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1	Introduction
In NR Rel-15 the feature of so-called Type II CSI feedback based on linear combination codebooks in order to provide the gNB with rich CSI to enable MU-MIMO precoding was introduced. It has been shown that NR Rel-15 Type II CSI codebook brings substantial system-level performance gains over both NR Type I CSI as well as the LTE Rel-14 Advanced CSI feedback. However, to attain these gains, a relatively large CSI feedback overhead is required. Due to this, overhead reductions for Type II was included in the scope for Rel-16 MIMO [1]:
· Enhancements on MU-MIMO support:
· Specify overhead reduction, based on Type II CSI feedback, taking into account the tradeoff between performance and overhead 
· Perform study and, if needed, specify extension of Type II CSI feedback to rank >2  
Additionally, the Rel-16 MIMO WID contains an objective on extending the support of Type II CSI to higher ranks. In this paper, we give our high-level views on what enhancements are needed in these two areas.
[bookmark: _Ref178064866]2	Overhead reduction for Type II CSI
2.1	Scenarios and evaluation methodology
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: _Toc525927835]For 100 MHz NR carrier, the subband bandwidth is either 5,76 MHz (16 PRBs) or 11.52 MHz (32 PRBs)
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. Not only does the large bandwidth scenario define the case with the highest CSI overhead, which should make it the primary scenario for overhead reductions, it is also the scenario which is most challenging for Type II and where the gap to ideal CSI is the largest, due to the large subband size. Therefore, optimizing the performance vs. overhead trade-off especially in this scenario should be the main focus of the Type II work in our view.
[bookmark: _Toc525927842]Consider 100 MHz carrier bandwidth with 30kHz SCS as the target scenario for Type II enhancement evaluations
Other proposed simulation assumptions are captured in Table 1.
[bookmark: _Toc525927843]Adopt the simulation assumptions in Table 1 for Type II CSI overhead reductions
Table 1: Simulation assumptions for Type II CSI overhead reduction enhancements
	Parameter
	Value

	Scenario
	UMi / Dense Urban (with macro layer only)

	Carrier frequency
	4 GHz

	Subcarrier spacing
	30 kHz

	Simulation bandwidth
	100 MHz 

	Cell layout
	Hexagonal grid, 19 Macro sites, 3-sectors per Macro site

	BS ISD
	200m

	BS Tx power
	44 dBm

	BS antenna configuration
	(M, N, P, Mg, Ng) = (8,4,2,1,1)
(0.8, 0.5) (V,H)-element spacing
32 ports: (2x1 subarray virtualization)
16 ports: (4x1 subarray virtualization)

	BS antenna height
	25m

	UE antenna configuration
	(M, N, P, Mg, Ng) = (1,1,2,1,1)

	UE receiver
	MMSE-IRC

	UE receiver noise figure
	9 dB

	Traffic model
	FTP Model 1 with 0.1 MB packet size
50% and 70% target baseline RU

	Channel estimation 
	CSI-RS channel estimation impairments modelled

	Transmission
	Dynamic SU/MU switching
Up to 12 MU layers
Transmission rank 1,2 per UE
SLNR precoding based on reported PMI  



2.2	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: _Toc525927836]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: _Toc525927837]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: _Toc525927838]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. 
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[bookmark: _Ref525827569]Figure 1: Illustration of difference between subband-based and frequency-parametrization based feedback

[bookmark: _Toc525927844]Consider frequency-parametrization based feedback as a candidate scheme for Type II overhead reduction
2.2	Proposed framework for Type II enhancements
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: _Toc525927839]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.
[bookmark: _Toc525927845]
· Adopt the following precoder structure for Rel-16 Type II overhead reductions:
· The precoder vector for a certain layer , polarization  and resource block  is expressed as 
· The beam coefficient  where  is a set of M parameters


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 M parameters can, for instance be split up into an 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: _Toc525927840]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.
2.3	Preliminary evaluation results
To gauge the performance of 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. For the proposed enhancement, L=4 beams are used as well but the beam coefficients are parametrized over frequency using K={1,2,4} basis vectors. The basis vector selection, per beam,  along with the coefficients are quantized and fed back as part of the CSI report. The evaluated scenario is according to the proposed evaluation assumptions using 32 antenna ports and 100MHz BW. The overhead of the different schemes is given in Figure 3. As can be seen, with K=1 basis vector, the overhead reduction is a whopping 70% compared to the baseline, while K=2 results in 50% overhead reduction. The performance is given in Figure 4, expressed as a C.D.F of the single layer precoding SNR (i.e. LLS). Even though, the proposed enhancement using K=1 achieves 70% overhead reduction compared to the baseline, the performance is on par. For the K=2 and K=4 case, the performance is substantially improved, even though the schemes use less overhead than the baseline.
[bookmark: _Toc525927841]The proposed Type II overhead scheme based on frequency-parametrization achieves both substantially reduced overhead and substantially improved performance. 
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[bookmark: _Ref525841243]Figure 3: Overhead in bits for the evaluated schemes
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[bookmark: _Ref525841366]Figure 4: Single layer precoding SNR
3	Higher rank codebooks
The Rel-16 MIMO WID has an objective to perform study and if needed specify extensions of Type II CSI to larger ranks than 2. If a simple extension of Rel-15 design is performed, with independent quantization for each layer, the overhead would be doubled for a rank-4 precoder compared to a rank-2 precoder, which does not seem feasible. However, given that overhead reductions are considered the combination of increased rank and overhead reduction could potentially result in a manageable overhead for a high rank Type II precoder. Hence, we believe that Type II extension to higher rank should be studied after the Type II overhead reduction has been completed, so that the two features can be evaluated jointly.
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[bookmark: _Toc525927846]Study Type II extension to higher rank after Type II overhead reduction design is finalized
	4/4	
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	Rel-15 subband based Type II CSI feedback is a special case of frequency-parametrization
Observation 6	A space-frequency matrix representation is one possible way to visualize frequency-parametrization based on linear transformation
Observation 7	The proposed Type II overhead scheme based on frequency-parametrization achieves both substantially reduced overhead and substantially improved performance.


Based on the discussion in the previous sections we propose the following:
Proposal 1	Consider 100 MHz carrier bandwidth with 30kHz SCS as the target scenario for Type II enhancement evaluations
Proposal 2	Adopt the simulation assumptions in Table 1 for Type II CSI overhead reductions
Proposal 3	Consider frequency-parametrization based feedback as a candidate scheme for Type II overhead reduction
Proposal 4
· Adopt the following precoder structure for Rel-16 Type II overhead reductions:
· The precoder vector for a certain layer , polarization  and resource block  is expressed as 
· The beam coefficient  where  is a set of M parameters

Proposal 5	Study Type II extension to higher rank after Type II overhead reduction design is finalized
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