time and indeed both the NR Rel-15 Type II codebook as well as the LTE Rel-14 Advanced CSI codebooks were determined following extensive simulation campaigns where the resulting system-level MU-MIMO performance of different codebook candidates was evaluated. However, most of these evaluations did not consider the relatively large bandwidths featured in NR with up to 100MHz, but instead focused on the LTE-like smaller BW allocations of 10-20 MHz. This can skew the results quite a bit, since the overhead/performance trade-off can be substantially different depending on the system bandwidth. 
Particularly, the Type II CSI feedback performance and overhead is sensitive to the subband size. It is common knowledge that the optimal Type II CSI beam coefficients can vary quite rapidly over frequency, and hence the more averaging that is performed (i.e. the larger the subband size), the more reduction in MU-MIMO performance can be expected. Bear in mind that operation with Type II CSI is typically compared against reciprocity-based operation where subcarrier-level CSI can be obtained via SRS sounding. For a 10 MHz BW using 15kHz SCS, which is a typical LTE configuration, NR features eithers 7 subbands á 1.44 MHz or 13 subbands á 720 kHz. However, for 100 MHz BW using 30kHz SCS, a typical NR configuration, NR features either 9 subbands á 11.52 MHz (!) or 18 subband á 5,76 MHz.
[bookmark: _Toc528944810]For 100 MHz NR carrier, the subband bandwidth is either 5,76 MHz (16 PRBs) or 11.52 MHz (32 PRBs)
Such large subband sizes could result in rather poor CSI quality. 
While it is acknowledged that higher simulation bandwidth may result in more complex and time-consuming evaluations, we believe that it is necessary to evaluate the Type II CSI at representative NR bandwidths, and not only the typical LTE bandwidths. This was also acknowledged by RAN1 in [2], where it was agreed that larger system bandwidths than 10MHz can be evaluated and/or emulated (by for instance considering subband sizes corresponding to 100MHz BW even though a smaller bandwidth is evaluated for complexity reasons). As a reasonable compromise to consider both simulation complexity and accuracy, we propose that 40 MHz BW can be evaluated, but using the subband size corresponding to 100MHz BW.
3	Subband-based vs. frequency parametrization-based CSI feedback
In both LTE and NR, CSI feedback can be either wideband, where one CSI is reported for the entire channel bandwidth, or frequency-selective, where one CSI is reported for each subband, which is defined as a number of contiguous resource blocks ranging between 4-32 PRBS depending on the BWP size. A UE calculating CSI for a certain subband would typically average the CSI-RS channel estimates of the PRBs within the subband to create a subband-averaged channel estimate and determine the subband PMI and CQI based on this averaged channel. By doing this averaging, channel information is lost.
[bookmark: _Toc528944811]In legacy subband-based CSI reporting mechanism, even though the UE can observe the channel state on an RB-level granularity, it can only convey the CSI on a subband-level granularity, 
While such a subband-based approach might have been preferable in legacy systems characterized by small bandwidths and low CSI resolution, it is not certain that it is suitable for Type II CSI in larger bandwidths, for instance due to the following observation.
[bookmark: _Toc528944812]Since different beam basis vectors may correspond to channel multi-path components with different delays, the relative phase between beam phase coefficients may change rapidly over frequency. If beam phase coefficients are averaged over large subbands, the phase change is averaged out and poor CSI resolution is attained.
It is thus possible to achieve higher CSI resolution if the precoder coefficients for the resource blocks are jointly compressed and quantized, that is, how the precoder coefficients change over the resource blocks is parametrized using a smaller set of coefficients. If the number of coefficients required to sufficiently reflect the precoder change over frequency is smaller than the number of subbands, then an overhead reduction is also achieved. Thus, frequency-parametrization based approach has potential to both reduce overhead and improve CSI accuracy.
[bookmark: _Toc528944813]Frequency-parametrization based coefficient quantization can achieve RB-level CSI granularity 
An illustration of the difference between subband-based CSI feedback and frequency-parametrization based CSI feedback is given in Figure 1 below. 
[image: ]
[bookmark: _Ref525827569]Figure 1: Illustration of difference between subband-based and frequency-parametrization based feedback

[bookmark: _Toc528944804]Consider frequency-parametrization based feedback as a candidate scheme for Type II overhead reduction
With a frequency-parametrization based approach, the precoder feedback from the UE could indicate a preferred precoder to use per PRB. However, the gNB may be constrained by the PRG size to apply the precoding of PDSCH with a coarser granularity than one PRB (if the PRG size is set to 2 or 4 PRBs). Hence, in this case, it may be unnecessary for the UE to feed back PMI corresponding to PRB granularity. Although PMI overhead does not scale linearly with the precoder granularity anymore, there is still an, albeit modest, overhead increase due to that the index space of the basis selection is larger. Thus, it can be studied if PRG granularity for PMI feedback can be used instead of PRB granularity.
[bookmark: _Toc528944814]PMI granularity smaller than the PRG size may be unnecessary
Essentially, the PRB/PRG granularity for PMI could be realized in specification by introducing smaller subband size. However, this would also imply that CQI would be reported for the smaller subband size (if subband CQI is configured). Since subband CQI is used only to aid frequency-selective scheudling, it is not crucial to have very fine granular subband CQI reported (the MCS of the scheduled PDSCH is after all wideband, and if the UE is scheduled on subset of subbands the gNB would apply subband CQI remapping algorithm to determine the proper wideband MCS). Furthermore, the subband CQI overhead will scale linearly with the number of subbands (which the “subband PMI” will not if frequency-parametrization approach is used). Thus, directly introducing a smaller subband size will not be feasible.
One option, of how to implement PRB/PRG granularity for PMI in the specification is to introduce independent subband size for PMI and CQI respectively. For instance, the subband size for CQI can re-use the Rel-15 subband size, while the subband size for PMI can be smaller, such as 1,2 or 4 PRBs. It can be further studied if a fixed value, e.g. 2 PRBs can be used, or it the value needs to be configurable.
[bookmark: _Toc528944805]For Rel-16 e-Type II CSI, consider introducing separate subband size for PMI and CQI, where the subband size for PMI could correspond to {1,2,4} PRBs. FFS if this needs to be configurable or if a fixed value can be used.
With separate subband size for PMI and CQI, a certain subband CQI would be calculated conditioned on multiple precoders, each corresponding to a different part of the CQI-subband. It can be noted that such calculation is already supported for both LTE and NR, as one can configure subband PMI report with wideband CQI, and hence no further update to the CQI calculation procedure is needed. 
[bookmark: _Toc528944815]NR and LTE already supports different granularities for PMI and CQI calculation, since wideband CQI can be configured with subband PMI
4	Generic description for Type II enhancements based on frequency-parametrization
For the NR Type II codebook in Rel-15, the precoding vector for each layer and subband is expressed in 38.214 as:


If we restructure the above formula and express it a bit simpler, we can form the precoder vector for a certain layer , polarization  and resource block  as

Where  and  is the subband size. Hence, the change in a beam coefficient across frequency  is determined based on the  parameters  and . Where the subband amplitude parameter  is quantized using 0-1 bit and the subband phase parameter  is quantized using 2-3 bits, depending on codebook configuration. Hence, we observe:
[bookmark: _Toc528944816]Rel-15 subband based Type II CSI feedback is a special case of frequency-parametrization
For Type II overhead reductions in Rel-16, we can consider more general ways to parametrize the beam coefficients over frequency to achieve an appropriate performance vs. overhead trade-off. However, the basic structure of the precoder can be the same as described above, we just need to update the expression for . More generally, we can describe  with a function  that is based on the parameters , where these  parameters in turn are represented using a number of bits which can be fed back as part of the CSI report.
The above formulation is, as said, very generic. To become more specific, we will here consider one special case of particular interest, namely the linear transformation case. In this case, the function can be expressed using a transformation matrix , i.e. consisting of  number of  sized basis vectors along with a coefficient vector . The H parameters can, for instance be split up into a parameter  , selecting the  basis vectors from a set of basis vector candidates, and the coefficients . That is, some index parameter   determines the basis matrix , for instance by selecting columns from a wider matrix or by some other arbitrary way. The beam coefficients may then be expressed as 

That is, if we form a vector with all the beam coefficients (for a beam) , we can express that vector as a linear transformation , which is quite neat. In fact, we can express the entire precoder using matrix formulation, which is good for illustrative purposes. The beam coefficients for all the beams i and resource blocks k can be stacked into a matrix  which then can be expressed as . As is well known, we can also express the linear combination of beam basis vectors and beam coefficients as a matrix product. This implies that the precoders (for all resource block) for a certain layer can be expressed as a matrix product . That is, we apply from the left a spatial linear transformation (from antenna domain to beam domain) by multiplication of  and from the right a frequency linear transformation by multiplication of . The precoders are then expressed more sparsely using a smaller coefficient matrix  in this transformed domain. This matrix representation is illustrated in Figure 2.
 [image: ]

[bookmark: _Ref525840635]Figure 2: Illustration of matrix representation of linear frequency domain parametrization
[bookmark: _Toc528944817]A space-frequency matrix representation is one possible way to visualize frequency-parametrization based on linear transformation
However, we note that while such a matrix representation is good for illustrative purposes and to facilitate understanding, the precoders will not likely be captured that way in specification.
If we instead express the matrix expression as a sum, we end up with something more tangible. In fact, we can even generalize the expression to let the frequency-domain basis vector depends on the beam index :

[bookmark: _Toc528944806]Consider the above formulation as a generic structure for enhanced Type II codebook
5	Detailed Type II overhead reduction proposal
Given the generic precoder formulation in the previous section, we can consider multiple study points:
1. Spatial domain basis:
a. What is the structure of  ?
2. Frequency-domain basis:
a. What is the structure of?
b. What is the dimension of  vectors?
c. How are   selected and reported?
3. Coefficient quantization and reporting:
a. How is  quantized and reported?

Regarding 1a, the most straightforward approach is to consider the same 2D-DFT basis with 4x4 oversampling as in Rel-15 Type II codebook.
[bookmark: _Toc528944807]Re-use spatial-domain compression structure from Rel-15 Type II, with L orthogonal DFT beam selected from rotated 2D-DFT basis
With respect to the frequency-domain basis, our proposal is to use a DFT basis. The dimension of the frequency-domain basis vectors can generally be set to  vectors, where  is a subband size for PMI.
[bookmark: _Toc528944808]For frequency-domain basis, consider a DFT basis consisting of size- basis vectors, where is the subband size for PMI
Regarding selection of the frequency-domain basis vectors, we can consider two main approaches:
· Alt 1: Common basis for all beams
· 
· Alt 2: Independent basis for each beam
· 
With Alt 1, the overhead for basis selection is reduced, however the basis may not be well-matched to each beam and many basis vectors may be redundant for a certain beam, implying that more basis vectors need to be included. For independent basis in Alt 2, the basis selection for each beam is optimized, however an indication of the basis for each beam needs to be done, which increases the overhead. It is thus not obvious which alternative is preferable.
Regarding coefficient quantization and reporting, a baseline assumption can be to use simple quantization with 3bits for each of phase and amplitude, but this can also be studied further.
[bookmark: _Toc528944809]Study further methods for selection of the frequency-domain basis vectors and quantization and reporting of the coefficients

5	Evaluation results
To measure the performance of the proposed Type II CSI enhancements based on frequency parametrization, we have performed evaluations, where Rel-15 Type II CSI using L=4 beams, WB amplitude and 8-PSK cophasing per subband, is compared against a frequency-parametrization approach based on the linear transformation. The subband size used is the smaller one for the respective bandwidth.
For the proposed enhancement, L=4 beams are used as well but the beam coefficients are parametrized over frequency using M={1,2,3,4} basis vectors.  The linear combining coefficients are quantized using three bits each for phase and amplitude.
The following parameters are compared:
· Subband size for PMI:
·  = {1, value1, value2}, where value1 and value2 corresponds to the legacy subband sizes for the respective BW
· Frequency-domain basis selection:
· Common basis (Alt 1) vs. Independent basis (Alt 2)
· M={1,2,3,4} basis vectors

Two bandwidths are considered for evaluation, 100 MHz BW using 30kHz SCS and 10MHz BW using 15kHz SCS. The respective results are presented in Figures 3 and 4 below where the relative cell edge performance (compared to the Rel-15 Type II baseline) is plotted against the resulting rank-1 overhead. Preliminary evaluation results are presented in the figures below, where the performance metric is 5th percentile rank-1 precoding SNR.
An immediate observation is that the ordering of the curves for the two evaluated bandwidths are roughly the same, however the difference in performance between 1 PRB PMI subband size and the legacy subband size is substantially increased for the higher BW scenario, due to that the subband size is larger. We further observed that setting the PMI subband size to 1 PRB can simultaneously improve performance and reduce overhead compared to the Rel-15 baseline. In contrast, if the PMI subband size is set to the legacy subband size, the performance is capped by the Rel-15 performance. The overhead can still be reduce though, but not as much as for when the PMI subband size is one PRB, which has superior performance/overhead tradeoff. 
We further observe that the performance/overhead tradeoff for independent and common basis is roughly the same, expect for the degenerate case when M=1 basis component are used with the common basis. For instance, M=4 with common basis has about the same performance and overhead as M=2 with the independent basis. This implies that only about two out of the 4 basis vectors are used per beam in the common basis case, and that many of the linear combination coefficients in this case have low amplitude and do not impact much to the precoder. One can thus consider using some kind of hybrid approach between independent and common basis selection.
 PRB can simultaneously improve performance and reduce overhead, while for equal to the legacy subband size, performance is capped by Rel-15 performance
 equal to legacy subband size has worse performance/overhead tradeoff than  PRB
[bookmark: _Toc528944820]Similar performance/overhead tradeoff for common and independent basis

[image: ]
Figure 3: Performance vs. overhead tradeoff for proposed Type II overhead reduction scheme for 100MHz BW

[image: ]
Figure 4: Performance vs. overhead tradeoff for proposed Type II overhead reduction scheme for 10MHz BW

Conclusion
In the previous sections we made the following observations: 
Observation 1	For 100 MHz NR carrier, the subband bandwidth is either 5,76 MHz (16 PRBs) or 11.52 MHz (32 PRBs)
Observation 2	In legacy subband-based CSI reporting mechanism, even though the UE can observe the channel state on an RB-level granularity, it can only convey the CSI on a subband-level granularity,
Observation 3	Since different beam basis vectors may correspond to channel multi-path components with different delays, the relative phase between beam phase coefficients may change rapidly over frequency. If beam phase coefficients are averaged over large subbands, the phase change is averaged out and poor CSI resolution is attained.
Observation 4	Frequency-parametrization based coefficient quantization can achieve RB-level CSI granularity
Observation 5	PMI granularity smaller than the PRG size may be unnecessary
Observation 6	NR and LTE already supports different granularities for PMI and CQI calculation, since wideband CQI can be configured with subband PMI
Observation 7	Rel-15 subband based Type II CSI feedback is a special case of frequency-parametrization
Observation 8	A space-frequency matrix representation is one possible way to visualize frequency-parametrization based on linear transformation
Observation 9	 PRB can simultaneously improve performance and reduce overhead, while for equal to the legacy subband size, performance is capped by Rel-15 performance
Observation 10	 equal to legacy subband size has worse performance/overhead tradeoff than  PRB
Observation 11	Similar performance/overhead tradeoff for common and independent basis


Based on the discussion in the previous sections we propose the following:
Proposal 1	Consider frequency-parametrization based feedback as a candidate scheme for Type II overhead reduction
Proposal 2	For Rel-16 e-Type II CSI, consider introducing separate subband size for PMI and CQI, where the subband size for PMI could correspond to {1,2,4} PRBs. FFS if this needs to be configurable or if a fixed value can be used.
Proposal 3	Consider the above formulation as a generic structure for enhanced Type II codebook
Proposal 4	Re-use spatial-domain compression structure from Rel-15 Type II, with L orthogonal DFT beam selected from rotated 2D-DFT basis
Proposal 5	For frequency-domain basis, consider a DFT basis consisting of size- basis vectors, where is the subband size for PMI
Proposal 6	Study further methods for selection of the frequency-domain basis vectors and quantization and reporting of the coefficients
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Appendix
Table 1: SLS assumptions for CSI enhancement 
	Parameter
	Value

	Duplex, Waveform 
	FDD, OFDM 

	Scenario
	Dense Urban (Macro only) 

	Carrier frequency
	4GHz

	Inter-site distance
	200m 

	Channel model
	According to the TR 38.901 

	Antenna setup and port layouts at gNB
	32 ports: (8,8,2,1,1,2,8), (dH,dV) = (0.5, 0.8)λ 


	Antenna setup and port layouts at UE
	2RX: (1,1,2,1,1,1,1), (dH,dV) = (0.5, 0.5)λ for (rank 1,2) 

	BS Tx power 
	41 dBm

	BS antenna height 
	25m 

	UE antenna height & gain
	Follow TR36.873 

	UE receiver noise figure
	9dB

	Modulation 
	Up to 256QAM 

	Coding on PDSCH 
	LDPC
Max code-block size=8448bit 

	Simulation bandwidth 
	Case 1: 40MHz with 30kHz SCS (with subband sizes emulating 100MHz BW)
Case 2: 10 MHz with 15kHz SCS

	Frame structure 
	Slot Format 0 (all downlink) for all slots

	MIMO scheme
	SU/MU-MIMO with rank adaptation

	MIMO layers
	Maxmimum 8 layers

	CSI feedback 
	· CSI feedback periodicity (full CSI feedback) :  5 ms, 
· Scheduling delay (from CSI feedback to time to apply in scheduling) :  4 ms

	Overhead 
	Up to 2 port DMRS (pseudo-orthogonal DMRS ports used)
CSI-RS overhead included
TRS overhead included 

	Traffic model
	FTP model 1 with packet size 0.5 Mbytes


	Traffic load (Resource utilization)
	· 50/70 % for CSI overhead reduction

	UE distribution
	- 80% indoor (3km/h), 20% outdoor (30km/h) 

	UE receiver
	MMSE-IRC as the baseline receiver

	Feedback assumption
	Realistic

	Channel estimation
	Realistic
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