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Introduction
In RAN1#98, the following agreements have been made on the DFT based Type II compression CSI enhancements for MU-MIMO [1].
Agreement 
On the remaining details on UCI parameters
· Fix α=2
· 

The range of values for is unrestricted, i.e.
Agreement
On the supported parameter combinations
· The following parameter combinations are supported:
	L
	p = y0 (RI= 1-2)
	p = v0 (RI= 3-4)
	β
	Restriction (if any)

	2
	¼ 
	1/8
	¼ 
	

	2
	¼ 
	1/8
	½ 
	

	4
	¼ 
	1/8
	¼ 
	

	4
	¼ 
	1/8
	½ 
	

	4
	½ 
	¼ 
	½
	

	6
	¼ 
	-
	½ 
	RI=1-2, 32 ports

	4
	¼ 
	¼ 
	¾ 
	

	6
	¼ 
	-
	¾ 
	RI=1-2, 32 ports


· Support only 16PSK co-phasing, i.e. 8PSK co-phasing is not supported
Agreement
On Rel.16 extension for Type II port selection codebook:
· For rank 1-2, reuse Rel.15 Type II W1 port selection matrix for Rel.16 Type II port selection codebook
· Only L=2 and 4 are supported
· FFS: support for rank 3-4  
Agreement
On CBSR for Rel.16 Type II codebook:
· Support SD-only subset restriction (without FD)
· In RAN1#98bis, select one of the following criteria for SD subset restriction:
· Alt1. Analogous to Rel.15 Type I
· Alt2. Analogous to Rel.15 Type II (SD beam group restriction + per coefficient amplitude restriction)
· Alt3. Rel. 15 Type II SD beam group restriction + sum power per SD beam restriction
· Support RI restriction
Agreement
On the value of N3 for (NSB×R) > 13: Support Alt0 (N3=NSB×R) 
Agreement:
The selected UCI omission scheme should meet the following criteria when CSI omission occurs:
1. CSI calculation is identical to that for without omission – otherwise the UE may end up recalculating the CSI if UCI omission occurs.
a. When UCI omission occurs, the associated CQI may not be calculated conditioned on the PMI after omission
2. The occurrence of UCI omission can be inferred from the associated CSI report without any extra signaling.  
3. The resulting UCI payload after omission should not be ambiguous (payload ambiguity would require the gNB to perform blind decoding of UCI Part 2).
4. When CSI omission occurs, dropping all NZCs associated with any particular layer should not be done. 
Note: CSI omission occurs when the allocated UL resource for UCI is not sufficient for full CSI reporting.
Agreement





Denote the non-zero LC coefficient (NZC) associated with layer , beam , and FD-basis  as . The associated bitmap component (including zero(s)) is.
For the purpose of UCI omission, the parameters in UCI Part 2 is divided into 3 groups where Group n is of a higher priority than Group (n+1), n=0, 1.
Agreement
On CBSR for Rel.16 Type II codebook, the three agreed alternatives for down selection are further clarified as follows. No other alternatives or sub-alternatives will be considered for down selection.
· Alt1. Analogous to Rel.15 Type I
· Hard restriction (0 or 1) can be applied to any of the spatial beams (the restriction is applied for both polarizations of the beam) and is higher-layer configured with one size-N1N2O1O2 bitmap B
· Alt2. Analogous to Rel.15 Type II (SD beam group restriction + per coefficient amplitude restriction)
· Four beam groups are selected via higher-layer configured bitmap B1
· 


For each spatial beam in each of the four beam groups, soft restriction (maximum amplitude of 0, ½, , or 1) is applied to any of the coefficients associated with the beam (the restriction is applied for both polarizations of the beam). This maximum amplitude restriction is higher-layer configured with four bitmaps  
· Alt3. Rel. 15 Type II SD beam group restriction + joint per SD beam restriction
· Four beam groups are selected via higher-layer configured bitmap B1
· Amplitude restriction:
· 


Alt 3A (Sum power ratio): For each beam  in each of the four beam groups, power ratio threshold  (definition and values FFS) is configured, the following criterion should be satisfied:  
· 





[bookmark: MTBlankEqn]Alt 3B (Restriction on ): For each beam  in each of the four beam groups and FD index k0, 0≤k0<N3, wideband gain threshold  (maximum threshold of 0, ,, or 1) is configured, the following criterion should be satisfied:  
· i.e. the “wideband gain” in the frequency domain of the precoder is restricted similarly to Rel. 15
· 
This maximum amplitude restriction is higher-layer configured with four bitmaps  
Agreement
On the support of Rel.16 Type II port selection codebook for RI=3-4, evaluate the need for supporting the following scheme in RAN1#98bis:
· 
Reuse the Rel-15 Type II W1 matrix and the Rel-16 Type II  and Wf
· Note: if there is no consensus on the need for this feature, such extension to RI=3-4 is not supported in Rel.16
Agreement
When the UE is configured to report NRep CSI reports,
· Group 0 includes at least: SD rotation factors, SD indicator, and SCI(s) for all the NRep reports, 
· 
For each of the NRep reports, Group 1 includes at least: reference amplitude(s) for weaker polarization, , FD indicator
· 
For each of the NRep reports, Group 2 includes at least: 
· Note: G1 and G2 exclude the indices associated with the strongest coefficient(s) 
In RAN1#98bis, decide the following aspects. If there is no consensus in RAN1#98bis, UCI omission for Rel.16 Type II codebook is not supported in Rel.16 (i.e. UCI omission can be performed via UE implementation).
1. Priority rule for determining G1 and G2: down select from the following:
· 

Alt 1.1: LC coefficients are prioritized from high to low priority according to (λ,l,m) (index triplet, the   highest priority coefficients belong to G1 and the  lowest priority coefficients belong to G2. Priority level is calculated as Prio(λ,l,m)=2L.RI. Perm1(m)+RI. Perm2(l)+λ
· FFS: Exact structure of index permutation function Perm1(.) and Perm2(.), including no permutation
· 

Alt 1.2: The NZ coefficients  are sorted sequentially 0 to KNZ– 1 in the following order, based on λlm indexing (layer  SD  FD), or based on l λ m indexing (SD  layer  FD). The group G1 comprises at least firstsorted coefficients, and group G2 comprises the remaining second sorted coefficients.
· 

Alt 1.3: LC coefficients are prioritized from high to low priority according to (λ,l,m) index triplet, the  highest priority coefficients belong to G1 and the   lowest priority coefficients belong to G2. Priority level is calculated as Prio(λ,l,m)=2L.RI. Perm1(m)+RI. Perm2(l)+ λ
· FFS: Exact structure of index permutation function Perm1(.) and Perm2(.), including no permutation
2. 
Which group(s)  belong to: down select from the following 
· 

Alt 2.1: (only coupled with Alt 1.1) First bits according to Prio(λ,l,m) value belong in Group 1, last according to Prio(λ,l,m) value belong in Group 2
· 

Alt 2.2: (only coupled with Alt 1.2) Bitmap and coefficients are segmented together into M segments (M = number of FD basis indices). Group 1 contains M1 segments and Group 2 contains M2 segments, where M = M1+M2. Each segment contains the bitmap (sub-bitmap) associated with all RI layers, all SD components and a single FD component and the corresponding combining coefficients. The payload size of Group 1 is given by  (N= number of bits for amplitude and phase). The payload size of Group 2 is . 
· FFS: Segmentation of sub-bitmap and coefficients per segment 
· 

Alt 2.3: (only coupled with Alt 1.3) First bits according to Prio(λ,l,m) value belong in Group 1, last  according to Prio(λ,l,m) value belong in Group 2
· Alt 2.4 (only coupled with Alt 1.1) First RI.LM bits according to Prio(λ,l,m) value belong in Group 1, last RI.LM  according to Prio(λ,l,m) value belong in Group 2
· 
Alt2.5: (applicable to any Alt1.x) Bitmap  is included in Group 0
· 
Alt2.6: (applicable to any Alt1.x) Bitmap  is included in Group 1
In this contribution, we give our views on the remaining details of Type II CSI enhancements for MU-MIMO.
Type II CSI enhancement based on FD compression
Based on the NR Rel-15 Type II codebook, the linear combination of spatial DFT basis vectors is used to generate precoder of each frequency-domain unit. The precoder of each layer and frequency-domain unit can be expressed as follows.

where s is the FD unit index,  are the L wideband spatial domain basis (beam) vectors applied on each polarization, and  is the combination coefficient of beam l in FD unit s.
DFT-based FD compression scheme utilizes the frequency-domain correlation among the combination coefficients. As shown in Fig. 1, the combination coefficient of beam l across all the FD units is expressed as follows.

where DFT vectors  are the M FD basis vectors and  is the coefficients for beam l and FD vector m after compression. Due to the correlation of coefficients before compression, M is set to be smaller than 2L, and the overhead to feedback DFT vectors  is relatively low. Hence overhead reduction can be achieved.


Fig. 1 DFT based FD compression approach
For the completeness of the DFT based FD compression codebook, the following remaining details are to be decided:
· Support of Rank 3-4 for Rel-16 Type II Port Selection codebook
· FFS point on further UE complexity relaxation for L=6
· Codebook subset restriction
· UCI omission details
· UE capability details
We discuss the above issues in the following subsections. 
2.1 Support of Rank 3-4 for Rel-16 Type II Port Selection codebook

In RAN1#98, it has been agreed that Rel-16 Type II Port Selection (PS) codebook is supported by reusing W1 from Rel-15 Type II PS and Rel-16 Type II  and Wf. One remaining issue is whether rank 3-4 is supported following the same approach. 
In our view, Type II PS codebook is important for the following use cases and scenarios.
· In TDD scenario, SRS coverage is usually lower than the PUSCH coverage. Hence for coverage-limited UEs, it would cause significant issue if gNB sorely relies on SRS to acquire high-resolution DL CSI. Type II PS codebook can provide good quality of high-resolution DL CSI in this case. gNB can acquire the best beams based on measuring SRS, and uses beamformed CSI-RS to enable UE reporting the FD basis vectors and coefficients.
· In FDD scenario, gNB can derive the best SD beams based on SRS and reciprocity in angular domain. Then gNB can transmit the beams with beamformed CSI-RS to UE and let UE report the FD basis vectors and coefficients to form the high-resolution CSI in gNB side.
· In the above scenarios and use cases, the implementation in gNB is much more flexible using Type II PS than normal Type II. gNB can use more than 32 antennas to form the SD beams, and they can be DFT vectors or even eigen-vectors. For 64 or 128 antennas or TXRUs, using normal Type II, gNB has to reduce the dimension to 32 ports first and use the DFT beam from UE reporting. However, Type II PS can directly acquire the best beams for 64 or 128 antennas or TXRUs. gNB can even use eigen-vectors. Further, channel estimation for CSI-RS can be improved since better beamforming is used on it. Also, the feedback overhead is a bit lower.
We see the above as the reasons to have a complete solution for Type II PS codebook in Rel-16. We also simulate the performance of rank 1-2 Type II PS codebook and rank 1-4 Type II PS codebook based on Rel-16 approach. We simulate 13 sub-bands with 32 ports, R=1 and L=4. For p value, we use the setting of y0=1/4 for rank 1-2 and v0=1/8 for rank 3-4. We simulate both beta = 0.5 and 0.25. The UE throughput performance is given in the following table.
Table 2.1 Performance of Rel-16 Type II PS rank 1-2 and rank 1-4
	
	
	β=0.5
	β=0.25

	
	
	maxRank=2
	maxRank=4
	maxRank=2
	maxRank=4

	λ=3
	RU
	0.187
	0.1209
	0.188
	0.1248

	
	Mean U.T
(mbps)
	61.221
(0%)
	92.5417
(+51.16%)
	60.819
(0%)
	89.9167
(+47.84%)

	λ=7
	RU
	0.4803
	0.4032
	0.4901
	0.4167

	
	Mean U.T
(mbps)
	54.4549
(0%)
	68.5296
(+25.84%)
	52.4688
(0%)
	64.73
(+23.37%)


It can be seen in Table 2.1 that supporting up to rank 4 Type II PS codebook can achieve significant performance gain over rank 2, at least 20% gain depending on the system load.
Observation 1: By simply reusing the existing design for Type II codebook, Rel-16 Type II PS codebook up to rank 4 can achieve significant performance gain over rank 2.
Based on the above analysis and observation, extension Rel-16 Type II PS codebook to rank 4 is indeed low hanging fruit. We can achieve the performance gain of rank 4 without any new design. Hence we have the following proposal.

Proposal 1: Support Rel.16 Type II port selection codebook for RI=3-4 by reusing the Rel-15 Type II W1 matrix and the Rel-16 Type II  and Wf.
2.2 UE complexity on the support of L = 6
One FFS point on the support of L=6 is whether to have further relaxation on UE complexity. In our previous contribution [2], we have shown that supporting L=6 is beneficial at least of 32 ports. Meanwhile, L=6 brings high UE complexity. L=6 will bring more coefficient to be compressed and more CSI payload to be reported. Hence it requires UE more buffer and calculations to process the uncompressed and compressed coefficients.
To further relax UE processing complexity and make L=6 more friendly for UE implementation, some restrictions to reduce UE complexity is needed. One solution is to restrict that the CSI report with L=6 configured occupies two CPUs. As CPU is a good quantization on UE’s processing resource management, which reflects the memory and computation resources to process the target precoders and coefficients, we think let L=6 occupy two CPUs is beneficial to reduce UE complexity.
Proposal 2: For the CSI report with L=6 configured, it occupies two CPUs.
2.3 Codebook subset restriction
In RAN1#98, several alternative approaches have been proposed to support codebook subset restriction. The alternative is classified into three sets.
Alt 1: Restrict the SD beams only, which is analogous to Type I. 
Alt 2: Restrict the SD beams and the coefficient power, which is analogous to Rel-15 Type II.
Alt 3: Restrict the SD beams and per beam sum power.
The intention of Alt 2 and Alt 3 is to restrict the power of different beams, which is similar as the Rel-15 Type II CSR. However, as the power of each beam is distributed in M FD basis vectors, Alt 2 does not directly control the power of each spatial beam. It may lead to unnecessary restriction. Specifically, in order to reduce the power of each beam, gNB has to pre-calculate the power restriction for the FD basis vectors and configure the coefficient power. However, the number of non-zero coefficients is unknown to gNB, so gNB has to configure in a conservative way, which leads to unnecessary restriction. On the other hand, Alt 3 tries to resolve this issue with more precise define of per beam power. However, this would cause complex UE calculation. UE has to calculate the sum power based on the equation given in Alt 3 for each beam, and re-calculate the FD basis/coefficients and re-check the condition if it does not satisfy the restriction. Hence the UE complexity is expected to be high if Alt 3 is adopted.
Further, since CSR is used to avoid inter-cell interference, which is usually configured and fixed at the network planning phase, the benefit to accommodate more dynamic parameters in the CSR configuration is unclear. Further, as Alt 2 and Alt 3 will lead to negative impact on network performance or UE complexity, we think the simplest solution Alt 1 is sufficient to serve the original purpose of CSR.
Proposal 3: On Rel-16 Type II CSR, support Alt 1, i.e., hard restriction (0 or 1) can be applied to any of the spatial beams (the restriction is applied for both polarizations of the beam) and is higher-layer configured with one size-N1N2O1O2 bitmap B.
2.4 UCI omission and mapping
In Rel-15, UCI omission is supported to allow more flexible UL resource allocation in gNB side. Specifically, as the rank 2 overhead is almost twice of the rank 1 overhead, the UL resource utilization efficiency is quite low if gNB always allocates PUSCH based on rank 2 overhead. Based on UCI omission, UE would omit part of the sub-band CSI overhead according to the PUSCH resource allocation and a target code rate. Hence gNB can still acquire good quality of CSI even if rank 2 CSI cannot fit into the allocated PUSCH resources.
The Rel-16 Type II CSI can also benefit from UCI omission. In Rel-16 Type II CSI, the overhead of rank 2-4 is almost twice of the rank 1 overhead. However, if it causes too much specification effort, performance loss or UE processing effort, the benefit would be reduced.
Based on the offline email discussion before this meeting, the following alternatives are selected to be further discussed.
· Alt A (cf. Alt1.1+2.6 no permutation).  
· 

G1 comprising the  highest priority coefficients and G2 comprising the  lowest priority coefficients
· 
Priority level is calculated as Prio(,l,m)=2L.RI.m+RI.l+ (i.e. no permutation), and bitmap  is included in G1
· Alt B (cf. Alt1.1+2.6 with permutation).
· 

G1 comprising the  highest priority coefficients and G2 comprising the  lowest priority coefficients
· 
Priority level is calculated as Prio(,l,m)=2L.RI. Perm1(m)+RI. Perm2(l)+, and bitmap  is included in G1
· FFS: the functions Perm1(m) and Perm2(l)
· Alt C (cf. Alt1.2+2.2). 
· 

G1 comprising more than  highest priority coefficients and G2 comprising the remaining (<) lowest priority coefficients for the same bit-width as G1 of Alt1.1
· Priority level is calculated as Prio(,l,m)=2L.RI.m+RI.l+ (i.e. no permutation), and bitmap location is according to Alt2.2 (cf. agreement in RAN1#98)
The main issues among the above threes alternative include the following two aspects.
· Whether to use permutation for coefficient mapping order: The motivation of having permutation is to reduce the performance loss after omission. Permutation can achieve that the statistically weaker coefficients can have lower priority. Hence the performance loss after UCI omission can be minimized without additional signalling. For Perm1, we can simply let the FD components that closer to FD component 0 have higher priority. For Perm2, the SD beams associated with the polarization with SCI have higher priority. Then we can make sure the statistically weaker coefficients will be omitted first if omission happens. On the other hand, as the motivation of having UCI omission is sort of emergency handling, UCI omission happens rarely in the real network. In this sense, the performance loss of Alt A (no permutation) should be tolerable. Further, Alt A is the one with least specification impact.
· Where to put bitmap: In Alt A and B, bitmap is located in G1. In Alt C, bitmap is segmented to two parts, along with the coefficients of the associated FD components, where one part is put in G1 and the other is put in G2. This design may lead to the situation that the actually transmitted coefficients and bitmap are not aligned. For example, the bitmap may contain more “1”s than the number of coefficients, which means some non-useful information is conveyed in the CSI report. We don’t think it’s an efficient design. Further, the gain of omitting bitmap is actually marginal. Hence to put bitmap in G1 is sufficient.
Proposal 4: For UCI omission and mapping, support Alt A. Alt B can also be considered, where
· Perm1 indicates that FD components closer to FD component 0 have higher priority
· Perm 2 indicates that SD beams of the polarization with SCI have higher priority
Based on the above, the UCI mapping in G0, G1 and G2 can be summarized as follows.
· G0 contains SD rotation factors, SD indicator, and SCI(s);
· 
G1 contains FD indicator, bitmap, reference amplitude(s) for weaker polarization, the  highest priority coefficients;
· 
G2 contains the  lowest priority coefficients.
The next issue is how to decide the mapping order of G0, G1, G2 and the parameters inside each group. According to [3], due to the successive cancellation decoding of NR Polar codes, the MSB, which is mapped to the lowest order in the source bit sequence, has lower BER performance than LSB, which is mapped to the highest order information bit. Hence, in either Part 1 or Part 2, we should map the more important UCI parameters or UCI parameters with higher priority first. We have the following proposal on the mapping order of UCI parameters in Part 2.
Proposal 5: From MSB to LSB, the mapping order of parameters in UCI Part 2 is G0, G1, G2
· In G0, the mapping order is SD rotation factors, SD indicator, and SCI(s);
· 
In G1, the mapping order is FD indicator, bitmap, reference amplitude(s) for weaker polarization, and the  coefficients based on priority order;
· 
In G2, the mapping order is the  coefficients based on priority order.
2.5 UE capability
As the Rel-16 Type II codebook will be an optional feature, and different parameters settings like number of CSI-RS ports, L, N3 and M will lead to different UE complexity including buffering size, matrix calculation complexity (e.g., SVD dimensions), etc., it is expected that Rel-16 will introduce UE capability signaling to differentiate UE’s capability to process different parameter settings. For example, 
· CSI-RS ports, N3, L and M impact the number of channel estimation samples, coefficients and bitmap size that UE would store in the memory, i.e., the buffer size. 
· L, N3 and number of CSI-RS ports additionally impact the matrix calculation complexity like the dimension of matrix inversion or SVD operation, etc.  
· In previous meetings, it has been agreed that R=2 is secondary supported due to the fact that R=2 bring large N3 values. There are two ways to label the UE capability for this. The first is to let R depend on UE capability signaling, whereas the second is to let N3=R*N_SB be part of the UE capability signaling. From our perspective, the second is better since N3 is more related to the final quantization of UE’s resource used for precoder calculation. Further, if we let N3 be part of UE capability signaling, the minimum value of N3 should be 19, to cover all the possible N_SB values when R=1. For smaller CSI reporting band, i.e., N_SB<=9, we can still use R=2 as all the UE calculation resource is already there for R=1. It will make the best use of UE calculation resource.
[bookmark: _GoBack]However, from network perspective, we should avoid introducing unnecessary UE capability levels, which will cause high complexity from network operation perspective. Hence schemes like separate signaling for CSI-RS ports, L, M, etc should be avoided. A possible example is like what we do in NR Rel-15, i.e., to use a combination of CSI-RS ports, L, N3, and M values to differentiate UE capability levels.
Proposal 6: UE capability signaling for Rel-16 Type II codebook should avoid unnecessary combinations of UE capability parameters. A combination of {CSI-RS ports, N3, L, M} can be a start point.
Conclusion
In this contribution, we discuss remaining issues in Type II enhancement for MU-MIMO. Based on the discussion and evaluation, we have the following observations and proposals.
Observation 1: By simply reusing the existing design for Type II codebook, Rel-16 Type II PS codebook up to rank 4 can achieve significant performance gain over rank 2.

Proposal 1: Support Rel.16 Type II port selection codebook for RI=3-4 by reusing the Rel-15 Type II W1 matrix and the Rel-16 Type II  and Wf.
Proposal 2: For the CSI report with L=6 configured, it occupies two CPUs.
Proposal 3: On Rel-16 Type II CSR, support Alt 1, i.e., hard restriction (0 or 1) can be applied to any of the spatial beams (the restriction is applied for both polarizations of the beam) and is higher-layer configured with one size-N1N2O1O2 bitmap B.
Proposal 4: For UCI omission and mapping, support Alt B
· Perm1 indicates that FD components closer to FD component 0 have higher priority
· Perm 2 indicates that SD beams of the polarization with SCI have higher priority
Proposal 5: From MSB to LSB, the mapping order of parameters in UCI Part 2 is G0, G1, G2
· In G0, the mapping order is SD rotation factors, SD indicator, and SCI(s);
· 
In G1, the mapping order is FD indicator, bitmap, reference amplitude(s) for weaker polarization, and the  coefficients based on priority order;
· 
In G2, the mapping order is the  coefficients based on priority order.
Proposal 6: UE capability signaling for Rel-16 Type II codebook should avoid unnecessary combinations of UE capability parameters. A combination of {CSI-RS ports, N3, L, M} can be a start point.
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Appendix
Table 5.1 Simulation assumptions
	System level simulation parameters

	Scenarios
	TR38.901: 3D-Uma (200m) for overhead reduction; 3D-Umi for higher rank support

	Carrier frequency 
	4 GHz

	Simulation bandwidth
	DL 10 MHz unless specified 

	SCS
	15KHz unless specified 

	Antenna Spacing
	(dV,dH)=( 0.8λ, 0.5λ)

	NB antenna configurations
	32 ports:
(MTXRU, NTXRU, P) = (2, 8, 2)
(M,N,P,Mg,Ng)= (8,8,2,1,1)

	UE antenna configurations
	 Isotropic antenna gain pattern:
(M, N, P) = (1, 1, 2) or  (1, 2, 2)

	Transmission scheme
	SU/MU-MIMO adaption with max rank 2/4, total 4/8 layers

	Traffic model
	FTP 3 with packet size 0.5M byte

	CSI-RS
	Period is 5 ms and overhead is accounted.  

	Delay for scheduling and AMC
	4ms

	Scheduler
	PF

	Receiver
	MMSE-IRC

	HARQ Scheme
	Chase Combining

	Feedback Assumption
	
Non-ideal modeling of channel estimation, with error modeling is used.

	Handover margin 
	3dB 

	DL Overhead  calculation
	 2 OFDM symbols for PDCCH, 24 RE/PRB for DMRS

	Metric
	 Average and 5% tail UE  throughput; Per-rank PMI overhead; 
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