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1. Introduction
At the 3GPPRAN#81 meeting work item to specify enhancements for NR MIMO was approved. Objectives of the work item include the following enhancements to CSI for MU-MIMO [1]. 
· Specify overhead reduction, based on Type II CSI feedback, taking into account the tradeoff between performance and overhead
· Perform study and, if needed, specify extension of Type II CSI feedback to rank > 2
At the last RAN1 meeting [2] significant progress was achieved on CSI Enhancement for MU-MIMO support. In particular, it was agreed to support DFT-based compression for Type II CSI as formulated in Alt 1.1 in [3]. 
	· Precoders for a layer is given by size-matrix 
·  #SD dimensions
·  #FD dimensions
· FFS value and unit of 
· Precoder normalization: the precoding matrix for given rank and unit of  is normalized to norm 1/sqrt(rank) 
· Spatial domain (SD) compression
·  spatial domain basis vectors (mapped to the two polarizations, so  in total) selected
· Compression in spatial domain using  , where  are orthogonal DFT vectors (same as Rel. 15 Type II)
· Frequency-domain (FD) compression
· Compression via  where , where  are  size- orthogonal DFT vectors for SD-component  
· Number of FD-components  or  is configurable, FFS value range
· FFS: choose one of the following alternatives
· Alt1. common basis vectors: , i.e.  and  are identical (i.e., =, )
· Alt2. independent basis vectors: , where , i.e.  frequency-domain components (per SD-component) are selected 
· Note:  or  are all selected from the index set  from the same orthogonal basis group
· FFS: If oversampled DFT basis or DCT basis is used instead of orthogonal DFT basis
· FFS: Same or different FD-basis selection across layers
· Linear combination coefficients (for a layer) 
· FFS if   is composed of linear combination coefficients
· FFS if only a subset  of coefficients are reported (coefficients not reported are zero).
· FFS if layer compression is applied so that  transformed coefficients are used to construct  for layer (where the transformed coefficients are the reported quantity)
· FFS quantization/encoding/reporting structure
· Note: The terminology “SD-compression” and “FD-compression”  are for discussion purposes only and are not intended to be captured in the specification


Also, it was agreed to study many aspects of the DFT-based compression scheme including size of frequency domain (FD) compression unit, basis subset selection for beams/polarizations and layers, oversampling factor of DFT basis, quantization scheme of coefficients. Several alternatives were identified for each aspect for further discussion. In this contribution analysis of overhead and performance is provided for the identified aspects of DFT-based compression for Type II CSI with rank 1 and 2.
2. Discussion
2.1. Reporting of coefficients associated with the strongest beam/polarization
In Rel. 15 Type II CSI design [4] FD coefficients corresponding to the strongest beam/polarization are not reported; it is a priory assumed that FD coefficients corresponding to the strongest beam/polarization are equal to one. Similar approach can be used for the agreed Type II CSI feedback compression.
As it is pointed out in [5], uncertainty of unit-phase factor for a SVD vector should be considered at the UE side in order to avoid phase discontinuity in frequency domain. Phase correction can be done by multiplying SVD vector by the complex conjugate of the entry corresponding to the strongest beam/polarization with the amplitude normalized to one. If such phase correction is applied, phase of all FD coefficients associated with the strongest beam/polarization is constant and equal to zero. 
Amplitude of the coefficients associated with the strongest beam/polarization is not constant and may vary in frequency domain due to multi-path propagation. In order to get rid of amplitude variations in frequency, SVD vectors can be divided by the amplitude of the entries associated with the strongest beam/polarization. Such normalization of amplitude for coefficients associated with the strongest beam/polarization is negatively reflected on the performance. If variation of amplitude is not significant, it is still valid to assume that frequency-domain coefficients associated with the strongest beam/polarization are constant without normalization of amplitude. 
In order to compare performance of Type II CSI feedback compression with and without reporting of coefficients associated with the strongest beam/polarization, system level evaluations were carried out for Dense Urban scenario with 16 antenna ports at the gNB and with high traffic load (~70% resource utilization). The detailed evaluation assumptions can be found in the Appendix A. Considered configurations of CSI feedback are described in the Appendix B. The following alternatives on the reporting of coefficients associated with the strongest beam/polarization are considered.
· Alt. 1. coefficients associated with the strongest beam/polarization are not reported
· Alt. 2. coefficients associated with the strongest beam/polarization are reported


Figure. 1. Average packet throughput with and without reporting of coefficients associated with the strongest beam/polarization

Figure. 2. Cell-edge packet throughput with and without reporting of coefficients associated with the strongest beam/polarization
As it can be observed from the above results, Alt. 1 provides similar performance with lower overhead comparing to Alt 2.
Observation 1
· Type II CSI feedback compression scheme without reporting of coefficients associated with the strongest beam/polarization provides similar performance with lower overhead comparing to the case with reporting of coefficients associated with the strongest beam/polarization
Proposal 1
· Support Type II CSI feedback compression scheme without reporting of coefficients associated with the strongest beam/polarization
2.2. Oversampling factor
At the last RAN1 meeting the following agreement was achieved on oversampling factor for DFT basis for Type II CSI feedback compression.
	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.


In order to compare performance of Type II CSI feedback compression scheme with different value of oversampling factor for DFT basis, system level evaluations were carried out for Dense Urban scenario with 16 antenna ports at the gNB and with high traffic load (~70% resource utilization). The detailed evaluation assumptions can be found in the Appendix A. Considered configurations of CSI feedback are described in the Appendix B. 


Figure. 3. Average packet throughput with different oversampling factor of DFT basis

Figure. 4. Cell-edge packet throughput with different oversampling factor of DFT basis
As it can be observed from the above results, increased oversampling factor for DFT basis does not provide performance gains comparing to the case without oversampling. Since PMI search with higher oversampling factor for DFT basis has higher complexity, it is preferable to support critically sampled DFT basis for Type II CSI feedback compression.
Observation 2
· Increased oversampling factor for DFT basis does not provide performance gains over the case without oversampling
Proposal 2
· Support critically sampled DFT basis for Type II CSI DFT based compression (O3 = 1)

2.3. Frequency domain compression unit
At the last RAN1 meeting the following agreement was achieved on FD compression unit for Type II CSI feedback compression.
	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.



Reporting overhead for Type II CSI feedback compression slightly depends on the number of FD compression units, however, number of FD compression units have considerable impact on the total computational complexity of a CSI report. In order to compare performance of Type II CSI DFT-based compression scheme with different size of FD compression unit, system level evaluations were carried out for Dense Urban scenario with 16 antenna ports at the gNB and with high traffic load (~70% resource utilization). Evaluations were carried out for 10 MHz bandwidth with 15 kHz subcarrier spacing and for 20 MHz bandwidth with 30 kHz subcarrier spacing. The detailed evaluation assumptions can be found in the Appendix A. Considered configurations of CSI feedback are described in the Appendix B. Different size of frequency domain compression unit was considered for comparison (4,2,1 PRBs).

Figure. 5. Average packet throughput with different size of FD compression unit for 10 MHz bandwidth with 15 kHz subcarrier spacing

Figure. 6. Cell-edge packet throughput with different size of FD compression unit for 10 MHz bandwidth with 15 kHz subcarrier spacing

Figure. 7. Average packet throughput with different size of FD compression unit for 20 MHz bandwidth with 30 kHz subcarrier spacing

Figure. 8. Cell-edge packet throughput with different size of FD compression unit for 20 MHz bandwidth with 30 kHz subcarrier spacing
As it can be observed from the above evaluation results, performance gains from the decreased size of FD compression unit appear only for the larger number of reported FD components (M = 6 and 8) up to 2% in average packet throughput and up to 6% in cell-edge packet throughput. For the lower number of reported FD components (M = 1, 2, 4) performance gains from the decreased size of FD compression unit are not observed.
Observation 3
· For M = 1,2,4 performance gains from the decreased size of FD compression unit are not observed
· For M = 6,8 performance gains from the decreased size of FD compression unit are minor (up to 2% in average packet throughput and up to 6% in cell-edge packet throughput)
Since decreased size of FD compression unit leads to higher UE complexity and does not provide considerable performance gains we propose to support size of frequency domain compression unit equal to subband size specified in Rel. 15.
Proposal 3
· Size of frequency domain compression unit is equal to Rel. 15 subband size 
2.4. Basis subset selection for beams and layers
At the last RAN1 meeting the following two agreements were made on basis subset selection across beams and layers for Type II CSI DFT-based compression.
	Agreement
The first offline agreement in section 2.2 of R1-1814201 on ‘Basis subset or linear combination (LC) coefficient selection for the 2L beams’ is agreed.
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.



In order to find the best combination of the considered alternatives for subset selection across beams and layers, system level evaluations were carried out for Dense Urban scenario with 16 antenna ports at the gNB and with high traffic load (~70% resource utilization). The detailed evaluation assumptions can be found in the Appendix A. Considered configurations of CSI feedback are described in the Appendix B. The following alternatives on basis subset selection across beams and layers were considered for evaluation.
· Alt 1.1 – joint basis subset selection across beams and layers
· Alt 2.1 – separate basis subset selection across beams, joint basis subset selection across layers
· Alt 1.2 – joint basis subset selection across beams, separate basis subset selection across layers
· Alt 2.2 – separate basis subset selection across beams and layers

Figure. 9. Average packet throughput with different alternatives on basis subset selection

Figure. 10. Cell-edge packet throughput with different alternatives on basis subset selection
As it can be observed from the above results, different alternatives on the basis subset selection across beams and layers provide similar performance. Separate basis subset selection across beams and layers have the highest overhead among considered alternatives and provides up to 3% gains in average packet throughput and up to 5% gains in cell-edge packet throughput. In our view the best tradeoff between performance and overhead is provided with Alt. 2.1. 
Observation 4
· Different alternatives on the basis subset selection across beams and layers provide similar performance
· Good tradeoff between performance and overhead is provided by Type II DFT-based compression scheme with separate basis subset selection across layers and joint basis subset selection across beams
Proposal 4
· Support Type II DFT-based compression scheme with separate basis subset selection across layers and joint basis subset selection across beams
2.5. DCT basis
According to the agreed detailed definition of Type II CSI feedback compression, it is still FFS which basis to use DFT or DCT. In order to compare performance of compression scheme with DFT and DCT basis types, system level evaluations were carried out for Dense Urban scenario with 16 antenna ports at the gNB and with high traffic load (~70% resource utilization). The detailed evaluation assumptions can be found in the Appendix A. Considered configurations of CSI feedback are described in the Appendix B. 

Figure. 11. Average packet throughput with DCT or DFT basis

Figure. 12. Cell-edge packet throughput with DCT or DFT basis
As it can be observed from the above results, use of DCT basis for Type II CSI compression do not provide performance gains over the case with DFT basis in the considered scenario. 
Observation 5
· DCT basis for Type II CSI compression do not provide performance gains over the case with DFT basis
Proposal 5
· Support DFT basis for Type II CSI compression
3. Conclusion
In this contribution enhancements to CSI for MU-MIMO are discussed including overhead reduction for Type II CSI and the support of higher ranks for Type II CSI. The following proposals and observations were made.
Observation 1
· Type II CSI feedback compression scheme without reporting of coefficients associated with the strongest beam/polarization provides similar performance with lower overhead comparing to the case with reporting of coefficients associated with the strongest beam/polarization
Proposal 1
· Support Type II CSI feedback compression scheme without reporting of coefficients associated with the strongest beam/polarization
Observation 2
· Increased oversampling factor for DFT basis does not provide performance gains over the case without oversampling
Proposal 2
· Support critically sampled DFT basis for Type II CSI DFT based compression (O3 = 1)
Observation 3
· For M = 1,2,4 performance gains from the decreased size of FD compression unit are not observed
· For M = 6,8 performance gains from the decreased size of FD compression unit are minor (up to 2% in average packet throughput and up to 6% in cell-edge packet throughput)
Proposal 3
· Size of frequency domain compression unit is equal to Rel. 15 subband size 
Observation 4
· Different alternatives on the basis subset selection across beams and layers provide similar performance
· Good tradeoff between performance and overhead is provided by Type II DFT-based compression scheme with separate basis subset selection across layers and joint basis subset selection across beams
Proposal 4
· Support Type II DFT-based compression scheme with separate basis subset selection across layers and joint basis subset selection across beams
Observation 5
· DCT basis for Type II CSI compression do not provide performance gains over the case with DFT basis
Proposal 5
· Support DFT basis for Type II CSI compression
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Appendix A
Table 1. Evaluation assumptions
	Parameter
	Value

	Scenario
	Dense Urban (Macro only)

	Layout
	Hexagonal Grid with 2 tiers

	ISD
	200 m

	Carrier frequency
	4 GHz

	Simulation bandwidth
	10 MHz with 15 kHz subcarrier spacing, 52 PRB
20 MHz with 30 kHz subcarrier spacing, 51 PRB (additionally for evaluations with different size of FD compression unit)

	Tx power
	41 dBm

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

	UE antenna configuration
	2 Rx X-pol, slant 0/90 degrees

	BS antenna configuration
	16 ports: (8,4,2,1,1,2,4), (dH,dV) = (0.5, 0.8)λ

	Traffic model
	FTP 1 with 0.5 Mbytes packet size

	TRP association
	RSRP based
Handover margin = 0 dB

	Transmission mode
	MU-MIMO with 8 BS layers maximum; 
Rank adaptation with max rank 2 

	Scheduling
	Proportional Fair

	OLLA
	10% BLER target

	MU-MIMO precoding
	MMSE

	Elevation beamforming
	One vertical beam per TXRU electrically down-tilted to 100 degrees

	UE receiver
	MMSE-IRC

	UE noise figure
	9 dB

	Max number of HARQ transmissions
	4





Appendix B
Table 2. Considered CSI configurations
	Configuration
	Parameter
	Value

	Rel. 15 Type I CSI
	Codebook mode
	· Mode 1

	Rel. 15 Type II CSI
	Number of DFT beams (L)
	· L = 4

	
	Quantization scheme
	· QPSK phase + WB amplitude
· QPSK phase + SB amplitude
· 8-PSK phase + WB amplitude
· 8-PSK phase + SB amplitude

	Rel. 16 Type II CSI   DFT based compression
	Number of DFT beams (L)
	· L = 4

	
	Reporting of coefficients associated with the strongest beam/polarization
	· Coefficients associated with the strongest beam/polarization are not reported

	
	Basis and oversampling factor (O3)
	· DFT basis with O3 = 1

	
	Size of frequency domain compression unit
	· Size of frequency domain compression unit is equal to the subband size for CQI (4 PRBs)

	
	Basis subset selection
	· Separate selection per layers and joint selection across beams/polarizations

	
	Quantization scheme
	· 8-PSK phase + 3 bits amplitude with direct quantization

	NOTE: Value of a parameter may be different from the default value if it is stated in the text




Average packet throughput

Rel. 15 Type I CSI	33	0	Rel. 15 Type II CSI	423	553	605	683	15.451348344649452	17.893132644667276	20.407496193129624	23.857724165287799	Rel. 16 Type II CSI, Alt. 1	109	199	373	543	711	5.4603476860633826	14.177143033751749	21.175356543346059	24.75711774647489	26.537710013039529	Rel. 16 Type II CSI, Alt. 2	121	225	425	621	813	5.8584372307769694	14.540194156592801	22.310243191733512	26.157895114663155	28.004227293696317	Overhead (bits)


Gain (%)




Cell-edge packet throughput

Rel. 15 Type I CSI	33	0	Rel. 15 Type II CSI	423	553	605	683	21.476023913207843	22.428175730000799	24.3911615304214	28.888334194306253	Rel. 16 Type II CSI, Alt. 1	109	199	373	543	711	5.8590000507711348	17.448840663489019	24.786465183586159	29.759471629161595	31.96410338777622	Rel. 16 Type II CSI, Alt. 2	121	225	425	621	813	5.8346124952827871	15.897449819549125	26.401308197601047	30.414094595045427	33.509622779124015	Overhead (bits)


Gain (%)




Average packet throughput

Rel. 15 Type I CSI	33	0	Rel. 15 Type II CSI	423	553	605	683	15.451348344649452	17.893132644667276	20.407496193129624	23.857724165287799	Rel. 16 Type II CSI, O3 = 1	109	199	373	543	711	5.4603476860633826	14.177143033751749	21.175356543346059	24.75711774647489	26.537710013039529	Rel. 16 Type II CSI, O3 = 4	113	203	377	547	715	7.2528570888112265	14.116230982696344	21.289421610210457	24.63714578079772	26.333523374642699	Overhead (bits)


Gain (%)




Cell-edge packet throughput

Rel. 15 Type I CSI	33	0	Rel. 15 Type II CSI	423	553	605	683	21.476023913207843	22.428175730000799	24.3911615304214	28.888334194306253	Rel. 16 Type II CSI, O3 = 1	109	199	373	543	711	5.8590000507711348	17.448840663489019	24.786465183586159	29.759471629161595	31.96410338777622	Rel. 16 Type II CSI, O3 = 4	113	203	377	547	715	8.4717979826290915	16.427966110301952	24.173974054331772	29.333412547657602	32.398484827358828	Overhead (bits)


Gain (%)




Average packet throughput, 15 kHz SCS, 10 MHz BW

Rel. 15 Type I CSI	33	0	Rel. 15 Type II CSI	423	553	605	683	15.451348344649452	17.893132644667276	20.407496193129624	23.857724165287799	Rel. 16 Type II CSI, 4 PRB	109	199	373	543	711	5.4603476860633826	14.177143033751749	21.175356543346059	24.75711774647489	26.537710013039529	Rel. 16 Type II CSI, 2 PRB	111	203	381	557	731	5.2142732980767548	14.272923691584815	21.548892773437988	25.285897223634457	27.10849607070671	Rel. 16 Type II CSI, 1 PRB	113	207	391	571	749	5.7164346072937633	14.876545977171318	22.506295262928177	25.935628581957836	27.298061916220352	Overhead


Gain (%)




Cell-edge packet throughput, 15 kHz SCS, 10 MHz BW

Rel. 15 Type I CSI	33	0	Rel. 15 Type II CSI	423	553	605	683	21.476023913207843	22.428175730000799	24.3911615304214	28.888334194306253	Rel. 16 Type II CSI, 4 PRB	109	199	373	543	711	5.8590000507711348	17.448840663489019	24.786465183586159	29.759471629161595	31.96410338777622	Rel. 16 Type II CSI, 2 PRB	111	203	381	557	731	6.1204099141210166	15.399897279194441	27.014704590627623	31.517298828401309	35.128336762227242	Rel. 16 Type II CSI, 1 PRB	113	207	391	571	749	4.2909017519764614	16.569513269922929	28.060098149129775	32.156660205858856	33.521054464817638	Overhead (bits)


Gain (%)




Average packet throughput, 30 kHz SCS, 20 MHz BW

Rel. 15 Type I CSI	33	0	Rel. 15 Type II CSI	423	553	605	683	18.269493674349867	21.236819239562266	23.435924078296576	26.876035542662137	Rel. 16 Type II CSI, 4 PRB	109	199	373	543	711	6.782080707793936	16.209275964063185	25.799342694795669	28.925181374277354	30.712156519522193	Rel. 16 Type II CSI, 2 PRB	111	203	381	557	731	6.5123089342639773	16.239219753507463	25.882252215571299	29.118419626120229	31.529955713258317	Rel. 16 Type II CSI, 1 PRB	113	207	391	571	749	6.7672767948454782	16.879703996285311	26.00942327470468	29.800152486988374	32.096746236981048	Overhead (bits)


Gain (%)




Cell-edge packet throughput, 30 kHz SCS, 20 MHz BW

Rel. 15 Type I CSI	33	0	Rel. 15 Type II CSI	423	553	605	683	23.348307852442375	24.432892685900455	26.188779271481355	31.3546810426812	Rel. 16 Type II CSI, 4 PRB	109	199	373	543	711	7.5995765954172789	20.602282056655461	30.401425590125775	34.091806562259052	35.613323654768635	Rel. 16 Type II CSI, 2 PRB	111	203	381	557	731	6.6179919436865742	21.873250904941209	31.589838501132594	33.589645866237426	36.933700078173871	Rel. 16 Type II CSI, 1 PRB	113	207	391	571	749	6.3209209712206782	20.807372491106712	30.60740284759995	38.261108509359154	41.583827755436012	Overhead (bits)


Gain (%)




Average packet throughput

Rel. 15 Type I CSI	33	0	Rel. 15 Type II CSI	423	553	605	683	15.451348344649452	17.893132644667276	20.407496193129624	23.857724165287799	Rel. 16 Type II CSI, Alt 1.1	105	189	357	525	693	5.2403371478673799	12.179821229771747	20.210353266514169	24.245950801506599	26.303348587950914	Rel. 16 Type II CSI, Alt 2.1	109	193	361	529	697	5.4603476860633826	14.177143033751749	21.175356543346059	24.75711774647489	26.537710013039529	Rel. 16 Type II CSI, Alt 1.2	129	213	381	549	717	7.541412443097828	14.671804962057934	22.238160490439562	25.381126056614288	27.026308106139929	Rel. 16 Type II CSI, Alt 2.2	157	241	409	577	745	9.5951088599999235	16.665455199580958	23.377499899723819	26.458815055745411	27.72626032110994	



Cell-edge packet throughput

Rel. 15 Type I CSI	33	0	Rel. 15 Type II CSI	423	553	605	683	21.476023913207843	22.428175730000799	24.3911615304214	28.888334194306253	Rel. 16 Type II CSI, Alt 1.1	105	189	357	525	693	2.9042815258879306	14.874442006715839	23.407844039529646	29.342474745216187	30.627054890968996	Rel. 16 Type II CSI, Alt 2.1	109	193	361	529	697	5.8590000507711348	17.448840663489019	24.786465183586159	29.759471629161595	31.96410338777622	Rel. 16 Type II CSI, Alt 1.2	129	213	381	549	717	10.008759262915978	16.433371050164137	24.766971496302624	31.507141528049143	33.990501749589995	Rel. 16 Type II CSI, Alt 2.2	157	241	409	577	745	12.887624287092226	20.343270976221461	28.686961972277579	31.950110418149656	32.849205144330853	



Rel. 15 Type I CSI	33	0	Rel. 15 Type II CSI	423	553	605	683	15.451348344649452	17.893132644667276	20.407496193129624	23.857724165287799	Rel. 16 Type II CSI, DCT basis	109	193	361	529	697	5.4022615357155024	11.183976714911781	17.39285262550705	20.573092317855046	22.729744124278596	Rel. 16 Type II CSI, DFT basis	109	193	361	529	697	5.4603476860633826	14.177143033751749	21.175356543346059	24.75711774647489	26.537710013039529	



Rel. 15 Type I CSI	33	0	Rel. 15 Type II CSI	423	553	605	683	21.476023913207843	22.428175730000799	24.3911615304214	28.888334194306253	Rel. 16 Type II CSI, DCT basis	109	193	361	529	697	5.1476617971701	13.199206029669242	19.263437183954537	24.180679754190027	25.594077449815565	Rel. 16 Type II CSI, DFT basis	109	193	361	529	697	5.8590000507711348	17.448840663489019	24.786465183586159	29.759471629161595	31.96410338777622	
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