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1. Introduction
In RAN1-AH-1901 meeting, Type II CSI feedback overhead reduction schemes were discussed and following agreements were made for CSI feedback overhead reduction for MU-MIMO support [1].

Agreement
On FD compression unit, agree on Alt1 (PMI subband size = CQI subband size) as the default, along with Alt2.2 (PMI subband size = CQI subband size / R) as secondary
· The value of R is fixed to 2
· FFS: Whether secondary implies a separate UE capability or restricted use cases
· Include issues such as limitation on the number of FD compression units, CPU occupation, latency constraint and/or BW constraint
· FFS: Whether FD compression unit is higher-layer configured or reported by the UE

Agreement 
On basis/coefficient subset selection for the first layer, the following is supported:
· Common selection for all beams with size-K0 subset of 2LM reported 
· The value of K0 is configured via higher-layer signaling
· The number of reported non-zero coefficients can be smaller than or equal to K0
· FFS: Whether the value of M is configurable

Working Assumption
On the choice of oversampling factor O3, O3 = 4 is supported

Agreement
On FD compression unit, the FD compression unit is higher-layer configured

Agreement
On basis/coefficient subset selection for the first layer, support the following: 
· Size-K0 subset design: down select in RAN1#96 from the following alternatives 
· Alt1. Unrestricted subset (size=2LM)
· Alt2. Polarization-common subset (size=LM)
· Alt3. Restricted subset (for a given subset of beams and FD basis, size=2L+M)
· 
The value of K0:  where two values of β are supported  
· 
Down select in RAN1#96 from   
· The UCI consists of two parts: 
· Information pertaining to the number(s) of non-zero coefficients is reported in UCI part 1
· Note: This does not imply whether this information consists of single or multiple values 
· The payload of UCI part 1 remains the same for different RI value(s)
· Bitmap is used to indicate non-zero coefficient indices




Agreement
On the values of L, support L={2,4}
· Decide whether to support L=3 and/or L=6 in the future meetings considering the performance-overhead trade-off for different RI values and/or different number of antenna ports 

Agreement

Two values of M are supported. In RAN1#96, down select between the following alternatives ():
· 
Alt1.  
· 
Alt2. 
· FFS: support for p=1/8 and/or p=3/4 in addition to 1/4 and 1/2 

Agreement
The value of M is higher-layer configured 
FFS: Whether UE reporting smaller value of M (in addition to the configured M) is supported

Agreement
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Values of N3: For  and NSB is # CQI subbands, when , downselect among the following alternatives in RAN1#96
· 
Alt1: N3 is smallest multiple of 2, 3, or 5 which is  
· Alt2: N3 is a multiple of 2, 3, or 5. Segment into 2 parts with overlapping between 2 parts. Note: no padding is needed to align the DFT size with the multiple of 2, 3, or 5

2. Type II CSI feedback overhead reduction
As discussed in our previous contribution [2], the major overhead of Type II CSI feedback comes from sub-band reporting for phase and amplitude. For instance, for the case of rank=1 and L=2, as per [3], out of 142 total payload bits (assuming 10 sub-bands) in the feedback, 30 bits are allocated for sub-band amplitude reporting while 90 bits are used for sub-band phase reporting. In terms of percentage, for sub-band amplitude reporting, approximately 21% of overhead is assigned whereas this ratio goes up to 85% when both amplitude and phase reporting for sub-bands are considered. Hence DFT-based compression is essential to compress sub-band related information to reduce the feedback overhead associated with Rel.15 Type II CSI.
To understand how to introduce DFT-based compression techniques for CSI feedback overhead reduction, let us first look at the Type II CSI precoding vector generation (for a specific layer). Following [4], this can be given as,                                                                                                                                       
 (1)

Here,  captures precoding vectors for  frequency units (compression units) (as agreed in [1],  depends on ). Note that  denotes the number of available ports.  consists of  wideband spatial 2D-DFT beams. The matrix capturing the sub-band combination coefficients is represented in (1) by  
Now, with DFT-based compression, considering the channel impulse responses of spatial beams,  can be approximated using set of DFT basis vectors as follows
   
where is  the d-th DFT basis vector of u-th spatial beam and  captures complex combination coefficient corresponding to d-th DFT basis vector of u-th spatial beam. Number of DFT basis vectors associated with the u-th spatial beam is captured by . Note that, this is the general representation of  after DFT-based compression. As agreed in RAN1-AH-1901 [1], common set of DFT basis vectors for all 2L spatial beams needs to be selected and accordingly, (2) can be rewritten as,

Here () captures linear combination (LC) coefficients and as agreed in RAN1-AH-1901 [1], only size-K0 subset of 2LM coefficients in are reported. Note here that, reporting LC coefficients are informed to NW using a bit map.  () consists of selected M DFT vectors of frequency domain (FD) basis subset.
2.1 LC Coefficient Quantization
In this section, we discuss how to quantize LC coefficients for reporting. Following 4 alternatives were agreed in an offline proposal in RAN1-AH-1901 meeting.
· Alt1 (per coefficient analogous to Rel.15 Type II ): Rel.15 3-bit amplitude, N-bit phase where N is configured to either 2 (QPSK), 3 (8PSK), or 4 (16PSK)
· Alt2 (differential): Rel.15 3-bit wideband amplitude for each beam, X-bit differential amplitude TBD, Y-bit phase TBD
· [X=2 or 3, Y=2 or 3 were mentioned – please confirm the final choice]
· Alt3 (ABC matrix): A and C are real-valued diagonal matrices and B is a coefficient matrix. The amplitude set for each element of B is either 0 or 1. The amplitude sets of A and C TBD
· [Rel.15 3-bit amplitude for A/C and Rel.15 3-bit amplitude for A and {0, 1/4, 1/2, 1} for C were mentioned – please confirm the final choice]
· Alt4 (two parts with two resolutions): For each beam: 4-bit amplitude and 4-bit phase for the first FD component’s coefficient; 3-bit amplitude and 3-bit phase for the remaining coefficients
· Alphabets for 4-bit and 3-bit amplitude TBD
· Alphabets for 4-bit and 3-bit phase TBD
We have evaluated performance of these 4 alternatives using system-level simulations. Specific simulation assumptions are given in Table 1. For Alt1 and Alt3, all the coefficient amplitudes are normalized with respect to the strongest coefficient in amplitude. For Alt1, 3-bit phase quantization is assumed. For Alt2, X=2 bits differential amplitude and Y=3 bits (8PSK) phase is considered in our evaluations. As clarified for Alt3B in [5], Alt3 is implemented considering Rel. 15, 3 bits amplitudes for A and C. Further, phase quantization for Alt3 is achieved with 3 bits (8PSK). Finally, for Alt4, amplitudes of first FD component’s coefficients are quantized with 4 bits alphabet,  while phase quantization is also achieved with 4 bits (16PSK). Rest of the LC combination coefficients are quantized with Rel.15, 3 bits amplitude and 3 bits phase (8PSK). Note here that, for Rel. 15 Type II CSI with L=4, leading coefficient number K=6 is considered [4]. For (K-1) leading coefficients (in a given sub-band), 1 bit differential amplitude and 3 bits (8PSK) phase quantization is assumed whereas for the rest of the coefficients only 2 bits (QPSK) phase quantization is considered.

The achievable performance with 4 different LC coefficient quantization schemes with respect to Rel. 15 Type II CSI with WB+SB reporting is shown in Fig. 1. As can be seen from that Alt4 provides highest performance gain while Alt1 and Alt3 have almost similar performance (Alt1 is slightly better).




	 







Fig. 1: Performance gain w.r.t. Rel. 15 Type II CSI feedback. Here, L=4, M=8, N3 =13, K0=32 and Rank 1


In Fig. 2 we capture percentage of overhead reduction with respect to Rel. 15 Type II CSI with WB+SB reporting. As can be seen from that, Alt3 provides highest over reduction compared to other schemes. In particular, the overhead reduction is about 32% for Alt3 while the second highest is 21% which is achieved with Alt2.









	

Fig. 2: Feedback overhead compression ratio w.r.t. Rel. 15 Type II CSI feedback. Here, L=4, M=8, N3 =13, K0=32 and Rank 1



As per [6], one of the main objectives of enhancements on MU-MIMO support is to specify overhead reduction approaches for Rel. 15 Type II CSI. Hence, achievable overhead reduction needs to be prioritized as long as there is considerable performance gain over Rel. 15 Type II CSI. Now, as observed from Fig. 1, Alt4 provides highest performance gain while Alt1 and Alt3 depict almost similar performance. However, when look at the overhead reduction, Alt3 provides almost double overhead reduction compared to that of Alt4. This suggests the fact that Alt3 achieves a good balance between overhead reduction and performance compared to all the other alternatives. 
Observation 1
· Alt3 (ABC matrix): A and C are real-valued diagonal matrices and B is a coefficient matrix. The amplitude set for each element of B is either 0 or 1, provides a good balance between overhead reduction and performance compared to other alternatives.
Proposal 1
· Consider Alt3, ABC matrix approach for LC coefficient quantization.
2.2 Size-K0 subset design
As agreed in [1], 3 alternatives are proposed for size-K0 subset design. They are,
· Size-K0 subset design: down select in RAN1#96 from the following alternatives 
· Alt1. Unrestricted subset (size=2LM)
· Alt2. Polarization-common subset (size=LM)
· Alt3. Restricted subset (for a given subset of beams and FD basis, size=2L+M)

Further, it is agreed in [1] to down select 2 values out of 4 proposed for K0. They are,
· 
The value of K0:  where two values of β are supported  
· 
Down select in RAN1#96 from   
 Alt1 of size-K0 subset design proposes to report all LC coefficients regardless of their respective amplitudes. However, certain subset of coefficients (out of size-K0 subset) can be too small in amplitude and as a result no performance improvement can be expected by taking in to consideration those coefficients eventhough they occupy almost the same overhead as strong coefficients. Hence, it is better not to report all LC coefficients. Alt2 on the otherhand proposes to report half of LC coefficients which are polarization common. This proposal makes more sense since LC coefficients with negligible amplitudes can be dropped with this approach without affecting much on the achievable performance. Further, bit map size also reduces since LC coefficients are common across polarizations.
With polarization-common size-K0 subset design,  become better choices which makes  or . This is because,  can be too small leading to not reporting even some strong coefficients as well while  can be too large leading to report even coefficients with small amplitudes.     
Proposal 2
· Consider polarization-common subset selection for size-K0 subset design with  when determining the size of K0.
2.3 Size of FD basis subset, M
As agreed in [1], 2 alternatives are proposed for the size M of FD basis subset. They are and ,
· 
Alt1.  
· 
Alt2. 
· FFS: support for p=1/8 and/or p=3/4 in addition to 1/4 and 1/2 
If =1 (PMI subband size = CQI subband size which is already agreed) is considered, both Alt1 and Alt2  become the same. Hence, for =1, there is no specific benefit of one alternative over the other. 
Now when we look at =2 case, the FD compression unit is half of the CQI subband size. Further,  with =2 becomes approximately double compared to  with =1. Since, =2 provides higher CSI resolution, it is better to increase number of linear phase components or in other words size of FD basis subset, M to properly capture channel propagation characteristics. However, Alt1 proposed above does not increase M with =2. On the other hand, Alt2 approximately doubles M with =2 compared to =1. Hence, it is better to consider Alt2 for determining M. 
Observation 2
· For  both Alt1 and Alt2 provide same M. However, when , Alt2 approximately doubles M compared to .
Proposal 3
· Consider Alt2,   with  to determine M.
3. Summary
In this contribution, we discuss the potential solutions to be considered for LC coefficient quantization, identifying the Size-K0 subset design and determining the size of FD basis subset, M. Based on the discussion, we have the following observations and proposals.
Observation 1
· Alt3 (ABC matrix): A and C are real-valued diagonal matrices and B is a coefficient matrix. The amplitude set for each element of B is either 0 or 1, provides a good balance between overhead reduction and performance compared to other alternatives.
Proposal 1
· Consider Alt3, ABC matrix approach for LC coefficient quantization.
Proposal 2
· Consider polarization-common subset selection for size-K0 subset design with  when determining size of K0.
Observation 2
· For  both Alt1 and Alt2 provide same M. However, when , Alt2 approximately doubles M compared to .
Proposal 3
· Consider Alt2,   with  to determine M.
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Table 1 – Simulation assumptions

	Parameter
	Value

	Duplex, Waveform 
	FDD, OFDM 

	Multiple access 
	OFDMA 

	Scenario
	Dense Urban (Macro only)

	Frequency Range
	FR1, 4GHz.

	Inter-BS distance
	200m 

	Channel model
	According to the TR 38.901 

	Antenna setup and port layouts at gNB
	16 ports: (M, N, P, Mg, Ng, Mp, Np) = (8,4,2,1,1,2,4), (dH,dV) = (0.5, 0.8)λ

	Antenna setup and port layouts at UE
	2RX: (M, N, P, Mg, Ng, Mp, Np) = (1,1,2,1,1,1,1), (dH,dV) = (0.5, 0.5)λ 

	BS Tx power 
	41 dBm

	BS antenna height 
	25m 

	UE antenna height & gain
	Follow TR36.873 

	UE receiver noise figure
	9dB

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

	Number of RBs
	52 for 15 kHz SCS  SB size = 4 and #SBs = 13

	Simulation bandwidth 
	10 MHz,15kHz SCS

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

	MIMO scheme
	SU/MU-MIMO with rank adaptation

	MIMO layers
	Up to 4 MU layers

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

	Traffic model
	Full buffer

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

	UE receiver
	MMSE-IRC

	Feedback assumption
	Realistic

	Channel estimation
	Realistic

	Baseline for performance evaluation
	Rel-15 Type II Codebook 




Alt1	Alt2	Alt3	Alt4	103.8	103.125	103.75	104.375	Quantization scheme


Performance gain




Alt 1	Alt 2	Alt 3	Alt 4	19	21	32	14	Quantization scheme 


% of overhead reduction
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