Page 1
3GPP TSG RAN WG1 #95                                                                    R1-1812511
Spokane, USA 12th – 16th November, 2018

Source: 	Intel Corporation
Title:	Discussion on Type II CSI compression
Agenda item:	7.2.8.1
Document for:	Discussion and Decision

1. Introduction
At the 3GPPRAN#81 meeting work item to specify enhancements for NR MIMO [1] was approved. Objectives of the work item include the following enhancements to CSI for MU-MIMO. 
· 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] system level simulation assumptions were agreed for evaluation of Type II CSI overhead reduction and extension of Type II CSI feedback to rank > 2. Also, two agreements were made in the corresponding agenda item.
	Agreement 
On the issue of Type II overhead reduction (rank 1, 2), to further progress, interested companies are to submit evaluation results (especially performance-overhead tradeoff) in RAN1#95 once the evaluation methodology is finalized in RAN1#94B.
· Focus on proposals based on linear combination codebook as in Rel-15
· Also investigate potential common ground between frequency domain and time domain approaches, e.g. merging these two into one category

Agreement
The study and, if needed, work on Type II higher rank extension is performed as follows:
· Only for rank 3 and 4 by taking into account the outcome of Type II overhead reduction for rank 1-2
· Simple extension of Rel.15 Type II without any additional optimization (which results in ~3-4x overhead over rank-1) is ruled out


In this contribution solutions for Type II CSI overhead reduction based on compression of space-frequency matrix are discussed. CSI reporting overhead analysis and system level evaluation results are provided. In addition, codebook design is discussed for rank 3-4 PMI reporting with Type II-like PMI structure based on linear combination of spatial DFT beams.
2. Discussion
2.1. Feedback overhead reduction for Type II CSI
Feedback overhead reduction schemes are categorized in two main groups: frequency domain compression and time domain compression [3]. Both groups of overhead reduction schemes exploit frequency domain correlation of beam combining coefficients. 
Precoding matrix of Type II NR codebook can be represented as a product of two matrixes for a set of frequency resources (1). For Rel. 15 Type II codebook design, frequency resource corresponds to a subband configured for CSI reporting.

	,	(1)
W(k) – NTX × R precoding matrix for frequency resource k, NTX – number of transmission ports, R – rank of precoding matrix, W1 – NTX × 2L matrix of spatial basis, L – number of spatial beams in linear combination, W2(k) – 2L × R matrix with coefficients of linear combination for frequency resource k, k = 1,2,…,N – index of frequency resource. Precoding matrix structure (1) is schematically represented in figure 1.


Figure 1. Dual stage structure of precoding matrix
Alternatively, precoding matrix of Type II NR codebook can be represented in different form (2). 

	,	(2)
Y(l) is NTX × N matrix, column k of Y(l) corresponds to spatial layer l of precoding matrix for frequency resource k, Y2(l) is 2L × N matrix of beam combining coefficients for spatial layer l. Precoding matrix structure (2) is schematically represented in figure 2.


Figure 2. Representation of precoding matrix using space-frequency matrix
Matrix which contains beam combining coefficients for a set of frequency resources Y2(l) can be defined as space-frequency matrix. In our view frequency domain compression schemes and time domain compression schemes proposed by many companies at the previous RAN1 meeting [2, 3] represent different approaches of space-frequency matrix compression and reporting. For example, time domain compression is based on discrete Fourier transform (DFT) of space-frequency matrix; frequency domain compression schemes are based on SVD decomposition or a linear transformation of space-frequency matrix. Thus, we propose to align definition of time domain compression and frequency domain compression by defining space-frequency matrix.
Proposal 1
· Study overhead reduction schemes based on compression of space-frequency matrix
· Space-frequency matrix contains beam combining coefficients for a set of frequency resources for a spatial layer
In order to derive beam combining coefficients for a frequency resource multiple operations are required at the UE side including channel estimation, matrix multiplication(s) and SVD decomposition. For the case of Rel. 15 Type II CSI, beam combining coefficients are calculated per subband. In order to avoid increased UE complexity subband granularity should be assumed for beam combining coefficients calculation at the UE side for Rel. 16 Type II feedback overhead reduction. Additional processing at the gNB side can be considered in order to do frequency selective precoding with higher frequency granularity.
Proposal 2
· Subband granularity of beam combining coefficients at the UE side is assumed for Type II CSI overhead reduction 
There are two main approaches of space-frequency matrix compression proposed at the last RAN1 meeting. One approach is based on SVD decomposition (e.g. [4]) and another approach is based on linear transformation using a subset of pre-defined basis vectors (e.g. [5]). Matrix compression based on linear transformation allows to dramatically decrease reporting overhead by using reporting of basis vector index instead of per-element quantization of a vector. For matrix compression based on SVD decomposition, a subset of right-singular vectors and left-singular vectors as well as singular values should be reported by the UE which may result in high feedback overhead. Thus, the reporting overhead for schemes based on linear transformation is expected to be lower comparing to SVD based schemes. Considering the above, we propose to focus on matrix quantization based on linear transformation using subset of pre-defined basis vectors. DFT vectors can be considered for pre-defined basis.
Proposal 3
· Study space-frequency matrix compression based on linear transformation using a subset of DFT vectors
The linear transformation of space-frequency matrix can be represented by the following equation as linear combination of S basis vectors

	,	(3)

 is vector which contains beam combining coefficients for a spatial layer l and spatial beam i, zm – basis vector with index m, gs,i,l – indexes of basis vectors in linear combination, as,i,l – coefficients of linear combination, i = 1,2,…,2L – index of spatial beam, l = 1,2,…,R – index of spatial layer. 
In order to compare Type II CSI overhead reduction with Rel. 15 Type II codebooks, system level simulations were carried out for Type II CSI overhead reduction based on linear combination of S DFT vectors. The following CSI configurations were considered
· Rel. 15 NR Type I codebook with L = 1
· Rel. 15 NR Type II codebook with L = 2 and L = 4 with different configurations
· QPSK phase + WB amplitude
· 8-PSK phase + WB amplitude
· 8-PSK phase + SB amplitude
· Type II CSI overhead reduction based on linear combination of S DFT vectors with different L and S
· L = 2 and L = 4
· S = {1, 2, 4, 6, 8, 10, 12}
For Type II CSI overhead reduction based on linear combination of S DFT vectors, same subset of basis vectors was considered for all spatial beams per spatial layer. DFT matrix with size equal to the number of subbands was considered as the set of basis vectors. Quantization scheme of coefficients assumed 6 bits for leading coefficient per spatial beam and 5 bits per other coefficients.
Evaluation results for average packet throughput and cell-edge packet throughput are presented in figure 3 and figure 4 respectively for high traffic load (~70% resource utilization). Y axis corresponds to throughput gain comparing to Type I codebook performance, X axis corresponds to number of bits required for reporting of space-frequency matrix. Detailed evaluation results and evaluation assumptions can be found in the Appendix.

Figure 3. Average packet throughput and number of bits for different codebooks

Figure 4. Cell-edge packet throughput and number of bits for different codebooks
As it can be seen from the above simulation results, Type II compression provides additional flexibility for throughput-overhead tradeoff. Further study is needed to improve the performance of compression scheme including study of oversampling of DFT vectors, selection of DFT vectors, optimization of coefficient quantization.
Observation 1
· Type II compression provides additional flexibility for throughput-overhead tradeoff
· Further study is needed to improve the performance of compression scheme
With the current Type II CSI framework, the overhead of rank 2 PMI reporting is two times higher comparing to the overhead of rank 1 PMI reporting. In order to increase the efficiency of resource allocation and improve the performance it is beneficial to use codebook configuration with comparable overhead of rank 1 and rank 2 CSI reporting. The simple way to control CSI reporting overhead for Type II codebooks is to change parameter L. Thus, we propose to support separate configuration of number of spatial beams in linear combination L for rank 1 and 2. 
Proposal 4
· Support separate configuration of number of spatial beams in linear combination L for rank 1 and rank 2
2.2. Support of higher ranks for Type II CSI
At the last RAN1 meeting [2] it was agreed that simple extension of Rel.15 Type II without any additional optimization is ruled out. The intention of the above agreement is to avoid very high CSI reporting overhead (~3-4x overhead over rank-1). In our company contribution [6] we proposed to consider configuration of maximum number of non-zero beam combining coefficients to limit the maximum overhead of CSI report. The above method can be used for rank 3-4 codebooks based on Rel. 15 Type II design to extend Type II codebook design for rank 3-4 with limited number of bits required for PMI reporting. 
PMI overhead of the existing rank 2 Type II codebook and extension of Type II codebook for rank 4 with different number of beam combining coefficients are presented in figure 5. For both rank 2 and rank 4 codebooks configuration with 32 CSI-RS ports and L = 4 is assumed. Configuration of rank 2 codebook assumes 8-PSK phase quantization and SB amplitude reporting. 8-PSK phase with WB amplitude reporting is considered for rank 4 codebook. 

Figure 5. PMI overhead of the existing rank 2 Type II codebook and rank 4 Type II codebook with different number of beam combining coefficients
As it can be seen from the above overhead comparison, overhead of rank 4 Type II codebook with L = 4 can be even lower comparing to overhead of PMI reporting with rank 2 Type II codebook. It can be noted that rank 4 Type II codebook with 16 non-zero beam combining coefficients achieves similar overhead comparing to rank 2 Type II codebook. Rank 4 PMI with up to 16 non-zero beam combining coefficients allow to do independent beam selection per layer with up to 2 beams in linear combination per layer which may provide sufficient performance gains over Type I rank 4 codebook. Thus, we propose to consider extension of Type II codebook design to rank 3-4 with configuration of maximum number of beam combining coefficients as baseline scheme for performance comparison.
Proposal 5
· Consider extension of Type II codebook design to rank 3-4 with configuration of maximum number of beam combining coefficients as baseline scheme for performance comparison
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.
Proposal 1
· Study overhead reduction schemes based on compression of space-frequency matrix
· Space frequency matrix contains beam combining coefficients for a set of frequency resources for a spatial layer
Proposal 2
· Subband granularity of beam combining coefficients at the UE side is assumed for Type II CSI overhead reduction 
Proposal 3
· Study space-frequency matrix compression based on linear transformation using a subset of DFT vectors
Observation 1
· Type II compression provides additional flexibility for throughput-overhead tradeoff
· Further study is needed to improve the performance of compression scheme
Proposal 4
· Support separate configuration of number of spatial beams in linear combination L for rank 1 and rank 2
Proposal 5
· Consider extension of Type II codebook design to rank 3-4 with configuration of maximum number of beam combining coefficients as baseline scheme for performance comparison
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Appendix
Table 1. System level evaluation results for medium traffic load (~50% resource utilization)
	CSI configuration
	# of bits for space-frequency matrix reporting
	Average packet throughput, Mb/s
	Cell-edge packet throughput, Mb/s

	Type I, L = 1
	26
	23.3 (0%)
	4.1 (0%)

	Type II, L = 2, QPSK, WB ampl.
	174
	25.2 (8%)
	4.8 (17%)

	Type II, L = 2, 8-PSK, WB ampl.
	252
	26.2 (13%)
	5.1 (25%)

	Type II, L = 2, 8-PSK, SB ampl.
	330
	26.7 (14%)
	5.3 (31%)

	Type II, L = 4, QPSK, WB ampl.
	406
	26.2 (12%)
	5 (23%)

	Type II, L = 4, 8-PSK, WB ampl.
	588
	27.2 (17%)
	5.7 (39%)

	Type II, L = 4, 8-PSK, SB ampl.
	666
	28 (20%)
	5.8 (43%)

	Type II compression, L =  2, S = 1
	44
	23.3 (0%)
	4.1 (-1%)

	Type II compression, L =  2, S = 2
	80
	24.1 (3%)
	4.5 (10%)

	Type II compression, L =  2, S = 4
	146
	25 (7%)
	4.4 (9%)

	Type II compression, L =  2, S = 6
	208
	25.3 (9%)
	4.8 (17%)

	Type II compression, L =  2, S = 8
	268
	25.5 (9%)
	4.8 (17%)

	Type II compression, L =  2, S = 10
	324
	25.8 (11%)
	4.9 (20%)

	Type II compression, L =  2, S = 12
	374
	26.2 (12%)
	4.9 (21%)

	Type II compression, L =  4, S = 1
	92
	23.8 (2%)
	4.2 (3%)

	Type II compression, L =  4, S = 2
	168
	25 (7%)
	4.6 (13%)

	Type II compression, L =  4, S = 4
	314
	26.2 (13%)
	5.2 (27%)

	Type II compression, L =  4, S = 6
	456
	26.8 (15%)
	5.3 (29%)

	Type II compression, L =  4, S = 8
	596
	27.1 (16%)
	5.3 (29%)

	Type II compression, L =  4, S = 10
	732
	27.2 (17%)
	5.1 (24%)

	Type II compression, L =  4, S = 12
	862
	27.7 (19%)
	5.4 (32%)



Table 2. System level evaluation results for high traffic load (~70% resource utilization)
	CSI configuration
	# of bits for space-frequency matrix reporting
	Average packet throughput, Mb/s
	Cell-edge packet throughput, Mb/s

	[bookmark: _GoBack]Type I, L = 1
	26
	17.3 (0%)
	2.2 (0%)

	Type II, L = 2, QPSK, WB ampl.
	174
	18.9 (9%)
	2.6 (15%)

	Type II, L = 2, 8-PSK, WB ampl.
	252
	19.6 (13%)
	2.7 (20%)

	Type II, L = 2, 8-PSK, SB ampl.
	330
	20.1 (16%)
	2.8 (25%)

	Type II, L = 4, QPSK, WB ampl.
	406
	19.6 (13%)
	2.7 (21%)

	Type II, L = 4, 8-PSK, WB ampl.
	588
	20.5 (18%)
	2.8 (28%)

	Type II, L = 4, 8-PSK, SB ampl.
	666
	21.4 (24%)
	3.1 (39%)

	Type II compression, L =  2, S = 1
	44
	17.2 (-1%)
	2.2 (-1%)

	Type II compression, L =  2, S = 2
	80
	17.9 (4%)
	2.4 (8%)

	Type II compression, L =  2, S = 4
	146
	18.6 (7%)
	2.4 (9%)

	Type II compression, L =  2, S = 6
	208
	18.9 (9%)
	2.5 (10%)

	Type II compression, L =  2, S = 8
	268
	19.2 (11%)
	2.5 (13%)

	Type II compression, L =  2, S = 10
	324
	19.4 (12%)
	2.5 (11%)

	Type II compression, L =  2, S = 12
	374
	19.6 (13%)
	2.6 (18%)

	Type II compression, L =  4, S = 1
	92
	17.7 (2%)
	2.3 (4%)

	Type II compression, L =  4, S = 2
	168
	18.9 (9%)
	2.5 (11%)

	Type II compression, L =  4, S = 4
	314
	19.7 (14%)
	2.6 (18%)

	Type II compression, L =  4, S = 6
	456
	20.2 (17%)
	2.7 (20%)

	Type II compression, L =  4, S = 8
	596
	20.6 (19%)
	2.8 (25%)

	Type II compression, L =  4, S = 10
	732
	20.8 (20%)
	2.7 (23%)

	Type II compression, L =  4, S = 12
	862
	21.1 (22%)
	2.8 (25%)



Table 3. 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 PRBs

	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 3 with 10 UEs per cell and 0.1 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



Average packet throughput

Type I, L = 1	26	0	Type II, L = 2	174	252	330	9.394281512037983	13.151395543467892	16.068680712419425	Type II, L = 4	406	588	666	13.308051920018027	18.445089522107061	23.545146042035768	Type II compression, L = 2	44	80	146	208	268	324	374	-0.56872279385609126	3.5449611570235184	7.2661950305424217	9.2358503649264012	10.875891398543057	11.780518971854569	13.128455127591021	Type II compression, L = 4	92	168	314	456	596	732	862	2.0078273438040695	8.9712552349229036	13.764992281148292	16.71623344139903	18.881056439120304	20.251205584511055	21.782630849205752	Overhead bits


Throughput gain %




Cell-edge packet throughput

Type I, L = 1	26	0	Type II, L = 2	174	252	330	15.401607698995434	20.008183822340332	25.47597257876626	Type II, L = 4	406	588	666	20.795803794639522	27.66055324166361	38.501866888229742	Type II compression, L = 2	44	80	146	208	268	324	374	-0.54534002763159117	8.0987105557876582	9.1214340823723816	10.040333325813467	13.250350685453061	11.458085737730418	17.640377133496486	Type II compression, L = 4	92	168	314	456	596	732	862	3.6976733798241179	11.483787635217158	17.698591071903103	19.678364692891193	24.655840267408657	23.301901326090423	25.490789609084551	Overhead bits


Throughput  gain %




Type II, Rank 4	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	263	302	341	380	419	458	497	536	575	614	653	692	731	770	809	848	887	926	965	1004	1043	1082	1121	1160	1199	Type II, Rank 2	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	735	735	735	735	735	735	735	735	735	735	735	735	735	735	735	735	735	735	735	735	735	735	735	735	735	Number of non-zero beam combining coefficients for rank 4 codebook


Number of bits for PMI reporting
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