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1 Introduction

At the previous meeting (RAN1#88bis) it was agreed that [1]:
Agreements:
· For Type I and II Cat1 (if Cat1 is supported) single panel codebooks (
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structure):

· The exact design of 
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 is to be decided in RAN1#89 for both Type I and Type II Cat1 (if Cat1 supported)

· For 
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 codebook, companies are encouraged to perform more evaluations comparing the different alternatives

· For Type I: Study further the values of L among L=1 and L=4, at least for rank 1

Agreements:

· For Type II CSI feedback (Cat 1, if supported), at least rank 1 and rank 2 are supported
· FFS other ranks
· For beam selection:
· Support at least unconstrained beam selection from orthogonal basis
Agreements:

· FFS to support a common design of W2 for Cat. 1, Cat. 2 and Cat. 3 

· FFS for Cat. 3, W2 only feedback is allowed

· FFS amplitude feedback for W2 (e.g., wideband, subband, etc.)

· Note: this does not mean NR supports all three categories

· FFS whether or not to merge Category 1 and Category 3 using a unified codebook formulation
Agreements:

· Study mechanisms targeting efficient use of peak and/or average CSI overhead for CSI feedback Type II.

· For Category I, e.g.

· Mechanism 1: Frequency selective precoding feedback with delay-related parameter(s) (e.g. R1-1704884, R1-1705927)

· Mechanism 2: Differential CSI reporting in time domain h(e.g. R1-1705349, R1-1705588)

· Mechanism 3: Uneven quantization bit allocation for the beam amplitudes or/and phases (e.g. R1-1705076)

· Mechanism 4: Matrix quantization considering inter-layer orthogonality for W2(e.g., R1-1704408)

· Note: performance should be also considered for overhead reduction 

· Other examples are not precluded. 
In this contribution, we will discuss Category 1 codebook design, and the remaining issues for Type II CSI feedback will be discussed in our companion contribution [2].
2 Background  
In codebook design, two kinds of Type I and Type II codebook are discussed in NR. According to agreements in RAN1#86bis [3], Type I codebook is declared to be normal spatial resolution CSI feedback, while Type II codebook is declared to be enhanced spatial resolution CSI feedback. In our view, the goal of investigating Type II codebook design is to improve the accuracy of the CSI feedback and approach the performance of ideal CSI feedback. 
Beam number for each polarization L ({2, 3, 4, FFS 6} and L is configurable are agreed in RAN1#88 [4], as well as phase quantization is configurable between QPSK and 8-PSK phase related information, which means multiple parameter configurations would be supported in Type II codebook design. On the one hand, different configuration would lead to different overhead and different performance. Actually, we need to determine the maximum performance or maximum overhead can be tolerated before we determine the supported parameter configuration. On the other hand, both increasing number of beams and increasing the quantization bits for each beam combination coefficient can lead to better performance, and a tradeoff exists in the two parameters. 
Generally, improving the accuracy of the CSI feedback would cause increasing in overhead. Codebook design should achieve a good tradeoff between the performance and overhead. In our view, for avoiding the large signaling overhead for choosing the parameters in Type II, only one quantization scheme can be supported for each value of L if the quantization scheme can achieve a good tradeoff between the performance and overhead, where the quantization bits and quantization codebook for the amplitude and phase of each beam combination coefficient are constant for a quantization scheme.
3 Design for linear combination Codebook

Dual-stage codebook structure 
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 is used in Category 1 codebook with beam combination method. W1 codebook corresponds to the beam selection on wideband, which consists of multiple beams chosen from pre-defined codebook set, and W2 corresponds to beam combination on subband, which consists of coefficients for beam combination on multiple layers.
3.1 W1 codebook

For a 2D antenna layout with dual polarization, W1 codebook in our design can be expressed as:
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where
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and 
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is DFT/IDFT matrix, with dimension N
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Introducing 
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in each polarization creates a rotated matrix which has an effect similar to oversampling an orthogonal codebook of each polarization. With the four blocks structure, the performance of linear combination can be improved with the number of component beams doubled.
3.2 W2 codebook for rank 1/2
Once the common 
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 on wideband is determined, the corresponding beam coefficients for each subband and polarization should be calculated and quantized. On certain layer of 
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 QUOTE ,W-2. , let 
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 denote a complex column for quantization with unit norm, which can be viewed as a point on a unit sphere of dimension 2L and

[image: image15.wmf][

]

T

L

x

x

2

1

=

L

x

.

It had been agreed in the last meeting that phase quantization of beam combining coefficients should be reported on subband and configured between QPSK and 8-PSK phase related information quantization. With phase and amplitude reported respectively, the complex vector 
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 can be expressed as follows:
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can be further normalized to the element 
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 with maximum ampltitude as:
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). The phases and amplitudes are quantized respectively. 
3.2.1 Beam amplitude reporting

Considering the effect on the performance of linear combination codebook, amplitude is less sensitive than phase generally. Frequency granularity of beam amplitude reporting can be optimized to achieve a good tradeoff between the performance and overhead.
For beam amplitude reporting, two options can be chosen:
· Amplitude is reported on wideband.
· Amplitude is reported on subband.
Assuming the number of bits for amplitude reporting is the same, the overhead for amplitude reporting would be different with different frequency granularity. Subband amplitude reporting only can results in excellent performance while the overhead is the largest. Wideband amplitude reporting only would lead to the smallest overhead while the performance degradation would be considerable large.

A potential solution for the above issues is union wideband and subband amplitude reporting. Basically, wideband amplitude is reported as baseline and then subband amplitude can be differential reported on each subband to adjust the amplitudes according to the channel condition on each subband.
The differential quantization method can be described as follows:

Wideband amplitudes for each layer can be obtained by the wideband channel information. When quantizing wideband amplitudes for each layer, the wideband amplitudes are normalized to the wideband amplitude on the leading coefficient, which has the maximum wideband amplitude for each layer.

Subband amplitude for each layer and each subband can be obtained by the subband channel information. When quantizing the subband amplitudes in s-th subband, the subband amplitudes are required to be scaled by the subband amplitude on the leading coefficient indicated on wideband for each layer. Then the subband amplitude of the b-th beam in the s-th subband can be quantized based on the reference of wideband amplitude of the b-th beam. 

For quantizing the wideband amplitude and subband amplitude, quantization codebook is required. As used in the Rel-14, we propose to quantize the amplitude in the power domain with the candidate values for wideband amplitude to be uniform distributed in power domain. An example for 3bits wideband amplitude quantization is [image: image25.png]{1,4/0.5,4/0.25,1/0.125, 1/0.0625,1/0.0313,+/0.0156, 0}



, which corresponds to be 3db difference in power domain.
To compare the performance of different frequency granularity for amplitude reporting, simulation results are carried out and are presented in Fig. 1. 16TXRU and L=2 are assumed. The baseline is Rel-13 rank2 configuration 1 codebook. As shown in Fig. 1 that the performance of union wideband and subband amplitude are comparable to that of subband amplitude reporting while the overhead can be reduced. Compared with wideband amplitude reporting, a significant performance gain can be observed while the overhead increases a little.
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Figure 1. Performance of beam combination with different frequency granularity
Proposal 1: In addition to subband amplitude reporting, wideband amplitude reporting should also be supported.
3.2.2 Beam phase reporting

Phase quantization had been agreed to be configured between QPSK and 8-PSK phase related information quantization. Conventionally, phase is uniform quantized within the range of 0~2π. The difference between different phase quantization codebook is the initial phase value, but the performance will be same conventionally.
3.3 Number of beams for W1

Quantizing the channel eigenvectors with linear combination codebook is to represent the channel eigenvectors with the codewords (orthogonal or non-orthogonal beams) in predefined basic codebook. With more codewords/beams employed, the deviation between the intended precoding vector and the quantized vector would be smaller. However, it would lead to higher feedback overhead. Actually, how many beams should be employed is a trade-off between feedback overhead and performance.
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Figure 2. Performance of beam combination with different number of beams
To suggest an appropriate beam number, performance evaluation results of the proposed codebook is presented in Fig. 2. 32TXRU are assumed. The baseline is Rel-13 rank2 configuration 1 codebook. Both wideband and subband amplitude reporting are considered. Beam number L ({2, 3, 4, 6}. Different coefficients are employed for different beam, layer and polarization. The other simulation parameters are listed in Appendix. It is shown in Fig. 2, compared with L=4, more than 10 percent gain 5% UPT can be obtained by L=6. 
Proposal 2: In addition to L({2,3,4} for each polarization, L=6 should be considered in W1 codebook.
3.4 Uneven bit allocation
In linear combination codebook, multiple beams are weighted summed to approach the intended precoding vector, which can reflect the channel direction of the UE. Actually, the beams whose coefficients with larger amplitude should be more important for recovering the intended precoding vector and the corresponding coefficient should be quantized with more bits for guarantee the accuracy. What’s more, the beams whose coefficients with so small amplitude would have little effect on the combined results and only a little bits are needed for the quantization of their coefficients. Therefore, the number of bits are proposed to be different for different elements and more bits should be allocated for the element with larger amplitude.

Actually, we have three potential parameter to be quantized: 
· wideband amplitude

· subband amplitude
· subband phase

We can let the quantization bits for the three parameters on certain beam are (X,Y,Z). 
The range of the values of the three parameters should be determined before quantization. Conventionally, the wideband/subband amplitude amplitudes can be normalized to the maximum wideband/subband amplitude, then each normalized amplitude have a range of 0~1. For the wideband/subband amplitude with maximum value, only an indicator required to be reported and no quantization bits are needed, we can let (X,Y,Z) = (0,0,0) for the coefficient with maximum wideband amplitude for each layer, which is called the leading coefficient for each layer in this contribution.
Actually, uneven bit allocation can be employed for different frequency granularity of beam amplitude reporting. For wideband amplitude reporting, bit allocation for subband phase can be uneven to achieve a trade-off between the performance and overhead. For subband amplitude reporting and differential amplitude reporting, both bit allocation for subband amplitude and subband phase can be uneven.
Take differential amplitude reporting as example, (X,Y,Z) = (3,1,3) can be assigned for the beams with lager wideband amplitude and (X,Y,Z) = (3,0,2) can be assigned for the beams with smaller wideband amplitude. The beam allocation is performed based on the ordering of wideband amplitude. gNB can interpret the beam ordering by the wideband amplitude reported and then know the bit allocation for each beam with a predefined number of beams with quantization bits (3,1,3). e.g. K-1. It means no additional signaling overhead is required. Different value of K would lead to different performance and overhead.
We can simulate the performance under different value of K and simulation results are presented in Fig. 3~ Fig. 5. As shown in the Figures, the performance degrades smoothly as the value of K decreases while the overhead reduction ratio increases. Then we can choose a good value of K to achieve an excellent trade-off between the performance and overhead. The detail overhead calculation is attached in Table I, in which 32TXRU and rank2 are assumed.
For L = 2, K = 3 seems good with ~0.6 percent of mean UPT degradation while ~15 percent of overhead reduction. For L = 3, K = 4 seems good with ~1.1 percent of mean UPT degradation while ~18 percent of overhead reduction. For L = 4, K = 5 seems good with ~0.9 percent of mean UPT degradation while ~13 percent of overhead reduction.
Proposal 3: Quantization bit allocation for linear combination coefficients should be uneven for amplitude and/or phase.
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Figure 3. Performance of the proposed uneven bit allocation with L=2 in 32TxRU system
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Figure 4. Performance of the proposed uneven bit allocation with L=3 in 32TxRU system
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Figure 5. Performance of the proposed uneven bit allocation with L=4 in 32TxRU system
Table I. Overhead for different cases
	
	wideband
overhead
In total
	overhead 
each subband
	subband
overhead
In total
	overhead
In total
	overhead
reduction
ratio

	L=2,K=1
	33
	6
	120
	153
	43.96%

	L=2,K=2
	33
	8
	160
	193
	29.30%

	L=2,K=3
	33
	10
	200
	233
	14.65%

	L=2,K=4
	33
	12
	240
	273
	0.00%

	L=3,K=1
	50
	10
	200
	250
	44.44%

	L=3,K=2
	50
	12
	240
	290
	35.56%

	L=3,K=3
	50
	14
	280
	330
	26.67%

	L=3,K=4
	50
	16
	320
	370
	17.78%

	L=3,K=5
	50
	18
	360
	410
	8.89%

	L=3,K=6
	50
	20
	400
	450
	0.00%

	L=4,K=1
	63
	14
	280
	343
	44.94%

	L=4,K=2
	63
	16
	320
	383
	38.52%

	L=4,K=3
	63
	18
	360
	423
	32.10%

	L=4,K=4
	63
	20
	400
	463
	25.68%

	L=4,K=5
	63
	22
	440
	503
	19.26%

	L=4,K=6
	63
	24
	480
	543
	12.84%

	L=4,K=7
	63
	26
	520
	583
	6.42%

	L=4,K=8
	63
	28
	560
	623
	0.00%


3.5 On support of high rank codebook

Linear combination codebook for rank 1/2 has been extensively discussed in NR, which will bring performance enhancement. However the support for high rank codebook was less touched. Actually, support of high rank codebooks will substantially benefit NR system. NR has agreed to supports up to 32 antenna ports on gNB size, which provides sufficient space isolation to support MU users with more transmission layers. Meanwhile 4Rx UEs are becoming more and more popular. It can be anticipated that at least 3/4 layers transmission per UE will dominate the NR specific scenarios. Fig. 6 shows the percentage of percentages UE reporting different ranks. It can be shown that UE that report rank 3/4 is of high possibility. 
In LTE, linear combination codebook are only designed for rank1/2, while low resolution codebook are used for rank 3/4. This method is not preferred in NR because low resolution codebook is insufficient to support interference rejection based precoding operation in MU. Furthermore, the low resolution codebbook structure cannot fall back to linear combination codebook for rank 1/2. Therefore, when gNB decides to scheduling UE with rank 1/2 transmission when UE report RI = 3/4 with low resolution codebook based PMI, the performance will be severely impacted.
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Figure 6. Rank distribution (16 TxRU at gNB and 4 TxRU at UE)
One straightforward method to design high rank codebook is to separately quantize and feedback combining coefficients in W2 for each layer. However, the CSI reporting overhead for high rank will be very large. Therefore, in our view, the overhead for high rank reporting should be comparable, or at least without significant increase over that for low ranks. On the other hand, the performance should also be guaranteed if the scheduled transmission falls back to rank 1/2. 

Based on the discussion above, we propose

Proposal 4: NR at least supports up to rank 4 linear combination codebook.

Proposal 5: Study the linear combination schemes to reduce feedback overhead in high rank   
4 Conclusions
Proposal 1: In addition to subband amplitude reporting, wideband amplitude reporting should also be supported.
Proposal 2: In addition to L({2,3,4} for each polarization, L=6 should be considered in W1 codebook.
Proposal 3: Quantization bit allocation for linear combination coefficients should be uneven for amplitude and/or phase.
Proposal 4: NR at least supports up to rank 4 linear combination codebook.

Proposal 5: Study the linear combination schemes to reduce feedback overhead in high rank
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Appendix 
Table II. Simulation assumptions
	Parameters
	Values

	Scenarios
	Dense urban 

Single Layer: Macro layer: Hex. Grid

	Duplex mode 
	FDD

	Inter-BS distance 
	200m

	Carrier frequency 
	4GHz

	Simulation bandwidth
	10MHz

	Channel model
	SCM-3D-UMA

	BS Tx power 
	41dBm

	BS antenna configuration
	(M, N, P, Mg, Ng) = (8, 8, 2, 1, 1); (dH,dV) = (0.8, 0.5)λ

	BS TXRU mapping
	(MTXRU, NTXRU, P, Mg, Ng) = (2, 8, 2, 1, 1), (2, 4, 2, 1, 1)

	BS antenna height 
	25m

	UE antenna configurations 
	2Rx, Cross-polarized with 0, 90deg

	UE antenna height
	Follow TR36.873

	UE antenna gain
	Follow TR36.873

	UE receiver noise figure
	9 dB

	Traffic model
	Non-Full buffer, FTP model 1, 500KB packet size

	UE distribution
	80% Indoor, 3km/h, 

20% Outdoor, 30km/h

	Scheduler
	PF

	HARQ scheme
	CC with up to 3 retransmissions

	UE receiver type
	MMSE-IRC

	Feedback assumption
	Realistic

	Channel estimation
	Realistic

	MIMO mode
	MU-MIMO with rank adaptation, max rank =2


_1554477027.unknown

_1554479456.unknown

_1555528320.unknown

_1555528344.unknown

_1554479497.unknown

_1554479544.unknown

_1554479469.unknown

_1554477091.unknown

_1554478937.unknown

_1554479216.unknown

_1554479386.unknown

_1554478910.unknown

_1554477032.unknown

_1554477034.unknown

_1554477029.unknown

_1554477022.unknown

_1554477024.unknown

_1554477025.unknown

_1554477023.unknown

_1554477020.unknown

_1554477021.unknown

_1554477019.unknown

