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1. Introduction
In RAN #71, a new WID related to enhancements to FD-MIMO (eFD-MIMO) has been approved [1]. The objective of the eFD-MIMO WID as captured in [1] includes the following: 
· Extend specification support for CSI reporting in the following areas [RAN1]
· As second priority, evaluate and, if needed, specify enhancement on CSI reporting based on non-precoded and beamformed CSI-RS to improve eNB precoding (such as new feedback methodologies in addition to codebook-based CSI feedback) and interference measurement to support efficient multi-user transmissions (e.g. further enabling interference estimation from NZP or ZP CSI-RS)
· Analog feedback is not precluded
Based on this objective, the following conclusion was made in RAN1#84bis. 
Conclusions:
· Evaluate proposed advanced CSI schemes
· Baseline for comparison:
· Implicit CSI feedback based on Rel.13 codebook (as well as its extension to >16 ports) or other legacy codebooks if applicable
· Performance and feedback overhead should be provided
· Simulation scenarios:
· FTP model 1 with 70% and 50% traffic loading
· Evaluations should include dynamic switching between MU- and SU-MIMO 
· Other simulation details can refer to 36.897 EB/FD MIMO SI 
Candidates for PMI Enhancement:
· Codebook based (implicit feedback)
· Linear combination codebook (enhanced W2) for Non-precoded CSI-RS and beamformed CSI-RS
· MU CSI (e.g., additional i1, i1,1, or i1,2) 
· Other new or modified codebooks
· Explicit feedback 
· Channel quantization 
· Eigenvector quantization
· Covariance matrix quantization
· Analog feedback
· Note: other schemes are not precluded
Candidates for CQI Enhancement:
· CQI Derivation 
· Interference estimation based on NZP CSI-RS
· MU-CQI conditioned on MU hypotheses and CSI-IM
· Reduced CQI feedback delay
· Note: other schemes are not precluded
This contribution proposes an enhancement on CSI reporting based on linear combination (LC) codebook. Alternatives for CSI reporting based on the proposed LC codebook are also discussed. Finally, simulation results are provided to show performance gain of the proposed LC codebook over Rel. 13 Class A codebook.
2. Linear Combination Codebook
Similar to Rel. 10 8-Tx and Rel. 12 4-Tx, the Rel. 13 ‘Class A’ eMIMO-Type codebook is a double codebook: W = W1W2, where  
· W1 is for WB reporting of the first PMI pair (i1,1,i1,2), and
· W2 is for SB reporting of the second PMI i2.
If Codebook-Config = 2,3,4, then the first PMI (i1,1,i1,2) indicates 4 DFT beams, b0, b1, b2, and b3, whose location is determined by the Codebook-Config value (black squares in Table 1), and if Codebook-Config = 1, then it indicates 1 DFT beam, b0. The second PMI i2 indicates 
· for Codebook-Config = 2,3,4, a beam selection vector ek whose kth entry is 1 and rest are 0, belonging to {(1,0,0,0), (0,1,0,0), (0,0,1,0), (0,0,0,1)} and 
· 
a co-phase value belonging to {1,j,-1,-j}.
[bookmark: _Ref446404226]Table 1: Codebook-Config to rank 1 beam group mapping
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The rank-1 pre-coder can be expressed as
 where  
The rank-2 pre-coder can be expressed as
 where and 


[bookmark: _Ref446407979][bookmark: _Ref446935097]Figure 1: Linear combination pre-coder
As shown in Figure 1, for enhanced CSI reporting, a new codebook, namely linear combination (LC) codebook, can be considered based on the Rel. 13 Class A codebook framework. The LC codebook is a double codebook: W = W1W2, where W1 is for the first PMI (i1,1,i1,2), the same as in Rel. 13, and W2 is for the second PMI i2 indicating 
· for Codebook-Config = 2,3,4, a beam combination vector ck = (c0,k, c1,k, c2,k, c3,k) whose components belong to coefficient codebook Ccoeff; and 
· 
a co-phase value belonging to {1,j,-1,-j}.
Two alternatives for coefficient codebook are as follows:
· Single codebook: Ccoeff = {1,j,-1,-j}. 
· 


Double codebook:, where and , and they are used for the WB and SB components of the coefficients. Note that the multiplication of WB and SB components of coefficients result in the final coefficients belonging to {1,j,-1,-j}.
The rank-1 LC pre-coder can then be expressed as
; where ;  and
. 
The rank-2 PMI pre-coder can be expressed as
 where  and 
For rank > 2, the LC codebook can be the same as Class A codebook. This is because of following reasons:
· The main advantage of LC codebook is enhanced MU-MIMO performance through better channel quantization, which can be realized with max per-UE rank = 2.
· Rank > 2 codebook requires orthogonal beams, which makes rank > 2 LC codebook design complicated.
Proposal 1: For rank-1 and 2 advanced CSI reporting, consider supporting an additional precoding scheme which replaces beam selection with beam combination for Codebook-Config = 2,3,4, where beam combination coefficients belong to Ccoeff. Two alternatives for Ccoeff are:     
· Single codebook: Ccoeff = {1,j,-1,-j}. 
· 


Double codebook:, where and . 
The proposed LC codebook based CSI enhancement can also be applied to enhance Class B CSI reporting. For instance, for K =1 and P ports, the UE can report a PMI, which indicates a linear combination of L = P/2 ports. Similarly, the idea is applicable to enhance CSI based on hybrid scheme in which two types of CSI-RS resources, for example non-precoded and beamformed CSI-RS, are associated with two CSI reports. The PMI reported in one of the two CSIs reports can be the linear combination codebook based PMI. 
Observation 1: Proposal 1 can be extended to Class B and hybrid CSI enhancement in which at least one of the reported PMIs indicates linear combination. 
3. Enhanced CSI Reporting
For Rel.13 implicit feedback, the enhanced CSI report comprises of the following components:
· RI: it is derived based on the proposed LC codebook for RI = 1,2 and based on Class A codebook for RI = 3-8.
· 1st PMI (i1,1, i1,2): identical to the 1st PMI of Class A codebook for Codebook-Config =2,3,4;  
· 2nd PMI i2: 
· Rank 1-2: LC codebook i2 for beam combination coefficients and co-phase; 
· Rank 3-8: Class A codebook i2 for beam selection and co-phase; and
· CQI: dervied corresponding to the reported RI and PMI, i.e., based on LC codebook if reported RI = 1,2 and based on Class A codebook for reported RI = 3-8.
There are multiple alternatives to report the 2nd PMI for the LC codebook. A few alternatives are as follows: 
· Alt 0: The coefficients are reported WB using the single coefficient codebook mentioned in Section 2 and the co-phase is reported SB.
· Alt 1: Both coefficients and co-phase are reported SB and coefficients are reported using the single coefficient codebook mentioned in Section 2.
· Alt 2: The coefficients are reported using the double codebook mentioned in Section 2. One component of the coefficients are reported WB and the other component is reported SB together with co-phase.
The feedback overhead to report rank 1 i2 according to these alternatives is shown in Table 2. For rank 2, the i2 feedback overhead can be the same as rank 1 overhead by using  for co-phase in rank 2 LC pre-coder. This is assumed in the simulation results in Section 4.
[bookmark: _Ref447033931]Table 2: i2 reporting alternatives and feedback overhead
	Alt
	Coefficient codebook
	WB component
	Number of bits
	SB component
	Number of bits

	0
	Single
	i2 (Coefficient)
	2*3 = 6
	i2 (Co-phase)
	2 + 0 = 2

	1
	
	-
	0
	i2 (Co-phase, Coefficient)
	2 + 2*3 = 8

	2
	Double
	i2 (Coefficient)
	2*4 = 8
	i2 (Co-phase, Coefficient)
	2 + 4*1 = 6



In addition, LC codebook offers a natural support for explicit feedback paradigm discussed in [3, 4]. That is, the 1st and 2nd PMI can be used to report a form of quantized DL channel to the eNB. Upon measuring the DL channel from CSI-RS, the UE calculates and reports 1st and 2nd PMI where the 1st PMI represents a set of basis vectors and the 2nd PMI combining coefficients relative to the set of basis vectors. 

Proposal 2: For the legacy implicit feedback paradigm, the enhanced CSI report comprises of the following components:
· RI (based on LC codebook for RI = 1,2 and based on Class A codebook for RI = 3-8) 
· 1st PMI (i1,1, i1,2): identical to Class A codebook for Codebook-Config =2,3,4;
· 2nd PMI i2: based on one of Alt 0 - 2 in Table 2 if RI = 1,2; and based on Class A codebook otherwise; and 
· CQI.
Observation 2: Proposal 2 can be applied to the enhanced CSI reporting for Class B and hybrid CSI reporting.
Observation 3: The 1st and the 2nd PMI can also be utilized for supporting explicit channel feedback.
4. Simulation Results
To demonstrate the performance of the proposed LC codebook, simulation-level simulation results are provided for following three codebooks:
· Class A: Rel. 13 Class A codebook (and its extension to more than 16 ports) is used as a reference for performance comparison. 
· LC (single): proposed LC codebook with single coefficient codebook (Alt 1 in Table 2); and
· LC (double): proposed LC codebook with double coefficient codebook (Alt 2 in Table 2).
The non-full-buffer system-level evaluation is carried out for UMa-200m and UMi-2GHz channel models in heavy (70% target RU) traffic loading scenarios. The detailed results can be found in Table 4 and Table 5 in the Appendix. The results are provided for 16 and 32 antenna ports with (N1,N2) = (4,2)  and (N1,N2) = (4,4), respectively. Here, we assume that the first dimension is horizontal and the second dimension is vertical. The downtilt angles in the elevation domain are chosen according to [2]. In these simulations, full-port non-precoded CSI-RS is used for CSI estimation, and the corresponding CSI-RS overhead is taken into account in the final throughput calculation. Cell association antenna pattern is approximated by one-TXRU pattern, and proportional fair scheduling (max 4 layers per time-frequency resource) have been used. For MU-MIMO, SLNR precoding is considered. The relevant simulation parameters are enlisted in Table 3. The rest of the simulation assumption is according to [2]. The performance gains with “Class A codebook” as reference are summarized in Figure 2 - Figure 13. 






	


[bookmark: _Ref447193894]Figure 2: Performance for 16 ports, (N1,N2) = (2,4), UMa-200m

Figure 3: Performance for 16 ports, (N1,N2) = (2,4), UMa-200m

Figure 4: Performance for 16 ports, (N1,N2) = (2,4), UMa-200m

Figure 5: Performance for 16 ports, (N1,N2) = (2,4), UMi-2GHz

Figure 6: Performance for 16 ports, (N1,N2) = (2,4), UMi-2GHz

Figure 7: Performance for 16 ports, (N1,N2) = (2,4), UMi-2GHz

Figure 8: Performance for 32ports, (N1,N2) = (4,4), UMa-200m

Figure 9: Performance for 32ports, (N1,N2) = (4,4), UMa-200m

Figure 10: Performance for 32ports, (N1,N2) = (4,4), UMa-200m

Figure 11: Performance for 32ports, (N1,N2) = (4,4), UMi-2GHz

Figure 12: Performance for 32ports, (N1,N2) = (4,4), UMi-2GHz

[bookmark: _Ref450829205]Figure 13: Performance for 32ports, (N1,N2) = (4,4), UMi-2GHz
Observation 4: From the SLS results, we can make the following observation:
· Proposed LC codebook shows significant gain over Class A codebook overall; a gain of 17% in avg. UPT for 16 port, UMi-2GHz, and Config 4; and a gain of 38% in 5% UPT for 16 port, UMi-2GHz, and Config 3. 
· Three configs show comparable performance gains in avg. UPT; and Config 3 is the overall best in 5% UPT gain.
· When compared with LC (double), LC (single) shows small performance gain in avg. UPT; but significantly large gain in 5% UPT gain in some cases.
· When compared with 32-port results, for the same user arrival rate (lambda value), 16-port results show more UPT performance gain, but consumes more RU.
5. Conclusion
This document proposes an enhanced CSI reporting based on linear combination codebook. The proposals and observations made can be summarized as follows.
Proposal 1: For rank-1 and 2 advanced CSI reporting, consider supporting an additional precoding scheme which replaces beam selection with beam combination for Codebook-Config = 2,3,4, where beam combination coefficients belong to Ccoeff. Two alternatives for Ccoeff are:     
· Single codebook: Ccoeff = {1,j,-1,-j}. 
· 


Double codebook:, where and . 
Observation 1: Proposal 1 can be extended to Class B and hybrid CSI enhancement in which at least one of the reported PMIs indicates linear combination. 
Proposal 2: For the legacy implicit feedback paradigm, the enhanced CSI report comprises of the following components:
· RI (based on LC codebook for RI = 1,2 and based on Class A codebook for RI = 3-8) 
· 1st PMI (i1,1, i1,2): identical to Class A codebook for Codebook-Config =2,3,4;
· 2nd PMI i2: based on one of Alt 0 - 2 in Table 2 if RI = 1,2; and based on Class A codebook otherwise; and 
· CQI.
Observation 2: 
· Proposal 2 can be applied to the enhanced CSI reporting for Class B and hybrid CSI reporting.
· The 1st and the 2nd PMI can also be utilized for supporting explicit channel feedback.
· [bookmark: _GoBack]The proposed LC codebook shows significant gain over Class A codebook overall; a gain of 17% in avg. UPT for 16 port, UMi-2GHz, and Config 4; and a gain of 38% in 5% UPT for 16 port, UMi-2GHz, and Config 3. 
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Appendix: Simulation Assumptions and Results
[bookmark: _Ref450753651]Table 3: Simulation Parameters
	Parameters
	Values

	Simulation Type
	Non-full-buffer (Heavy load 70% Target RU)

	Channel model
	UMi-2GHz, UMa-200m

	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)

	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
	Ideal

	Transmission rank
	1,2

	Receiver
	MMSE-IRC

	Codebook
	Class A: (O1,O2) = (8,8), Codebook-Config = 2,3,4
LC codebook: W1 same as Class A, W2 as proposed


[bookmark: _Ref450753763]Table 4: Non-full buffer simulation results for 16 ports
	Channel
	Config
	Lambda
	Scheme
	RU
	Avg UPT
	50% UPT
	5% UPT
	Avg UPT gain
	50% UPT gain
	5% UPT gain

	UMa-200m
	2
	4
	Class A
	65.1%
	14.76
	11.90
	2.11
	100.0%
	100.0%
	100.0%

	
	
	
	LC (double)
	63.3%
	15.57
	12.33
	2.48
	105.5%
	103.6%
	117.7%

	
	
	
	LC (single)
	62.4%
	16.02
	12.86
	2.73
	108.6%
	108.1%
	129.7%

	
	3
	4
	Class A
	65.9%
	14.38
	11.37
	2.00
	100.0%
	100.0%
	100.0%

	
	
	
	LC (double)
	62.9%
	15.85
	12.62
	2.39
	110.2%
	111.0%
	119.2%

	
	
	
	LC (single)
	62.0%
	16.19
	12.91
	2.73
	112.6%
	113.6%
	136.3%

	
	4
	4
	Class A
	65.7%
	14.44
	11.33
	2.02
	100.0%
	100.0%
	100.0%

	
	
	
	LC (double)
	62.7%
	15.82
	12.80
	2.36
	109.6%
	112.9%
	116.7%

	
	
	
	LC (single)
	62.2%
	16.11
	12.97
	2.60
	111.6%
	114.4%
	128.7%

	UMi-2GHz
	2
	4
	Class A
	67.9%
	14.07
	10.96
	2.32
	100.0%
	100.0%
	100.0%

	
	
	
	LC (double)
	64.8%
	15.51
	12.38
	2.73
	110.2%
	113.0%
	117.8%

	
	
	
	LC (single)
	63.8%
	16.06
	12.82
	3.00
	114.2%
	117.0%
	129.2%

	
	3
	4
	Class A
	68.2%
	13.75
	10.95
	2.16
	100.0%
	100.0%
	100.0%

	
	
	
	LC (double)
	64.1%
	15.69
	12.58
	2.72
	114.1%
	114.9%
	125.9%

	
	
	
	LC (single)
	63.5%
	16.06
	12.81
	2.99
	116.8%
	116.9%
	138.4%

	
	4
	4
	Class A
	68.9%
	13.35
	10.43
	2.12
	100.0%
	100.0%
	100.0%

	
	
	
	LC (double)
	65.8%
	14.94
	11.82
	2.15
	111.9%
	113.4%
	101.8%

	
	
	
	LC (single)
	64.4%
	15.62
	12.52
	2.69
	117.0%
	120.1%
	127.1%


[bookmark: _Ref450831688]Table 5: Non-full buffer simulation results for 32 ports
	Channel
	Config
	Lambda
	Scheme
	RU
	Avg UPT
	50% UPT
	5% UPT
	Avg UPT gain
	50% UPT gain
	5% UPT gain

	UMa-200m
	2
	4
	Class A
	59.9%
	17.61
	14.63
	5.18
	100.0%
	100.0%
	100.0%

	
	
	
	LC (double)
	58.4%
	18.36
	15.37
	5.51
	104.3%
	105.0%
	106.4%

	
	
	
	LC (single)
	58.1%
	18.68
	15.69
	5.60
	106.1%
	107.2%
	108.1%

	
	3
	4
	Class A
	60.5%
	17.22
	14.21
	4.95
	100.0%
	100.0%
	100.0%

	
	
	
	LC (double)
	58.5%
	18.43
	15.50
	5.32
	107.0%
	109.1%
	107.5%

	
	
	
	LC (single)
	57.7%
	18.80
	15.72
	5.64
	109.2%
	110.6%
	114.0%

	
	4
	4
	Class A
	60.5%
	17.31
	14.45
	4.95
	100.0%
	100.0%
	100.0%

	
	
	
	LC (double)
	58.9%
	18.19
	15.21
	5.34
	105.1%
	105.3%
	107.9%

	
	
	
	LC (single)
	58.4%
	18.44
	15.56
	5.46
	106.5%
	107.7%
	110.3%

	UMi-2GHz
	2
	4
	Class A
	60.4%
	17.83
	14.83
	4.18
	100.0%
	100.0%
	100.0%

	
	
	
	LC (double)
	58.3%
	18.92
	15.69
	4.73
	106.1%
	105.8%
	113.2%

	
	
	
	LC (single)
	57.5%
	19.41
	16.36
	5.20
	108.9%
	110.4%
	124.4%

	
	3
	4
	Class A
	60.5%
	17.57
	14.60
	4.17
	100.0%
	100.0%
	100.0%

	
	
	
	LC (double)
	58.4%
	18.82
	15.81
	4.72
	107.1%
	108.3%
	113.1%

	
	
	
	LC (single)
	57.5%
	19.39
	16.12
	5.05
	110.3%
	110.4%
	121.1%

	
	4
	4
	Class A
	60.7%
	17.58
	14.73
	4.39
	100.0%
	100.0%
	100.0%

	
	
	
	LC (double)
	59.0%
	18.58
	15.49
	4.60
	105.7%
	105.1%
	104.9%

	
	
	
	LC (single)
	58.4%
	18.86
	15.97
	4.80
	107.3%
	108.4%
	109.4%



Config 2
Class A	Avg UPT	50% UPT	5% UPT	RU	1	1	1	0.65100000000000002	LC (double)	Avg UPT	50% UPT	5% UPT	RU	1.0548929249119003	1.0358823529411765	1.1766381766381768	0.63300000000000001	LC (single)	Avg UPT	50% UPT	5% UPT	RU	1.0858633776091082	1.0808403361344538	1.2967711301044635	0.624	


Config 3
Class A	Avg UPT	50% UPT	5% UPT	RU	1	1	1	0.65900000000000003	LC (double)	Avg UPT	50% UPT	5% UPT	RU	1.1023233166388424	1.1095673584241998	1.1924037981009497	0.629	LC (single)	Avg UPT	50% UPT	5% UPT	RU	1.1264607679465777	1.1355962011959198	1.3633183408295855	0.62	


Config 4
Class A	Avg UPT	50% UPT	5% UPT	RU	1	1	1	0.65700000000000003	LC (double)	Avg UPT	50% UPT	5% UPT	RU	1.096009975062344	1.1293795781484424	1.1674096087171868	0.627	LC (single)	Avg UPT	50% UPT	5% UPT	RU	1.1156137434192297	1.1442061600917837	1.2867756315007428	0.622	


Config 2
Class A	Avg UPT	50% UPT	5% UPT	RU	1	1	1	0.67900000000000005	LC (double)	Avg UPT	50% UPT	5% UPT	RU	1.101911733352285	1.1300301122365179	1.1775096940973717	0.64800000000000002	LC (single)	Avg UPT	50% UPT	5% UPT	RU	1.1416388316395423	1.1699060133223835	1.2916846186988367	0.63800000000000001	


Config 3
Class A	Avg UPT	50% UPT	5% UPT	RU	1	1	1	0.68200000000000005	LC (double)	Avg UPT	50% UPT	5% UPT	RU	1.1407795229784758	1.1485573411249088	1.2585568917668826	0.64100000000000001	LC (single)	Avg UPT	50% UPT	5% UPT	RU	1.1677574171029668	1.1693754565376187	1.3839037927844589	0.63500000000000001	


Config 4
Class A	Avg UPT	50% UPT	5% UPT	RU	1	1	1	0.68899999999999995	LC (double)	Avg UPT	50% UPT	5% UPT	RU	1.1187748071594399	1.1337170263788969	1.0179584120982985	0.65800000000000003	LC (single)	Avg UPT	50% UPT	5% UPT	RU	1.1698494720287576	1.2009592326139087	1.2707939508506616	0.64400000000000002	


Config 2
Class A	Avg UPT	50% UPT	5% UPT	RU	1	1	1	0.59899999999999998	LC (double)	Avg UPT	50% UPT	5% UPT	RU	1.0428855438795797	1.0502972732864075	1.0639119521143077	0.58399999999999996	LC (single)	Avg UPT	50% UPT	5% UPT	RU	1.0608349900596421	1.0719606369165586	1.0807105618845336	0.58099999999999996	


Config 3
Class A	Avg UPT	50% UPT	5% UPT	RU	1	1	1	0.60499999999999998	LC (double)	Avg UPT	50% UPT	5% UPT	RU	1.0699024616813748	1.0913698437280022	1.0751818916734033	0.58499999999999996	LC (single)	Avg UPT	50% UPT	5% UPT	RU	1.0915582907570831	1.1063635083767422	1.1402586903799514	0.57699999999999996	


Config 4
Class A	Avg UPT	50% UPT	5% UPT	RU	1	1	1	0.60499999999999998	LC (double)	Avg UPT	50% UPT	5% UPT	RU	1.0506065857885616	1.052890273451021	1.0790218270008085	0.58899999999999997	LC (single)	Avg UPT	50% UPT	5% UPT	RU	1.0653957250144426	1.0774662512980271	1.1028698464025868	0.58399999999999996	


Config 2
Class A	Avg UPT	50% UPT	5% UPT	RU	1	1	1	0.60399999999999998	LC (double)	Avg UPT	50% UPT	5% UPT	RU	1.0610275970383667	1.0580775716694772	1.1319942611190816	0.58299999999999996	LC (single)	Avg UPT	50% UPT	5% UPT	RU	1.0886246354049811	1.1035413153456999	1.2441415590626494	0.57499999999999996	


Config 3
Class A	Avg UPT	50% UPT	5% UPT	RU	1	1	1	0.60499999999999998	LC (double)	Avg UPT	50% UPT	5% UPT	RU	1.0709651718643296	1.0829508870470581	1.1312380038387715	0.58399999999999996	LC (single)	Avg UPT	50% UPT	5% UPT	RU	1.1033462326428409	1.1043907116925817	1.2111324376199615	0.57499999999999996	


Config 4
Class A	Avg UPT	50% UPT	5% UPT	RU	1	1	1	0.60699999999999998	LC (double)	Avg UPT	50% UPT	5% UPT	RU	1.057113601456283	1.0510418787755378	1.0490307867730901	0.59	LC (single)	Avg UPT	50% UPT	5% UPT	RU	1.0725866090221288	1.0836218013982217	1.0939566704675028	0.58399999999999996	
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