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Introduction
In RAN1#95, the DFT-based compression was agreed as the supported mechanism for Type II overhead reduction for rank 1-2 [1].
	Agreement
For Rel-16 NR, agree on Alt1 (DFT-based compression) in Table 1 of R1-1813002 as the adopted Type II rank 1-2 overhead reduction (compression) scheme as formulated in Alt1.1 of R1-1813002
· Note: The same DFT-based compression scheme is extended for Type II port selection codebook
· Codebook subset restriction (CBSR) is supported when DFT-based compression is utilized for Type II codebooks with overhead reduction (compression) scheme
· FFS: detailed signaling mechanism 
· Note: Additional compression scheme(s) are not precluded  



In RAN1#94bis, the following agreement was made about rank 3-4 Type II CSI [2].
	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


This contribution discusses the following remaining issues about Type II overhead reduction. 
· FD compression unit
· Basis subset selection
· Supported values for N3, M, K0, and O3
· Quantization
· Basis subset selection for rank 2
· Remaining details (UCI design, CBSR, etc.)
The contribution also discusses high-level design principles for rank 3-4 Type II CSI. The relevant simulation results are provided in companion contributions [3] – [6]. 

Type II CSI Overhead Reduction
This section addresses some of remaining issues about Type II overhead reduction.

FD compression unit
The first issue is FD compression unit about which the following agreement was made [1].
	Agreement: 
In RAN1 NR-AH 1901, select one of the following alternatives for precoder/PMI FD compression unit, taking into account UPT vs. overhead and complexity 
· Alt1. Subband (SB), wherein the SB size for precoder/PMI compression is the same as the CQI subband size
· Alt2. X resource blocks (RBs), different from CQI subband size. Three sub-alternatives 
· Alt2.1 X = 1
· Alt2.2 X = CQI SB size / R where R>1 is a predetermined integer 
· Only one R value is supported. FFS: the value of R
· Alt2.3 X = {2, 4} where X is higher-layer configured 

Assume Rel.15 3-bit amplitude and Rel.15 8PSK co-phasing for quantization for evaluation purposes.



When SB size for PMI (X) is smaller than that for CQI (Alt2), the complexity of both CQI/PMI calculation can be large. For example, when SB size for CQI = 18, and X=1 (Alt2.1), then the UE needs to perform one SVD for each RB to obtain eigenvectors (i.e. 18 SVDs in total), whereas only 1 SVD is needed with Alt1. Hence, Alt2.1 and 2.3 can be too complex for UE implementation. This complexity, however, can be reduced with Alt2.2 by choosing an appropriate value for R. Therefore, among the three sub-alternatives for Alt2, Alt2.2 is preferable for reasonable UE implementations. 
Now, comparing Alt1 and Alt2.2, the additional UE complexity is justified only when there is sufficient performance gain. However, based on simulation results shown in our companion contribution [3], there is not significant performance gain with Alt2.2 (over Alt1) in low overhead regime (which is the regime of interest for Type II overhead reduction in our view). Therefore, if smaller FD compression unit is to be supported for higher bandwidth (Alt2.2), it should be supported together with Alt1 as the default configuration. Note that Alt1 and Alt2.2 can be merged if X = CQI SB size / R where R=1 for Alt1 and R>1 for Alt2.2. 
Proposal 1: Support Alt1 for FD compression unit as the default configuration (i.e., the SB size for precoder/PMI compression is the same as the CQI subband size) with Alt2.2 configurable (e.g. R=2). 

Basis subset selection
The second issue is basis subset selection about which the following agreement was made [1].
	Agreement
In RAN1 NR-AH 1901, select one of the following alternatives for basis subset selection scheme for each layer
· Alt1A. Common selection for all the 2L beams, wherein M coefficients are reported for each beam
· 
·   is composed of  linear combination coefficients
· The value of  (applied to all 2L beams) is higher-layer configured 
· Alt1B. Common selection for all the 2L beams, but only a size-  subset of coefficients are reported (not reported coefficients are treated as zero) 
· 
·   is composed of linear combination coefficients, but  of its coefficients are zero
· The value of  (applied to all 2L beams) is higher-layer configured
· For evaluation, companies should state their assumption on size- subset selection (applied to all 2L beams), e.g.
· The value of  is fixed or higher-layer configured, and the subset is dynamically selected by the UE (hence reported with CSI), or
· The size- subset and its size are dynamically selected by the UE (hence reported with CSI) 
· Alt2. Independent selection for all the 2L beams, wherein  coefficients are reported for the i-th beam (i=0, 1, …, 2L-1)
· , where , i.e.  frequency-domain components (per beam) are selected 
·   is composed of  linear combination coefficients
· The value of  (applied to all 2L beams) is higher-layer configured
· For evaluation, companies should state their assumption on size- subset selection (applied to the i-th beam), e.g. for i=0, 1, …, 2L-1
· The size- subset and the value of  are dynamically selected by the UE (hence reported with CSI) 
· The size- subset is dynamically selected by the UE (hence reported with CSI), but the value of  is determined by a predefined rule in specification
· The size- subset is dynamically selected by the UE (hence reported with CSI), but the value of  is higher-layer configured
· The size- subset can be chosen either from the fixed basis set or from a beam-common UE-selected intermediate subset of the fixed basis set
Assume Rel.15 3-bit amplitude and Rel.15 8PSK co-phasing for  quantization for evaluation purposes.



According to Alt1A, all  coefficients is reported regardless whether a subset (S) of them have too small (almost zero) amplitudes. Each coefficient in subset S doesn’t contribute much to linear combination (since it has almost zero amplitude), but incurs the same overhead as a “strong” coefficient. Also, the contribution of weak coefficients towards the linear combination can be negative (loss) due to quantization noise/error. Hence, such weak coefficients can be set to zero (and are not reported) without any impact in performance. Alt1B is one such scheme.
Now, Alt1B and Alt2 are similar in principle (i.e., subset selection) except that the basis selection is from M<N3 candidates in Alt1B, and it is from N3 candidates in Alt2. Both alternatives are similar in performance, but Alt2 incurs more overhead than Alt1B since basis subset selection is independent per SD beam (2L selections in total) and is from a larger number (N3) candidates. So, Alt1B is better in terms of performance-overhead trade-off. Simulation results showing these trade-offs is shown in companion contribution [4].           
Proposal 2: Support Alt1B for basis subset selection, i.e. common selection for all the 2L beams, but only a size-  subset of coefficients are reported (not reported coefficients are treated as zero).

Supported values for parameters
The third issue is values for parameters such as N3, M, K0, and O3 about which the following agreement was made [1].
	Agreement: 
In RAN1 NR-AH 1901, select one of the following alternatives for DFT basis oversampling factor(s) O3:
· Alt1. O3 = 4
· Alt2. O3 = 1 (critically sampled)
· Alt3. O3 is fixed for and depends on a given length of the DFT vector (N3) and/or bandwidth part, exact dependence is FFS

Assume Rel.15 3-bit amplitude and Rel.15 8PSK co-phasing for  quantization for evaluation purposes.

For next meeting
In RAN1 NR-AH 1901, companies are encouraged to study the following issues for finalizing the remaining details on DFT-based compression in RAN1#96:
· Supported values for the number of FD compression units before compression, or the DFT vector length (N3), by considering, e.g.
· Whether one compression is performed across the entire CSI reporting band or a segment of the CSI reporting band
· Supported values for the number of FD components after compression (M for common selection or {Mi} for independent selection)



First, the number of FD compression units before compression (N3) depends on the number of SBs for CQI reporting in the CSI reporting band and the value R (for FD compression unit). In particular,  The FD compression can exploit W2 correlation if SBs are contiguous, and in this case, N3 can be set to #SBs for CQI to exploit the max correlation. If set of SBs in the CSI reporting band is non-contiguous, then the entire CSI reporting band can be segmented into multiple segments of contiguous SBs, and FD compression can be applied independently for each segment. For the view of UE implementations, it is preferable that the network (not by the UE) takes care of such segmentations. For example, for Type II overhead reduction, the network can always configure CSI reporting band with contiguous SBs.    
Regarding the oversampling factor O3, the performance of FD compression can be improved if the FD basis vectors capture the delays (channel taps) accurately. This can be achieved by choosing a suitable O3 value. Based on simulation results, we observe that O3=4 achieves good performance.
Finally, regarding M and K0, it is sufficient to vary one of M and K0. For instance, M can be fixed to a reasonably large value and K0 can vary (configured). As shown in Figure 3 in [4], the performance-overhead trade-off achieved by smaller M values can also be achieved by the larger (fixed) M value and a suitable (configured) K0 value. Since M should be smaller than N3 (#SBs for CQI) for FD compression, and #SBs belongs to {3,4,…,18}, a reasonable value for M is  where  is a fixed (e.g. . Likewise, since K0 should be smaller than 2LM, a reasonable value for K0 is  where  is a configured.   
         
Proposal 3: Support the following
· N3 = # SBs for CQI
· O3=4
·  where p < 1 is fixed
·  where r < 1 is configured.

LC coefficient quantization
The fourth issue is LC quantization scheme about which the following agreement was made [1].
	Agreement: 

For each layer, the following alternatives for quantizing each of the coefficients in  are to be studied for down selection in RAN1#96: 
· Alt1A. Rel.15 3-bit amplitude; Rel.15 QPSK and 8PSK co-phasing 
· Alt1B. Rel.15 3-bit amplitude; Rel.15 QPSK, Rel.15 8PSK, and new 16PSK co-phasing 
· Alt2A. Rel.15 3-bit wideband amplitude for each beam, 2/3-bit differential amplitude for FD coefficients; Rel.15 QPSK and 8PSK co-phasing 
· Alt2B. Rel.15 3-bit wideband amplitude for each beam, 2/3-bit differential amplitude for FD coefficients; Rel.15 QPSK, Rel.15 8PSK, and new 16PSK co-phasing
· Alt2C. Rel.15 3-bit wideband amplitude + Rel.15 QPSK and 8PSK wideband co-phasing for each beam, 2/3-bit differential amplitude and co-phasing for FD coefficients;
· Alt3. A-bit amplitude for each of 2L beams, B-bit amplitude for each of M FD components, 1-bit differential amplitude and 8PSK co-phasing for each of the 2LM FD coefficients
· Alt4. For each beam, 
· B0-bit amplitude and C0-bit phase for coefficients for the P0 strongest coefficients, 
· B1-bit amplitude and C1-bit phase for coefficients for the P1 2nd strongest coefficients, …
· …
· BQ-1-bit amplitude and CQ-1-bit phase for coefficients for the PQ-1 Qth strongest coefficients
· Alternatively, amplitude/phase can be replaced with real/imaginary
· Alt5. Special case of Alt4: Q=2, B0=C0=3; B1=C1=2 on amplitude/phase



During an offline email discussion after RAN1#96, Alt2C was withdrawn. Since the discussion on Alt3, 4, and 5 is still ongoing (the proposals are still being refined/changed and to be finalized by the proponents), these schemes are not being evaluated in the companion contribution [5].
In our view, Alt1A is a baseline quantization scheme. Alt1B is similar to Alt1A except 16PSK for coefficient phase quantization. Since 16PSK can achieve better performance-overhead trade-off than 8PSK, as shown in [5], Alt1B can be considered. Other alternatives (Alt2A, 2B, 3, 4, and 5) are more complex, and as shown in [5], may not outperform Alt1A/1B, hence should be avoided. In particular:
· Alt2A/2B/3: The use of differential amplitude is intended to increase the dynamic range rather than the resolution/granularity of the LC coefficient. The benefit of increasing the dynamic range is unclear especially since the LC coefficients are normalized.
· Alt4/5: Assigning more bits to the strongest coefficients seems plausible. Compared to Alt1A (3-bit amplitude and 3-bit phase), Alt4 (in its simplest form where P0=1 and Q=2) assigns 1 more bit to amplitude quantization and, likewise, 1 more bit to phase quantization to the strongest coefficient. While the gain of assigning an additional bit to amplitude can verified, the benefit of adding one extra bit to phase quantization of the strongest coefficient over Alt1A is expected to be marginal, if any – especially considering the maximum gain of Alt1B (with 4-bit phase for all the LC coefficients) over Alt 1A.
    
Proposal 4: Support Alt1B for LC coefficient quantization, i.e., Rel.15 3-bit amplitude; Rel.15 QPSK, and Rel.15 8PSK co-phasing, and new 16PSK co-phasing

Basis subset selection for rank 2 
The fifth issue is basis subset section for rank 2 about which the following agreement was made [1].
	Agreement: 

In RAN1 NR-AH 1901, companies are encouraged to evaluate the following alternatives for compression basis () subset selection scheme across different layers when RI=2. Select one of the following alternatives in RAN1#96: 
· 
Alt1. Basis subset selection () for the 1st is the same as that for the 2nd layer 
· 
Alt2. Basis subset selection () for the 1st can be different from 2nd layer

Assume Rel.15 3-bit amplitude and Rel.15 8PSK co-phasing for  quantization for evaluation purposes.



Since the correlation across W2 coefficients is independent across layers, the basis subset to capture/exploit the W2 correlation should also be independent across layers. Therefore, Alt2 is preferable in our view.

Proposal 5: Support Alt2 for basis subset selection for RI=2, i.e., basis subset selection () for the 1st can be different from 2nd layer

UCI design
Similar to Rel. 15 UCI for Type II CSI, the number of reported non-zero coefficients (say K1) can be less or equal to K0 since some of the K0 coefficients can take 0 amplitude value, i.e., K1 ≤ K0. The indication about K1 is included in part 1 on the two-part UCI. The indices of K1 non-zero coefficients (size-K1 subset) is included in part 2 of the two-part UCI. Note that  coefficients with zero amplitude and  coefficients that are not reported can be jointly indicated.    
The PMI comprises a first PMI (i1) and a second PMI (i2). The first PMI (i1) comprises the following components.
· Oversampling (rotation) factor : 2 bits for each 
·  to indicate SD orthogonal basis comprising  DFT beams
·  to indicate FD orthogonal basis comprising  DFT beams
· L SD beams (layer-common): indicated using  bits
· M FD beams (layer-common):indicated using  bits
· size-subset selection (layer-specific):  bits with  ones indicating reported non-zero coefficients
· Strongest coefficient (layer-specific):  bits
The second PMI (i2) comprises the following components.
· Amplitude:  bits, where  is number of bits for amplitude quantization
· Phase:  bits, where  is number of bits for phase quantization.

Proposal 6: The two-part UCI is extended, wherein 
· UCI part 1 includes  (where ) indicating the number of reported non-zero coefficients (remaining  coefficients are zero).
· UCI part 2 includes indication about size- subset.
The UCI part 2 also includes PMI comprising a first PMI (i1) and a second PMI (i2).
· The PMI (i1) comprises the following components.
· Oversampling (rotation) factor : 2 bits for each 
·  to indicate SD orthogonal basis comprising  DFT beams
·  to indicate FD orthogonal basis comprising  DFT beams
· L SD beams (layer-common): indicated using  bits
· M FD beams (layer-common):indicated using  bits
· size-subset selection (layer-specific):  bits with  ones indicating reported non-zero coefficients
· Strongest coefficient (layer-specific):  bits
· The second PMI (i2) comprises the following components.
· Amplitude:  bits, where  is number of bits for amplitude quantization
· Phase:  bits, where  is number of bits for phase quantization

Rank > 2 Type II CSI
1 
2 
In Rel. 14 LTE, the advanced CSI codebook based on linear combination (LC) of 2 beams is supported for rank 1 and rank 2 CSI reporting. For rank > 2, legacy LTE codebooks (up to Release 14) are used. In Rel. 15 NR, the Type II CSI codebook based on LC of  beams is supported for rank 1 and rank 2 CSI reporting. For rank > 2, Type II CSI reporting is not supported yet. A following candidate solutions are as follows.
· Alt 0: The baseline (Rel. 15) solution is to restrict Type II CSI to up to rank 2 (i.e. UE is not expected to report rank > 2 CSI if configured with Type II CSI reporting). One can argue that the primary use case of Type II CSI is MU transmission where per user rank is expected to be small, e.g. at most 2. For higher order MU transmission (e.g. 12 user MU-MIMO), however, such a solution limits the MU performance gain, especially when a UE is capable to have 4 Rx antennae, as shown in [6]. 
· Alt 1: An alternate solution is to follow LTE approach and use rank > 2 Type I CSI codebooks also for rank > 2 Type II CSI reporting. This solution fails to distinguish between Type I CSI and Type II CSI in higher rank scenarios, which defeats the purpose (i.e. high-resolution CSI for significantly large system performance gain over Type I CSI) of supporting Type II CSI in NR since the performance for rank > 2 can be severely affected (reduced) [6].  
· Alt 2: Another alternative is to simply extend rank 2 solution to rank > 2. This alternative though solves the performance related issues with Alt 0 and Alt 1, but it comes at the cost of large CSI payload. The Type II CSI reporting payload increases linearly with rank, which amounts to significantly large payload to report higher rank CSI. Considering the large payload for reporting rank > 2 CSI, the simple extension of the Type II CSI codebook to rank > 2 is difficult to support.  
· Alt 3: It is therefore desired/preferable to design rank > 2 Type II CSI codebook which maintains high system performance gains, and at the same time, keeps CSI reporting payload comparable to rank 2. 
A rank > 2 Type II CSI codebook based on Alt 3 is presented next. 
The following design principles of the rank 2 Type II CSI codebook should also be kept for rank > 2 in order to ensure low UE complexity associated with the codebook search.
· Orthogonal DFT beams
· Scalar quantization of amplitude and phase of coefficients
· Independent encoding of layers
· Maximum SB payload for rank > 2 should be comparable to maximum SB payload for rank 2.
Two candidate schemes for rank > 2 Type II CSI codebook which meet the abovementioned design guidelines are as follows:
· Scheme 0 (unequal number of beams per layer (or across layers)): Let  be the number of beams assigned (out of L beams) for layer . Then, the beam assignment across layers is such that (1) the total number of beams equals the maximum number of beams for rank 2, which is 2L = 8 (for L = 4) and (2) the number of beams is non-increasing, i.e.,  for layer .
· Scheme 1 (unequal number of coefficients per layer (or across layers)): Let  be the number of coefficients assigned (out of 2L coefficients) for layer . Then, the coefficient assignment across layers is such that (1) the total number of coefficients equals the maximum number of coefficients for rank 2, which is 2(L-1) = 14 (for L = 4) and (2) the number of coefficients is non-increasing, i.e.,  for layer .
Note that (1) is to ensure that the payload constraint is satisfied, and (2) is to provide more beams/coefficients to stronger layers.
In Rel. 15, L beams are selected common across layers and two antenna polarizations. This is reasonable since the max rank is restricted to 2. For rank > 2, however, the same L beams may not be able to capture the rich high rank channel, especially when L is small, e.g. L = 2, and hence, may result in performance loss, as shown in [6]. Therefore, the impact of the following beam selection alternatives should be carefully studied.
· Alt 0: same L beams for all layers, i.e., beams  are common for all layers
· Alt 1: different L beams for each pair of consecutive layers, i.e., beams  are common for layers (0, 1), beams  are common for layers (2, 3)…
· Alt 2: different L beams for each layer, i.e., independent beams  are selection for each layer j.

[bookmark: _Ref446598642]Proposal 2: For rank > 2 Type II CSI codebook design,
· Similar to rank 1-2, large performance gain over Type I CSI should be achieved
· CSI reporting payload should be comparable to (approximately the same as) rank 2 Type II CSI reporting payload
· Keep the following design principles of the rank 2 Type II CSI codebook 
· Orthogonal DFT beams
· Scalar quantization of amplitude and phase of coefficients
· Independent encoding of layers
· Study the following schemes 
· Scheme 0: unequal number of beams across layers
· Scheme 1: unequal number of coefficients across layers
· Study the following beam selection alternatives
· Alt 0: same L beams for all layers
· Alt 1: different L beams for each pair of consecutive layers
· Alt 2: different L beams for each layer


Conclusions
In this contribution, overhead reduction for Type II CSI and rank > 2 Type II CSI codebook are discussed. The proposals made are summarized as follows. 
Proposal 1: For overhead reduction of Type II CSI,
· Support Alt1 for FD compression unit as the default configuration (i.e., the SB size for precoder/PMI compression is the same as the CQI subband size) with Alt2.2 configurable (e.g. R=2).
· Support Alt1B for basis subset selection, i.e. common selection for all the 2L beams, but only a size-  subset of coefficients are reported (not reported coefficients are treated as zero).
· N3 =  # SBs for CQI
· O3=4
·  where p < 1 is fixed
·  where r < 1 is configured
· Support Alt1B for LC coefficient quantization, i.e., Rel.15 3-bit amplitude; Rel.15 QPSK, and Rel.15 8PSK co-phasing, and new 16PSK co-phasing
· 
Support Alt2 for basis subset selection for RI=2, i.e., basis subset selection () for the 1st can be different from 2nd layer
· The two-part UCI is extended, wherein 
· UCI part 1 includes  (where ) indicating the number of reported non-zero coefficients (remaining  coefficients are zero).
· UCI part 2 includes indication about size- subset.
· The UCI part 2 also includes PMI comprising a first PMI (i1) and a second PMI (i2).
· The PMI (i1) comprises the following components.
· Oversampling (rotation) factor : 2 bits for each 
·  to indicate SD orthogonal basis comprising  DFT beams
·  to indicate FD orthogonal basis comprising  DFT beams
· L SD beams (layer-common): indicated using  bits
· M FD beams (layer-common):indicated using  bits
· size- subset selection (layer-specific):  bits with  ones indicating reported non-zero coefficients
· Strongest coefficient (layer-specific):  bits
· The second PMI (i2) comprises the following components.
· Amplitude:  bits, where  is number of bits for amplitude quantization
· Phase:  bits, where  is number of bits for phase quantization

Proposal 2: For rank > 2 Type II CSI codebook design,
· Similar to rank 1-2, large performance gain over Type I CSI should be achieved
· CSI reporting payload should be comparable to (approximately the same as) rank 2 Type II CSI reporting payload
· Keep the following design principles of the rank 2 Type II CSI codebook 
· Orthogonal DFT beams
· Scalar quantization of amplitude and phase of coefficients
· Independent encoding of layers
· Study the following schemes 
· Scheme 0: unequal number of beams across layers
· Scheme 1: unequal number of coefficients across layers
· Study the following beam selection alternatives
· Alt 0: same L beams for all layers
· Alt 1: different L beams for each pair of consecutive layers
· Alt 2: different L beams for each layer
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