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Introduction
In RAN1#89 [1], the following agreement about Type I and Type II CSI codebooks was made.
	Agreements:
· Slides 4 to 24 in R1-1709232 are agreed
· For slide 20, FFS whether or not support frequency-dependent parameterization and if so, the details
· FFS whether or not to further enhance analog beamforming related operations especially for >1 layers


[bookmark: _GoBack]This contribution proposes a differential Type II CSI reporting mechanism in which payload is reduced in each CSI reporting instance. Simulation results are provided to show that the proposed differential Type II CSI reporting mechanism maintains good performance with lower CSI reporting payload in each reporting instance. This contribution is a resubmission of R1-1715957. 
[bookmark: _Ref446598642]Differential Type II CSI Reporting Mechanism
 
[bookmark: _Ref468893754]Table 1: W2 phase quantization payload (8PSK phase quantization)
	Number of beams (L)
	Rank 1 (#bits/SB)
	Rank 2 (#bits/SB)

	2
	9
	9 × 2 = 18

	4
	21
	21 × 2 = 42

	6
	33
	33 × 2 = 66

	8
	45
	45 × 2 = 90



One-shot reporting of Type II CSI can amount to significantly large reporting payload. For the Type II CSI codebook agreed in [1], a summary of W2 phase quantization payload bits for 8PSK phase quantization codebook and varying number of beams (L values) is shown in Table 1. The payload for amplitude quantization is in addition to what is shown in Table 1. The motivation of supporting Type II CSI in NR is to provide high-resolution CSI to gNB, which can only be achieved with high rank (e.g. rank 2) transmission with sufficiently large number of beams for combination. However, as shown, the phase reporting payload increases significantly for rank 2 CSI reporting as the number of beams increases. Such large phase reporting payload sizes may not be supported in a single reporting instance as it will consume significant UL resources (since phase reporting is per SB). 
To reduce payload, a differential CSI reporting mechanism is proposed in which the W2 payload is reduced by breaking it into T > 1 CSI reporting instances using differential CSI approach in which T > 1 coarse or lower-resolution CSIs are reported in T CSI reporting instances, where 
· each CSI is self-decodable (independent of other CSIs); and
· an aggregate (linear sum) of T lower-resolution CSIs results in a higher-resolution CSI. 
An example is shown in Figure 1 in which the CSI corresponding to Lt = 2 < L beams (a subset of L W1 beams) is reported in the t-th CSI reporting instance of T = L/2 reporting instances. Two examples (L = 4 and 8) are shown in Figure 1. Note that the CSI reporting overhead is approximately the same in each CSI reporting instance. Note also that the CSI reported in each reporting instance in itself is ‘coarse’ or ‘lower-resolution’ Type II CSI (corresponding to Lt = 2 beams) and the aggregate of CSIs reported in T reporting instances is ‘refined’ or ‘higher-resolution’ Type II CSI (corresponding to L = 4 or 8 beams). Each CSI reporting instance is self-decodable and comprises a valid (lower-resolution) pre-coder which can be used by the gNB without other CSI reporting instances.
Such a differential approach can also be used for phase quantization.


[bookmark: _Ref443897133]Figure 1: Differential CSI reporting

Beam pairs for differential CSI


[bookmark: _Ref473231235]Figure 2: Beam pairs for T = L/2 differential CSI reports
To derive each of T = L/2 differential CSIs, two beams are selected from the basis matrix  for layer l. 
·  is a basis matrix common to both polarizations, where
·  is one of the L orthogonal DFT beams selected from the selected (L1,L2) basis set,
·  are corresponding indices of L beams where  is the strongest beam for layer l.
For brevity, L columns of the basis matrix  are denoted as . In particular, the pairs of selected beams correspond to 2 adjacent beams or columns of the basis matrix starting from the left or beam b0, i.e., beam pairs (b0, b1), (b2, b3), and so on. An illustration of the beam pairs are shown in Figure 2 for L = 4, 6, and 8. 

Configuration and reporting of differential CSI
A UE is configured with a WB CSI report comprising 
· orthogonal basis set, L selected beams, and the strongest beam (per layer) using W1 codebook (these three together determines the basis matrix  for layer l), and 
· RI; 
and T = L/2 differential CSI reports (T SB reports) comprising the following components. 
· 1st CSI report (t = 0) comprises a SB report to indicate amplitude and phase of coefficients using W2 codebook for L0 = 2 beams which are the first two columns (from left) of the basis matrix  for layer l (Figure 2). The number of coefficients (amplitude and phase) to be reported in the 1st CSI report is 2Lt - 1 = 3. 
· Since the 1st column of the basis matrix  corresponds to the strongest beam, which is used to derive to 1st CSI report, the coefficient corresponding to the strongest beam is not reported (it is fixed to 1).    
· Remaining CSI reports (t = 1, 2, …,T-1) comprise SB reports to indicate amplitude and phase of coefficients using W2 codebook for Lt = 2 beams (where t > 1) which are the (2t + 1)-th and (2t + 2)-th columns (from left) of the basis matrix  for layer l (Figure 2). The number of coefficients (amplitude and phase) to be reported in each of the remaining CSI reports is 2Lt = 4. 
The UE assumes the last reported WB CSI report (which includes ) to select 2 beams in T CSI reports. The T WB amplitude components are also reported in their respective reporting instances. 
Proposal: To reduce Type II CSI reporting payload, a differential CSI reporting mechanism is supported wherein  
· T = L/2 coarse yet self-decodable CSIs are reported in T CSI reporting instances, where the CSI reported in each reporting instance is derived using two beams that correspond to adjacent beams or column pairs, (b0, b1), (b2, b3),…, of the basis matrix  (cf. Figure 2).
· A UE is configured with a WB CSI report to report (orthogonal basis set, L selected beams, and per layer strongest beam), and T = L/2 differential CSI reports to report SB phase and WB or WB+SB amplitude of coefficients corresponding to 2 beams in each of T CSI reports.
Simulation results
For performance evaluation of the proposed differential Type II CSI reporting, the non-full-buffer system-level evaluation is carried out for UMi 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 and 32 antenna ports with (N1, N2) = (4, 2) and (4, 4), respectively, where we assume that the first dimension is horizontal and the second dimension is vertical. The relevant simulation parameters are enlisted in Table 3. 
For comparison, the Rel. 14 advanced CSI codebook is considered as reference, and ideal CSI in which dominant eigenvectors are known at gNB and Type II CSI codebook with unquantized combining coefficients (unquantized amplitude and phase) are considered as performance upper bounds.
The following two Type II CSI reporting mechanisms are compared:
· One-shot: the Type II CSI for L beams is reported in a single reporting instance.
· Differential: T = L/2 differential CSIs are reported in T consecutive reporting instances, i.e., in each reporting instance, Type II CSI corresponding to 2 beams is reported (cf. Section 2).
Both phase and amplitude quantization codebooks are 3 bits, where phase quantization is SB, and amplitude quantization is WB. Two L values, L = 4 and 8, are considered in this evaluation. The summary of W2 reporting payload per reporting instance is tabulated in Table 2. 
[bookmark: _Ref474048226]Table 2: W2 reporting payload (per reporting instance)
	L
	One-shot (#bits/SB)
	Differential (per reporting), (#bits/SB)

	
	
	t = 0
	t > 0

	4
	42
	18
	24

	8
	90
	18
	24



The performance comparison for the abovementioned schemes are shown in Figure 3 – Figure 6. The performance loss of differential CSI reporting when compared with one-shot reporting is shown in Figure 7 and Figure 8. We make observe the following.
Observation: 
· Differential CSI reporting mechanism maintains attractive (with small loss) Type II CSI gain (Figure 3 – Figure 6) with W2 reporting payload of 2 beams per reporting instance
· When compared with one-shot reporting, differential CSI reporting incurs less than 6% and 8% losses in avg. and 5% UPT respectively. This loss is small considering the reduction in W2 reporting payload. 

[bookmark: _Ref474047252]Figure 3: Performance comparison, 16 ports, L = 4 beams

Figure 4: Performance comparison, 16 ports, L = 8 beams

Figure 5: Performance comparison, 32 ports, L = 4 beams

[bookmark: _Ref474047255]Figure 6: Performance comparison, 32 ports, L = 8 beams
	


[bookmark: _Ref474014803]Figure 7: Performance of differential over one-shot reporting for 16 ports

[bookmark: _Ref474048518]Figure 8: Performance of differential over one-shot reporting for 32 ports

	


Conclusions
In this contribution, to reduce Type II CSI payload, a differential CSI based Type II CSI reporting mechanism is presented. The observations and proposals made are summarized as follows. 
Proposal: To reduce Type II CSI reporting payload, a differential CSI reporting mechanism is supported wherein  
· T = L/2 coarse yet self-decodable CSIs are reported in T CSI reporting instances, where the CSI reported in each reporting instance is derived using two beams that correspond to adjacent beams or column pairs, (b0, b1), (b2, b3),…, of the basis matrix  (cf. Figure 2).
· A UE is configured with a WB CSI report to report (orthogonal basis set, L selected beams, and per layer strongest beam), and T = L/2 differential CSI reports to report SB phase and WB or WB+SB amplitude of coefficients corresponding to 2 beams in each of T CSI reports.
Observation: 
· Differential CSI reporting mechanism maintains attractive (with small loss) Type II CSI gain (Figure 3 – Figure 6) with W2 reporting payload of 2 beams per reporting instance
· When compared with one-shot reporting, differential CSI reporting incurs less than 6% and 8% losses in avg. and 5% UPT respectively. This loss is small considering the reduction in W2 reporting payload. 
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Appendix: Simulation Assumptions 
[bookmark: _Ref427254851][bookmark: _Ref458526226]Table 3: Simulation Parameters
	Parameters
	Values

	Simulation Type
	Non-full-buffer (Medium load 50% Target RU, Lambda = 4)

	Channel model
	UMi-2GHz

	Number of BS (H,V) antenna elements
	(8,8), x-polarized, subarray partition

	(N1,N2, P) 
	16, 32 ports: (4,2,2), (4,4,2)

	(O1,O2) 
	(8,8)

	BS (H,V) antenna spacing
	(0.5, 0.8)λ

	BS and MS antenna polarizations
	BS: (+45°,-45°); MS: (0°, 90°)

	Number of UE antennas
	2

	SU/MU pre-coding
	SLNR

	Scheduling
	MU, Proportional fair, up to 4 layers

	Channel estimation
	Non-ideal

	Transmission rank
	1,2

	Receiver 
	MMSE-IRC

	CSI feedback schemes
	Reference: Rel. 14 advanced CSI codebook
Type II CSI codebook: agreed in [1]
Ideal: dominant eigenvectors are known to the gNB/TRP



R14 adv. CSI CB	
Avg. UPT	50% UPT	5% UPT	1	1	1	One-shot	
Avg. UPT	50% UPT	5% UPT	1.4517418930762489	1.5613510880155894	1.9186746987951806	Differential	
Avg. UPT	50% UPT	5% UPT	1.4184377738825591	1.5173757713543359	1.8642426850258176	Unq.	
Avg. UPT	50% UPT	5% UPT	1.5913124452234881	1.7369275738876258	2.3450946643717732	Ideal	
Avg. UPT	50% UPT	5% UPT	1.7682953549517963	2.0513153621305618	2.6230636833046472	



R14 adv. CSI CB	
Avg. UPT	50% UPT	5% UPT	1	1	1	One-shot	
Avg. UPT	50% UPT	5% UPT	1.5762489044697634	1.7419291977914908	2.2424698795180724	Differential	
Avg. UPT	50% UPT	5% UPT	1.5008764241893076	1.6401429035401105	2.0793889845094662	Unq.	
Avg. UPT	50% UPT	5% UPT	1.7532865907099038	2.0316986034426763	2.5849827882960414	Ideal	
Avg. UPT	50% UPT	5% UPT	1.7682953549517963	2.0513153621305618	2.6230636833046472	



R14 adv. CSI CB	
Avg. UPT	50% UPT	5% UPT	1	1	1	One-shot	
Avg. UPT	50% UPT	5% UPT	1.3483663580098835	1.4412815360571556	1.7860389020178147	Differential	
Avg. UPT	50% UPT	5% UPT	1.3265844648083289	1.4087966063853539	1.7578622068714778	Unq.	
Avg. UPT	50% UPT	5% UPT	1.4588111116441971	1.5706630944407234	2.0385384475549899	Ideal	
Avg. UPT	50% UPT	5% UPT	1.7124694141918149	2.0600580486715785	2.6271586984184694	



R14 adv. CSI CB	
Avg. UPT	50% UPT	5% UPT	1	1	1	One-shot	
Avg. UPT	50% UPT	5% UPT	1.445281389435302	1.5764679615985711	2.0052717687693145	Differential	
Avg. UPT	50% UPT	5% UPT	1.3896751907115099	1.5017302969412816	1.8951099800036357	Unq.	
Avg. UPT	50% UPT	5% UPT	1.5673847334836635	1.7819825853985263	2.2432285039083801	Ideal	
Avg. UPT	50% UPT	5% UPT	1.7124694141918149	2.0600580486715785	2.6271586984184694	



L = 4 beams	
Avg. UPT	50% UPT	5% UPT	-2.2940799154812681E-2	-2.8164912426675525E-2	-2.8369589594079404E-2	L = 8 beams	
Avg. UPT	50% UPT	5% UPT	-4.7817625799277216E-2	-5.8433083491814898E-2	-7.2723783939364947E-2	



L = 4 beams	
Avg. UPT	50% UPT	5% UPT	-1.6154284087674376E-2	-2.2538920300518968E-2	-1.5776081424936323E-2	L = 8 beams	
Avg. UPT	50% UPT	5% UPT	-3.8474306201035688E-2	-4.7408299107775054E-2	-5.493608920315473E-2	
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4 beam pairs (b0,b1), (b2,b3), (b4,b5), (b6,b7) for 4 differential CSI reports


L = 8 columns of basis matrix Bl for layer l 
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2 beam pairs (b0,b1), (b2,b3) for 2 differential CSI reports


L = 4 columns of basis matrix Bl for layer l 


3 beam pairs (b0,b1), (b2,b3), (b4,b5) for 3 differential CSI reports


L = 6 columns of basis matrix Bl for layer l 
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