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Introduction
Based on an offline email discussion on clarification for quantization schemes (after the agreement made in RAN#95 [1]), the following alternatives about LC coefficient quantization are clarified/simplified:
	· 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)
· 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
· Alt3.  The coefficient matrix  (2L-by-M matrix) is expressed by a product of three matrices (=ABC). A and C are real-valued diagonal matrices and B is a coefficient matrix. The amplitude set for B is {0,1}. For the amplitude sets of A and C:
· Alt 3A: 3bit R15 amplitude set for A and C.  
· Alt 3B: 3bit R15 amplitude set for A and new 2bit amplitude set {0, 1/4, 1/2, 1} for C.  
· Alt4. 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 




During an offline discussion during RAN1 AH 1901, a new alternative (AltM), which tries to merge Alt1, Alt2A, Alt2B and Alt4, was proposed, which is copied below. 
The following simplification of AltM is proposed in [3]. 
Alt 2’:
· UE reports the following for the quantization of the coefficients in ,
· Strongest coefficient indicator: ceil(log2(K_NZ)) bits, where K_NZ  equals number of NZ coefficients reported using the bitmap
· Strongest coefficient = 1 (hence its amplitude/phase are not reported)
· Two reference amplitudes (for two polarizations):
· For the polarization of the strongest coefficient, reference amplitude = 1 (hence it is not reported)
· For the other polarization, reference amplitude is quantized with A bits. A = 4 or 3
· For A=4, the alphabet is  (-1.5dB step size)
· For A=3, the alphabet is  (-1.5dB step size)
· For each polarization, the differential amplitudes of the coefficients w.r.t. the reference amplitude in this polarization
· Quantized with B bits. B = 2 or 3
· For B=2, the alphabet is  (-3dB step size)
· For B=3, the alphabet is  (-3dB step size)
· (A, B) can be configurable from (4, 2), (4, 3), (3, 2)
· Each phase is quantized with C = 3 bits (8PSK) or 4 bits (16PSK), which is configurable

Alt M: 
· UE reports the following amplitudes of the coefficients in , for each spatial beam
· The amplitude of the strongest coefficient per beam
· Quantized with A bits. A = 4 or 3
· For A=4, the alphabet is  (-1.5dB step size)
· For A=3, the alphabet is {,0} (-1.5dB step size)
· The differential amplitudes of the coefficients w.r.t. the strongest coefficient in this beam
· Quantized with B bits. B = 2 or 3
· For B=2, the alphabet is  (-3dB step size)
· For B=3, the alphabet is  (-3dB step size)
· (A, B) can be configurable from (4, 2), (4, 3), (3, 2)
· UE reports the phases of the coefficients in . 
· Phases are quantized with C = 3 bits (8PSK) or 4 bits (16PSK), which is configurable

There was also some discussion during RAN1 AH 1901 regarding whether the first component in Alt4 corresponds to the strongest FD component. An example of such a variation of Alt4 is discussed in [2], where the first (or strongest) FD component is indicated by the UE, and it equals to the FD component of the strongest coefficient (1 out of  NZ coefficients indicated via a bitmap). This variation is referred to as Alt4S. 

This contribution provides simulation results to compare some of these alternatives (Alt1, AltM, Alt2’, Alt4, and Alt4S) for LC coefficient quantization and makes conclusions in support of our proposal in [2]. 

Simulation results for LC coefficient quantization
For performance evaluation, the non-full-buffer system-level evaluation is carried out for Dense Urban (Macro only) channel model in medium (50% target RU) traffic loading scenario, and dynamic switching between SU-MIMO and MU-MIMO is considered in the simulation. The results are provided for 16 antenna ports at the gNB. The relevant simulation assumptions and parameters are according to the agreed assumptions in RAN1#94bis, and are enlisted in Table 1 in Appendix. The results are provided in Figure 1 (10 MHz BW) and Figure 2 (40 MHz BW) for the following parameters. 
· Spatial compression: L = 4
· Frequency compression: M = 7 for 10 MHz BW, and M = 4 for 40 MHz BW
· Rank 1 only
· Coefficient quantization: some of the LC quantization alternatives (Alt1, AltM, Alt2’, Alt4, and Alt4S) as explained in Section 1 are evaluated, where the first FD component in Alt4 is assumed to be the FD basis with index 0 (DC component) in this evaluation.
As reference, Rel. 15 Type II with L = 2, WB+SB amplitude, and 8-PSK phase is considered. We can observe the following.
Observation 1: The performance-overhead trade-offs achieved by Alt1, Alt2’, and Alt4S are close; in particular, they are in the following order Alt2’ > Alt1 > Alt4S.
· AltM performs poorly in low-overhead regime (for small  values), and performs competitively in high overhead regime (for large  values)
· Alt4 with FD component “0”, on the other hand, can suffer from significant performance degradation if coefficients (hence the FD basis) associated with FD component “0” are always chosen  


[bookmark: _Ref525766551]Figure 1: Performance-overhead trade-off for different LC coefficient quantization for 10MHz BW
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[bookmark: _Ref1062275]Figure 2: Performance-overhead trade-off for different LC coefficient quantization for 40MHz BW 

Regarding Alt4S, it can be argued that the FD component of the strongest coefficient (across all the SD beams and FD units) may not be the strongest FD component for each SD beam. To assess how often this could happen, the probability of this event (FD component of the strongest coefficient = the strongest FD component for each SD beam) denoted as ‘0’ is shown in Figure 3. 

Observation 2: For Alt4S, the probability of FD component of the strongest coefficient being equal to the strongest FD component for each SD beam is close to 90%.  
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[bookmark: _Ref1064191]Figure 3: Probability of strongest FD component being the same as FD component of the strongest coefficient
Conclusions
In this contribution, simulation results are provided for LC coefficient quantization. The observations made are summarized as follows. 
Observation 
· The performance-overhead trade-offs achieved by Alt1, Alt2’, and Alt4S are close; in particular, they are in the following order Alt2’ > Alt1 > Alt4S.
· AltM performs poorly in low-overhead regime (for small  values), and performs competitively in high overhead regime (for large  values)
· Alt4 with FD component “0”, on the other hand, can suffer from significant performance degradation if coefficients (hence the FD basis) associated with FD component “0” are always chosen  
· For Alt4S, the probability of FD component of the strongest coefficient being equal to the strongest FD component for each SD beam is close to 90%  
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Appendix

[bookmark: _Ref525812457]Table 1: Simulation assumptions
	Parameter
	Value

	Duplex, Waveform 
	FDD, OFDM 

	Multiple access 
	OFDMA 

	Scenario
	Dense Urban (Macro only)

	Frequency Range
	FR1, 4GHz with 13 SBs and 40 MHz with 7 SBs

	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

	Modulation 
	Up to 256QAM 

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

	Numerology
	Slot/non-slot 
	14 OFDM symbol slot

	
	SCS 
	15kHz 

	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

	Overhead 
	DMRS, CSI-RS, PDCCH 

	Traffic model
	FTP model 1 with packet size 0.5 Mbytes

	Traffic load (Resource utilization)
	50%

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

	UE receiver
	MMSE-IRC

	Feedback assumption
	Realistic

	Channel estimation
	Realistic

	Evaluation Metric
	Throughput vs CSI feedback overhead (bits)

	Baseline for performance evaluation
	Rel-15 Type II Codebook 



10MHz: L=4, M=7, beta={1/8,1/4,1/4,3/4}

R15 TypeII, L={2,3,4}	176	236	347	1	1.0156399616980532	1.0338333865304821	Alt1: (A,P)=(3,4)	125	175	274	373	1.0026953221973969	1.0367414973224103	1.0574174557577047	1.0602901017838777	AltM (2L ref amp): (A,B)=(4,3), C=4	157	210	308	406	1.0024470688371103	1.0411036635103026	1.0597226655317942	1.0652551689896088	Alt2' (1 ref amp): (A,B)=(4,3), C=4	125	179	278	377	1.0032627584494804	1.0414228464020996	1.0592261588112211	1.0612831152250239	Alt4: P=4	130	180	278	376	0.95811611164308252	1.0130510337979219	1.0489413767422067	1.0601837074866121	Alt4S: P=4	134	185	284	383	1.0041848423591162	1.0401815796006668	1.0594034826399972	1.0635173954676029	Rank 1 overhead


Avg. UPT




40MHz: L=4, M=4, beta={1/8,1/4,1/4,3/4}

R15 TypeII, L={2,3,4}	104	140	203	1	1.0061006200959242	1.020188236238486	Alt1: (A,P)=(3,4)	74	103	160	217	0.9910698159780057	1.0151913467520217	1.036663924063334	1.0426642050129438	AltM (2L ref amp): (A,B)=(4,3), C=4	95	139	195	251	0.99064839156348461	1.0201481005799602	1.0413397282815917	1.047901908450563	Alt4S: P=4	79	112	169	226	0.98934398266139545	1.0176396219220967	1.0381890790873152	1.0452328871585961	Alt2' (1 ref amp): (A,B)=(4,3), C=4	63	108	165	222	0.99233408922156885	1.0163352130200076	1.0419216953302162	1.0461359394754268	Alt4: P=4	76	108	164	220	0.957817422889366	0.99743131785434769	1.02960004816279	1.0421625092813711	Rank 1 overhead


Avg. UPT
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0: strongest FD component = FD component of the strongest coef;

1: otherwise
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