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Introduction
In the RAN1#87 NR ad-hoc meeting in Spokane, a lengthy agreement was made regarding Type II CSI feedback, enumerating a plethora of different CSI feedback schemes for further study, and sorting them in different categories:
Agreements:
· The following two categories of Type II CSI are considered:
· Category 1: Precoder feedback
· Category 2: Covariance matrix feedback
· Category 3: Hybrid CSI feedback i.e. Type II CSI codebook can be used in conjunction with LTE-Class-B-type-like CSI feedback (e.g. based on port selection/combination codebook)
The Category 1 schemes are based on an extension of the LTE Rel-14 advanced CSI feedback. We briefly summarize our view of what the different proposals entail below in order to get an overview:
· Scheme 1-1: As LTE Rel-14, but with more beams (up to 6 or 8) and unconstrained beam selection, higher phase/amplitude quantization granularity and different frequency granularities of beam amplitude
· Scheme 1-2: As Scheme 1-1, but using a multi-panel structure
· Scheme 1-3: As Scheme 1-1, but using a fixed wideband beam cophasing resulting in circularly polarized basis vectors
· Scheme 1-4:  As Scheme 1-3, but using a several wideband cophasing hypotheses
· Scheme 1-5: As Scheme 1-1, but using matrix quantization of W2 instead of scalar quantization of the coefficients.
In this contribution, we discuss the above listed schemes as well as other remaining details for Category I Type II CSI feedback, while in our companion contribution [6], the remaining categories are discussed.
Background
In our view, the Type II CSI feedback for NR Phase I can use a linear combination framework based on orthogonal DFT basis using an implicit formulation, just as in LTE Rel-14, and further evolve into more sophisticated ways of compressing the CSI feedback in Phase II, if needed. We further note that LTE Rel-14 uses a very basic version of linear combination, and simple extensions to a larger size codebook can significantly improve the performance of an NR linear combination codebook relative to LTE.  Therefore, LTE Rel-14 linear combination based CSI feedback with a larger codebook size seems a good starting point for NR, and may be further enhanced in later phases of NR.  
In this paper, we develop an LTE Rel-14 based design for NR using linear combination CSI feedback.   
Type II CSI Codebook Design 
The Type II Codebook design for Category I consists of two components, basis selection and basis combination. As per the LTE Rel-14 design, the basis should be constructed from columns of a dual-polarized 2D-DFT matrix (assuming UPA structure of antenna ports) in order to correspond to different beam 2D directions. The precoder matrix should then be formed by linearly combining the basis vectors, weighting them together using different amplitude and phase weights. The Type II codebook can reuse the familiar dual-stage  structure where  is selected wideband while  is selected per subband. Basis/beam selection should be comprised in  while selection of beam phase weights should be done frequency-selectively in . In our view, beam amplitude weights could be configured to be in either of  or ,  depending on what trade-off between performance and overhead is desired.
Basis selection
To effectively express the W1 codebook, we first define a dual-polarized rotated 2D-DFT beam space transformation matrix  as 

where  is a size  DFT matrix, i.e. the elements of   are defined as  . The orthogonal 2D beams may thus be indexed by the orthogonal beam indices . Further,   is a size  rotation matrix, defined for . Multiplying  with  from the left creates a rotated DFT matrix with entries . Rotating the beam space basis has an effect similarly to oversampling a codebook, for example, if the channel is a pure LOS channel and the angle of the LOS ray if perfectly aligned with a constituent beam in the beam space, the channel matrix can be described by only one beam coefficient. However, if the angle of the LOS ray lies in between two beams in the beam space, two beam coefficients are required to express the channel, doubling the amount of overhead needed.
We assume that the rotation factors  are uniformly quantized, i.e. . . Then, a rotated beam is equivalent to an oversampled DFT beam with oversampling factors  and . An example is shown in Figure 1. 
Orthogonal DFT beams
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[bookmark: _Ref457138830]Figure 1: An example of rotated orthogonal beams expressed as oversampled DFT beams
The rationale for expressing the 2D beams by means of rotation indices  and orthogonal beam indices  instead of flat beam indices ,  is that feedback overhead can be saved since the rotation indices are the same for all selected beams. 
A selected beam matrix consists of columns from , where  beams are selected, as


where  denotes the selected beam indices 

 Thus, feedback of basis selection comprises signaling the following quantities:
· Beam space rotation indices 
· Selection of  beams: ,,…
Basis combination design
The selected beams in the basis should be linearly combined with phase and amplitude weighing to form the resulting precoder. The total precoder for rank 2 (as an example) can then be expressed as

where  

is the precoder weights for layer   for the antennas on polarization . The phase combining coefficients can take values from an N-PSK constellation, i.e.

but where  since only the relative phases between the beams for each layer matters. The amplitude coefficients  may for instance be linearly quantized in the dB domain.
As stated previously, and further motivated in Section 4, the amplitude coefficients should be able to be configured to either be selected on a subband or wideband basis. If wideband amplitude is used, the beam amplitude can be set to be the same for all layers and polarizations of a beam, and so  can be decomposed into to matrix factors comprising the amplitude and phases, respectively. The resulting precoder matrix may then be expressed as

Where the beam power  is included in the W1 matrix and where

where is a vector of phase combining coefficients for all beams for polarization  and layer .  
If, on the other hand, subband amplitude is used, a separate amplitude weight should be used for each polarization and layer of a beam. In that case, one cannot decompose  into separate matrices, instead

and 
In the following sections, we motivate the proposed design with evaluation results as well as discuss pros and cons of other design proposals.
Subband or wideband amplitude
The purpose of using a linear combination codebook instead of quantizing the eigenvectors directly is to achieve dimensionality reduction to lower the feedback overhead by utilizing that the channel is sparse in the DFT transform domain. A natural question is how many beams needs to be included in the precoder to achieve good performance. The more beams are included, the more dimensions of the channel are included, which increases performance, but also feedback overhead. Up to  beams have been discussed to be supported. Note that for 16TX,   beams consume the entire channel space and so no dimensionality reduction is achieved, while for 32TX,  beams consume half the channel space.
Another question is the frequency-granularity of beam amplitude reporting, similarly as the question to how many beams should be supported, wideband or subband amplitude is a trade-off between performance and overhead. 
To answer these question, we present evaluations results for the proposed Type II CSI codebook (as disclosed in the previous section) with  beams and either wideband or subband amplitude reporting. Both amplitude and phase coefficients are quantized with 3 bits. The simulations are performed in the 3GPP 3D UMi scenario using the FTP1 traffic model with 100kB packet size. The base stations are equipped with an 8x4 antenna, using either 32 or 16 antenna ports, and uses MU-MIMO with dynamic rank adaptation while the UE has 2RX antenna. Additional SLNR processing is applied on top of the reported precoders, but the rank selection follows the reported RI. Other assumptions are presented in the Appendix. The performance is measured using relative gains in mean and cell edge user throughput over Rel-13 codebook (i.e. Type 1 CSI feedback) at 70% resource utilization. As additional references, a system using the Rel-14 advanced CSI codebook as well as a system using explicit channel and interference feedback, the latter being an upper bound.
In Figure 2, simulation results are presented for 32 antenna ports. As seen, both wideband and subband amplitude can give substantial gains over both Rel-13 codebook and Rel-14 advanced CSI codebook. The more beams are included, the higher the performance, however, it starts to saturate at around 4 beams. To better analyse the performance of the different codebooks in relation to the associated feedback overhead, we plot the throughput gains as a function of the feedback overhead in Figure 3. The feedback overhead is calculated assuming 10 MHz bandwidth and rank-2 PMI reports. It is noted though, that the relative difference in overhead between subband and wideband amplitude will change if larger bandwidths are used. As is illustrated, subband amplitude of course performs better than wideband amplitude, as expected, but requires a larger overhead. Though, when comparing wideband and subband amplitude at the same level of overhead (but then using fewer beams for subband amplitude), subband amplitude performs better. Thus, wideband amplitude only needs to be supported for 2 and 3 beams as a low overhead / medium performance mode, while subband amplitude can be used as a high overhead / high performance mode. One can further note that the performance seems to saturate at  beams, going above that yields very little in terms of performance but costs a lot in additional feedback overhead.

 [image: ]
[bookmark: _Ref473899977]Figure 2: Performance of Type II CSI feedback in 32TX system
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[bookmark: _Ref473900748]Figure 3: Performance vs Overhead comparing Type II CSI feedback with wideband and subband amplitude in 32TX system
Observations:
· Subband amplitude performs better than wideband amplitude, but require larger feedback overhead
· Wideband amplitude can give substantial performance gains over LTE Rel-14 codebook, at much lower feedback overhead than subband amplitude
· Performance gains saturate when increasing the number of beams
· Up to 4 beams is sufficient for subband amplitude
· Up to 3 beams is sufficient for wideband amplitude
The corresponding simulation results for 16TX are presented in Figure 4 and Figure 5. Similar trends as for the 32TX system is observed. However, sufficient performance is achieved using only  beams in this case. One further observation is that the performance actually drops slightly when too many beams is included in the precoder. Since precoder determination is made based on noisy CSI-RS channel estimates, we will have a non-zero power (corresponding to the noise floor) in all beam directions even though the channel power may be close to zero in some beam directions. This means that, for the weaker beams, the channel lies below the noise floor and including those beams in the precoder means that the precoder is tuned towards the noise realizations rather than the channel and so transmission power is taken from strong channel directions and wasted in directions where the channel is close to zero. Thus, using too many beams can have a detrimental effect on system performance as not only are more UL resources consumed for feedback, but the DL performance can actually be decreased.
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[bookmark: _Ref473904753]Figure 4: Performance of Type II CSI feedback in 16TX system
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[bookmark: _Ref473904755]Figure 5: Performance vs Overhead comparing Type II CSI feedback with wideband and subband amplitude in 16TX system
Observations:
· Similar behavior for 16TX as for 32TX
· Performance saturates at around 3-4 beams
· Performance actually drops slightly when including too many beams
· Due to CSI-RS estimation error, weak channel directions lie below noise floor, including the corresponding beams in the precoder wastes power in weak channel directions
Based on the observations for 32 and 16 antenna ports, we make the following proposals:
Proposals:
· Both wideband and subband amplitude is supported for Type II CSI feedback
· The number of supported beams is 2, 3 and 4

Layer and polarization granularity of wideband amplitude
For subband amplitude reporting, we have previously shown that per layer and polarization granularity is needed for good performance (see [3]). When wideband amplitude is used though, this is likely not needed as the average beam power across the frequency band should be similar and instead, a single amplitude coefficient for each beam can be used. To verify this, we present evaluation results in Figure 6. As seen performance is not increased if a separate amplitude coefficient is used per beam, layer and polarization compared to if a single amplitude coefficient per beam is used.

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

	32TX Wideband Amplitude 
One coefficient per beam
	0
	0

	32TX Wideband Amplitude
One coefficient per beam, layer and polarization
	1
	-3


[bookmark: _Ref473892781]Figure 6: Performance of different layer and polarization granularity when using wideband amplitude reporting
Observation:
· No benefit of having per layer and polarization granularity of amplitude reporting when wideband amplitude is used
Proposal:
· Same amplitude coefficients are used on both polarizations and layers for wideband amplitude reporting, as in LTE Rel-14, while separate amplitude coefficients per layer and polarization is used for subband amplitude reporting
Constrained or unconstrained beam selection
In LTE Rel-14 advanced CSI codebook, W1 is constructed using unconstrained selection of two beam from the DFT basis, for  antenna ports. For  antenna ports however, a restriction on beam selection was made in order to keep down W1 overhead in order to better fit on legacy feedback channels. In our previous contribution to RAN1#87 [4], we showed that restricting the beam selection can have a significant performance impact compared to the very small reduction in feedback overhead that is achieved. That is, restricting the beam selection only saves a handful of bits in W1 overhead (which is wideband). But as the majority of feedback overhead for Type II reporting comes from W2, the handful of bits (or even just one bit) saved by restricting the beam selection in W1 is a negligible part of the total overhead. This is even more true in NR, where subband amplitude, up to 8 beams and larger bandwidths are considered. Further, Type II feedback in NR could only be supported for aperiodic CSI reporting, removing the need to constrain the design to fit the CSI feedback to fit on smaller payload channels. Thus, artificially limiting W1 by introducing constrained beam selection will result in a suboptimal design and should not be supported.
To evaluate the performance loss of constrained beam selection, we perform simulations with Type II codebook using 32TX and   beams, with both wideband and subband amplitude. In the unconstrained beam selection case, any of the 16 beams in the basis may be chosen. In the constrained beam selection case, a set of  beams are selected in a first step, as in the Rel-14 codebook for 32TX, where the set is given by a 4x2 rectangle with the leading beam in the bottom left corner (similar to the red beams in Figure 1). The  beams are then selected from the  beams in a second step.
The results are presented in Figure 7. For the simulated  beams case, constrained beam selection has a substantial negative performance impact compared to unconstrained beam selection, with around 10% loss in mean user throughput and even larger on cell edge. In fact, unconstrained beam selection with wideband amplitude performs similar as constrained beam selection with subband amplitude, and has a substantially lower feedback overhead. Thus, if the intent with constrained beam selection is to save feedback overhead, a much better option is to use unconstrained beam selection and wideband amplitude instead.
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[bookmark: _Ref474151638]Figure 7: Performance of constrained beam selection, 32TX, 70% RU
Observations:
· Constrained beam selection was used for advanced CSI in LTE Rel-14 in order to fit a W1 report on legacy feedback channels, this requirement does not exist for NR
· Constrained beam selection saves at most a few bits in W1 overhead, which is negligible compared to the W2 overhead, especially if subband amplitude, many beams and large bandwidths are used
· Substantial performance losses with constrained beam selection
Proposal: 
· Unconstrained beam selection from all  beams in the basis is supported
Scalar or matrix quantization of beam combining coefficients (on Scheme 1-5)
In the LTE Rel-14 advanced CSI codebook, the phases of each layer are encoded individually in W2, i.e. scalar quantization of individual matrix elements are used. In our previous contribution [5] we show that separate encoding of layers in in W2 for rank-2 significantly outperforms using joint encoding of layers in W2, using a Hadamard structure to design orthogonal layers.
However, other forms of matrix quantization could provide a performance benefit and may be considered for NR. When subband amplitude is used, the W2 matrix consists of elements with both amplitude and phase and where the columns should be approximately orthogonal due to that they are derived from quantizing the eigenvectors of the beam space channel. In this case, the information that the layers are orthogonal may be utilized to reduce the number of coefficients needed to be fed back. For instance, if  beams are used, the first column can span a size- complex vector space, while the second column of W2, since it is orthogonal to the first column, only spans a size- vector space, and so forth. These smaller dimensional spaces may be parametrized using well known matrix operations such as Householder reflections or Givens rotations. Thus, a small overhead saving is possible and RAN1 could study if such matrix quantization schemes are necessary.
For wideband amplitude, however, the W2 matrix only contains phase information, and so it is not obvious that the discussed smaller dimensional subspaces can be easily parametrized while keeping a phase-only constellation in W2. Thus, we propose to not use matrix quantization for wideband amplitude case.
Proposals:
· For wideband amplitude, scalar quantization and individual encoding of layers in W2 is used
· For subband amplitude, RAN1 can study the benefit of parametrizing orthogonal subspaces for layers using e.g. Householder reflections
Need for wideband beam co-phasing (Schemes 1-3 and 1-4)
In some proposals for Type II Category 1 CSI feedback, namely Schemes 1-3 and 1-4, basis vectors with different polarization states are used, so that the basis matrix may be expressed as

where  is a wideband cophasing factor. By this transformation, each column of the basis matrix is transmitted on both polarizations, effectively creating circularly or elliptically polarized basis vectors. If  is fixed, then the basis may be expressed as

corresponding to Scheme 1-3. If, on the other hand,  can be chosen from a set of predefined values, this corresponds to Scheme 1-4.  
To assess if wideband co-phasing is needed, we perform simulations comparing
· No wideband cophasing (Scheme 1-1, as proposed in Section 3)
· Fixed wideband cophasing (Scheme 1-3)
· Variable wideband co-phasing, where  (Scheme 1-4)
All systems use  beams and wideband beam power, 3 bits each are used for power and phase quantization. The results are presented in Figure 7 below. As seen, all simulated systems perform roughly equal. Hence, there is no need to change the basis design compared to LTE Rel-14 advanced CSI codebook. 
	Scheme
	Cell edge gain [%]
	Normalized user throughput gain [%]

	32TX No wideband co-phasing (Scheme 1-1)
	0
	0

	32TX Fixed wideband co-phasing (Scheme 1-3)
	-4
	-1

	32TX 4 wideband co-phasing hypotheses (Scheme 1-4)
	-2
	0


[bookmark: _Ref473897035]Figure 8: Comparison of different wideband co-phasing schemes
Observations:
· No performance benefit of wideband cophasing
Proposal:
· Schemes 1-3 and 1-4 are precluded.
Multi-panel Type II feedback
There has been some discussion in RAN1 regarding if Type II CSI feedback is needed for multi-panel setups. In our view, the main use case for multi-panel is non-coherent transmission from different panels and not coherent transmission, as this require a fairly tight inter-panel calibration. For Type II feedback, we are furthermore using detailed high-resolution CSI to create sharp nulls towards co-scheduled UEs. To try to form sharp nulls across multiple panels with possible calibration offset does not seem like a robust transmission strategy, and would likely not be very beneficial in the end. Furthermore, the payload of the proposed Type II CSI feedback is kept at reasonable levels by utilizing that the channel has structure and can be sparsely expressed in the DFT domain. This is enabled by having a uniform array at the base station. In the multi-panel case, the panels are spaced more widely apart and are thus more uncorrelated, meaning that the resulting channel has less structure and thus require more feedback bits to represent. If the same amount of feedback overhead is tolerated as for the single-panel case, it means that a fewer number of beams can be used in the precoder and thus the performance will be lower as well.
Observation:
· The use case for multi-panel Type II CSI feedback is limited:
· Multi-panel arrays result in channels with less structure, requiring more feedback bits to represent
· Imperfect inter-panel calibration makes sharp nullforming across panels less feasible
Conclusions
In this contribution, we have discussed different Type II CSI feedback schemes and presented a proposed codebook design. The following observations have been made:
Observations:
· Subband amplitude performs better than wideband amplitude, but require larger feedback overhead
· Wideband amplitude can give substantial performance gains over LTE Rel-14 codebook, at much lower feedback overhead than subband amplitude
· Performance gains saturate when increasing the number of beams
· Up to 4 beams is sufficient for subband amplitude
· Up to 3 beams is sufficient for wideband amplitude
· Similar behavior for 16TX as for 32TX
· Performance saturates at around 3-4 beams
· Performance actually drops slightly when including too many beams
· Due to CSI-RS estimation error, weak channel directions lie below noise floor, including the corresponding beams in the precoder wastes power in weak channel directions
· No benefit of having per layer and polarization granularity of amplitude reporting when wideband amplitude is used
· Constrained beam selection was used for advanced CSI in LTE Rel-14 in order to fit a W1 report in the 11 available bits on PUCCH Format 2, this requirement does not exist for NR
· Constrained beam selection saves at most a few bits in W1 overhead, which is negligible compared to the W2 overhead, especially if subband amplitude, many beams and large bandwidths are used
· Substantial performance losses observed with constrained beam selection
· No performance benefit of wideband cophasing
· The use case for multi-panel Type II CSI feedback is limited:
· Multi-panel arrays result in channels with less structure, requiring more feedback bits to represent
· Imperfect inter-panel calibration makes sharp nullforming across panels less feasible
Based on these observations, we have made the following proposals:
Proposals:
· Both wideband and subband amplitude is supported for Type II CSI feedback
· The number of supported beams is 2, 3 and 4
· Same amplitude coefficients are used on both polarizations and layers for wideband amplitude reporting, as in LTE Rel-14, while separate amplitude coefficients per layer and polarization is used for subband amplitude reporting
· Unconstrained beam selection from all  beams in the basis is supported
· For wideband amplitude, scalar quantization and individual encoding of layers in W2 is used
· For subband amplitude, RAN1 can study the benefit of parametrizing orthogonal subspaces for layers using e.g. Householder reflections
· Schemes 1-3 and 1-4 are precluded.
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	Simulation Parameters 

	Carrier frequency
	2 GHz 

	Bandwidth
	10 MHz 

	Scenarios
	3D UMi 200m ISD

	Antenna Configurations
	32 TX: 8x4 with 2x1 virt., UMi (130° tilt)
16 TX: 8x4 with 4x1 virt., UMi (108° tilt)

	Cell layout
	57 homogeneous cells 

	Wrapping
	Radio distance based

	UE receiver
	MMSE-IRC

	CSI periodicity
	5 ms

	CSI delay 
	5 ms

	CSI mode
	PUSCH Mode 3-2

	Type II CSI codebook (when used)
	Number of beams: 2,3,4,6,8
Beam space rotation hypotheses per dimension: 4
Beam power: 8 states, wideband or subband
Co-phasing: 8-PSK 

	Outer loop Link Adaptation
	Yes, 10% BLER target

	UE noise figure 
	9 dB

	eNB Tx power 
	41 dBm (UMi)

	Traffic model
	FTP Model 1, 100 kB packet size

	UE speed 
	3 km/h

	Scheduling 
	Proportional fair in time and frequency
Max 8 MU layers

	DMRS overhead
	2 DMRS ports

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

	HARQ
	Max 5 retransmissions

	Antenna spacing
	0.8 lambda in vertical, 0.5 lambda in horizontal

	Handover margin
	3 dB

	Transmission Mode
	TM10, with non-shifted CRS
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