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1. Introduction

In RAN1#90, the agreement on channel reciprocity based CSI acquisition is made as follows [1].

Agreements:

· For non-PMI feedback:

· Alt 1: Port selection codebook is used for CQI calculation for non-PMI feedback

· Each column of each precoding matrix in the port selection codebook contains only one non-zero entry

· FFS other details of the port selection codebook

· Codebook subset restriction is supported to indicate a single precoder per rank in the codebook used for CQI calculation

· FFS whether this indication can be dynamic using L1/L2 signaling

· Support at least up to 8 CSI-RS ports and 8 layers

· Alt 2: The UE shall assume a codebook for RI and CQI determination where for each rank, R, the codebook contains only one precoder which is the first R columns of an identity matrix

· Alt 3: An existing codebook is used for CQI calculation for non-PMI feedback

· FFS details

· To down-select one of the above alternative in the next meeting

Agreements:

· Support antenna switching for SRS transmission within a carrier for the following UE antenna configuration:

· UE configured with 2Tx (transmit antenna ports)

· UE configured with 1Tx (transmit antenna ports)

· Note: 1Tx and 2Tx is dependent on UE’s capability for SRS transmission

· FFS: details

In fact, channel reciprocity has been one of the important means to obtain channel state information. Especially for high frequency systems in NR, channel reciprocity based operation is often assumed especially when massive number of antennas and TDD duplex mode are considered. To support hybrid beamforming, CSI based on beamformed CSI-RS analogous to LTE FD-MIMO Class B has become more important.  For sub-6GHz systems, it is well known that some level of channel reciprocity can be possibly exploited even for FDD and the channel reciprocity model based on WINNER II [2] is captured in LTE FD-MIMO TR36.897[3].  Therefore, it is desirable to use a common CSI framework for sub-6GHz and above-6GHz systems taking into account different levels of channel reciprocity.   

For CSI feedback based on full reciprocity, non-PMI feedback has been supported. In this contribution, we discuss two remaining issues in reciprocity based CSI report, which are summarized in [6]. First one is codebook used for CQI and RI calculation in non-PMI feedback. The second one is potential solutions for partial reciprocity based CSI report.
2. CSI acquisition schemes based on channel reciprocity
2.1 Remaining issues for non-PMI based feedback
Non-PMI feedback is an important technology to enhance CSI feedback for the presence of full reciprocity in TDD mode. Generally, UE calculates RI and CQI based on a defined codebook, whereas PMI is not reported. Further, gNB can use CSR to restrict the precoding matrices UE used for CSI acquisition based on uplink sounding. The restriction can be one codeword or a subset of codewords in the defined codebook.

Codebook issues

Two different use cases can be identified for non-PMI feedback. They require different types of codebook.

Scheme 1: NP CSI-RS is used. gNB uses CSR to constrain the codeword for RI and CQI calculation. Then Type I codebook can be used. gNB acquires precoding matrix from  uplink sounding, and acquires RI and CQI based on UE’s feedback with CSR. Two sub-schemes can be further identified in this scheme.

1A: gNB uses Type I DFT codewords acquired from UL sounding as precoders

1B: gNB uses eigenvectors acquired from uplink sounding as precoders 

Scheme 1-2: BF CSI-RS is used. Each port in BF CSI-RS resources uses one particular beam based on uplink sounding. The beams can be acquired from SVD based on uplink channel measurement. gNB uses CSR to constrain the BF CSI-RS port used for RI and CQI calculation. Then a port selection codebook is required. 

We compare the above two schemes based on system-level simulation. In the simulation, both 16 ports and 32 ports are simulated. Moreover, one codeword is restricted based on uplink sounding for UE to calculate CQI and RI. Other simulation parameters are given in Appendix. Simulation results are shown in Table I.

	Table I Comparison of Scheme 1 and 2 for non-PMI feedback

​
	
	Mean
	
	5%
	
	50%
	
	RU

	16 TXRUs
	Scheme1A
	25.34
	0.00%
	6.70
	0.00%
	24.98
	0.00%
	0.57

	
	Scheme1B
	28.10
	10.89%
	8.14
	21.48%
	27.90
	11.68%
	0.50

	
	Scheme1-2
	30.87
	21.83%
	10.12
	51.06%
	31.32
	25.38%
	0.46

	32 TXRUs
	Scheme1A
	25.39
	0.00%
	8.59
	0.00%
	24.40
	0.00%
	0.58

	
	Scheme1B
	29.10
	14.61%
	11.76
	36.86%
	29.51
	20.97%
	0.50

	
	Scheme1-2
	32.11
	26.46%
	14.99
	74.53%
	32.80
	34.45%
	0.45


It can be observed in Table I that Scheme 1B achieves much better performance than Scheme 1A. In Scheme 1A, gNB’s precoding matrices are constrained by quantized DFT vectors in Type I codebook, whereas in Scheme 1B CQI mismatch appears as CQI is not calculated directly from used precoding matrices. In Scheme 1-2, there’s no such quantization error or CQI mismatch. Hence we propose to support Scheme 1-2 for non-PMI based feedback in NR, i.e., to support using a port selection codebook for CQI and RI derivation.

The next question is how to support port selection codebook. Typically, there’s two approaches to implement port selection as follows.

Approach 1: Define a port selection codebook. In this way, port selection is not transparent to specification.

Approach 2: Implement port selection via current Type I codebook. In this way, port selection is transparent to specification. Specifically, a transparent N*N precoding matrix F can be used on the N BF CSI-RS ports, such that 
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where b is a DFT vector and e is a unit vector whose n-th entry is 1. Such F can always be found, as its N-1 row vectors, other than the n-th, can be N-1 DFT vectors orthogonal to bH, and the n-th row vector can be bH itself. 
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Fig. 1 4-port CSI-RS with analog beams

Both approaches can be used to implement port selection when only digital precoding is used. However, if port selection is used to select analog beam, whether Approach 2 can be applied is doubtful. Assume 4 analog beams (v1, v2, v3, v4) in one RF chain are to be selected. Then at least four OFDM symbols are involve in the CSI-RS ports, as shown in Fig.1. If the above F matrix and Type I codebook with DFT vectors are used, the measured channels should be 

[image: image3.wmf]111,122,133,144,1

211,222,233,244,2

311,322,333,344,3

411,422,433,444,4

FFFF

FFFF

FFFF

FFFF

=+++

=+++

=+++

=+++

gvvvv

gvvvv

gvvvv

gvvvv


However, in order to implement (g1, g2, g3, g4) in analog domain based on such 4-port CSI-RS, more complex hareware architecture is required as simple phase shift cannot achieve such structure. Specifically, a dual-level analog beamforming V and F is needed, and a full-connection linkage should be used between this two analog precoding matrices. Hence to implement port selection for analog beams with Approach 2, it would cost more hardware support than defining a port selection codebook. The following proposal can be drawn.

Proposal 1: Support a port selection codebook for RI/CQI calculation in non-PMI CSI feedback.

A follow-up question is how to define a port selection codebook. In fact, in the agreed codeobook proposal [7], one codebook is defined for BF CSI-RS, whose W1 is a port selection codebook. Hence a simple WF is to extend this port selection codebook by setting L=1, P=1 and setting amplitude 1 as well. Then in this codebook, each column of each precoding matrix contains only one non-zero entry (codebook A). If codebook A is used, gNB’s precoder is exact same as channel eigenvector acquired from UL sounding. In addition, reusing LTE Class B K=1 codebook (codebook B) is another option proposed in last meeting.

We compare the above two types of port selection codebook with system-level simulation. The following options are evaluated.

Opt A: Use codebook A for gNB precoder, and codebook A for UE CQI calculation. 

Opt B-1: Use codebook A for gNB precoder, and codebook B for UE CQI calculation.

Opt B-2: Use codebook B for gNB precoder, and codebook B for UE CQI calculation.

Simulation results for the above options are shown in Table II. It can be observed in Table II that codebook B suffers performance loss compared with codebook A. As codebook B introduces cophasing between two pols, quantization error is caused. Hence Opt B-2 suffers large performance loss as gNB precoder is not eigen vector any more. For Opt B-1, gNB precoder is still eigen vector. However, UE’s assumption for CQI derivation is quantized channel with co-phasing. Performance loss of Opt B-1 comes from CQI mismatch.

Table II Simulation results for different types of port selection codebook

	
	
	RU 
	mean
	
	5%
	

	16 TXRUs
	Opt A
	0.46 
	30.73 
	0.00%
	9.96 
	0.00%

	
	Opt B-1
	0.48 
	28.50 
	-7.25%
	9.38 
	-5.79%

	
	Opt B-2
	0.54 
	24.61 
	-19.92%
	8.05 
	-19.13%

	32 TXRUs
	Opt A
	0.46 
	32.07 
	0.00%
	14.97 
	0.00%

	
	Opt B-1
	0.48 
	29.50 
	-8.00%
	13.24 
	-11.52%

	
	Opt B-2
	0.58 
	23.21 
	-27.61%
	9.63 
	-35.64%


Based on Table II, we have the following observation and proposal.

Observation 1: For non-PMI feedback, LTE Class B K=1 codebook suffers performance loss compared with codebook with only one non-zero entry per column per precoder.

Proposal 2: At least for non-PMI feedback, NR supports port selection codebook with only one non-zero entry per column per precoder.

CSR issues
Another remaining issue for non-PMI feedback is CSR. With CSR, gNB can constrain the codewords used by UE to derive RI and CQI. gNB can indicate CSR based on uplink channel measurement. As channel can change quite rapidly, codewords derived by gNB for CSR may also change dynamically. In order to capture this rapid change of channel, CSR signaling needs to be dynamic, i.e., L1/L2 signaling is more suitable.

For port selection, another way to implement dynamic change of used beamforming is to configure MR and change the beamforming used for CSI-RS dynamically. Then port selection used for RI/CQI calculation can be fixed [6]. For example, if two ports are used, use 
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 for rank 1 and identity matrix for rank 2.  However, to reduce CSI-RS overhead, BF CSI-RS can be shared by a group of UEs. This port sharing would bring limitation on dynamic change of the beams used for BF CSI-RS. Therefore, to support BF CSI-RS sharing among UEs, dynamic indication of CSR is more suitable than dynamic change of beams used for CSI-RS. On the other hand, if dynamic change of beamforming is not used, performance loss can be expected as dynamic channel change can not be reflected in UE’s RI/CQI calculation.

Proposal 3: Support L1/L2 signaling for CSR indication.

2.2 CSI feedback considering partial reciprocity
Two different use cases can be identified for partial reciprocity. 

1. The first one is FDD reciprocity. It can be observed in our previous contribution [4] that FDD channel reciprocity has a great potential to obtain at least partial long term channel information. 

2. The other use case is that number of UE Tx antennas is smaller than number of UE Rx antennas. Then gNB can acquire partial channel based on uplink sounding. 
In the real networks, different levels of channel reciprocity can be obtained depending on scenarios and implementation.   Therefore, we should strive for commonality and flexibility considering different levels of channel reciprocity.  

One potential solution to both use cases is non-uniform beam sampling in codebook, which is Scheme 5 in Section 1. A general description is shown in Fig. 2. Higher resolution beams are used for the beam direction(s) it is more likely to happen based on measurement from channel reciprocity. Less number of bits are allocated to the beam directions which are less likely to happen. The channel quantization can be done differently according to the rough CSI obtained from channel reciprocity. This can be done via codebook subset restriction taking into account overhead reduction after the restriction [5].
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Fig. 2 Non-uniform beam distribution and spatial channel quantization

A simpler example of  Scheme 5 is that gNB configures angular range to be searched in codebook. gNB acquires the potential angular range based on partial reciprocity. UE follows gNB’s signaling to search PMI in the configured angular range, and PMI overhead is adaptive to this configured range. This angular range parameter can be signaled via CSR or codebook configuration. 

We conduct a simulation to show the performance of this scheme. We assume UE has 1 Tx antenna and 2 Rx antennas. gNB acquires the angular range based on measurement of UL channel. Performance and associated WB PMI overhead is shown in Table III. We compare the proposed scheme with full CSI feedback for 16 ports and 32 ports. It can be observed that using Scheme 5, large CSI overhead can be saved but performance is barely reduced. 

Table III Performance of Scheme 5

	
	WB overhead
	Mean
	
	5%
	
	50%
	
	RU

	16 ports
	4 bits
	25.3652
	0.16%
	6.5368
	-2.33%
	25.0807
	2.13%
	0.57

	
	7 bits(full CSI)
	25.3241
	0.00%
	6.6924
	0.00%
	24.5585
	0.00%
	0.57

	32 ports
	2 bits
	25.4227
	-0.04%
	8.4959
	-2.29%
	24.8079
	-0.46%
	0.60

	
	3 bits
	25.5979
	0.65%
	8.6057
	-1.03%
	25.2971
	1.51%
	0.59

	
	8 bits(full CSI)
	25.4335
	0.00%
	8.6949
	0.00%
	24.9214
	0.00%
	0.58


Proposal 4: For partial reciprocity based CSI, support a simpler version of Scheme 5: gNB configures angular range to be searched in codebook.

Other than Scheme  5, Scheme 1 and 4 are already agreed to be supported. Scheme 2 and Scheme 3 are also proposed in previous meetings.

Scheme 2: Partial CSI for gNB to acquire full CSI

The use case of Scheme 2 is that UE has more Rx ports than Tx port. Then gNB cannot acquire the CSI associated with the UE Rx ports which are not Tx ports through reciprocity. Scheme 2 facilitates UE to report partial CSI for these extra Rx ports to acquire full CSI. gNB needs to perform combination for CSI obtained from reciprocity and CSI reported by UE. The performance of this combination depends on the CSI type. If this CSI is based on PMI, combination loss due to quantization loss is expected. Moreover, gNB cannot acquire accurate CQI after combination for PMI based feedback. Explicit feedback for the extra Rx ports, which may not be supported in NR Phase I CSI feedback, performs better. However, CSI overhead is another issue caused by explicit feedback. Moreover, this scheme cannot be applied to the use case of FDD reciprocity.

Scheme 3: CSI feedback with non-precoded/beamformed CSI-RS including CQI, RI and PMI
Scheme 3 uses reciprocity to acquire precoding matrix used for BF CSI-RS. The full CSI can be acquired based on the feedback calculated via this BF CSI-RS. This scheme can be supported naturally by Class-B like approach, e.g., codebook for BF CSI-RS in [7]. 

Based on the above analysis, we have the following observation and proposals.

Observation 2: Scheme 3 can be supported naturally by codebook for BF CSI-RS in [7].

Proposal 5: Scheme 2 should be further studied before being supported.

3. Conclusion
In this contribution, we analyze and evaluate potential schemes for CSI feedback based on full and partial reciprocity. Based on the discussion, we have the following observations and proposals:

Proposal 1: Support a port selection codebook for RI/CQI calculation in non-PMI CSI feedback.

Observation 1: For non-PMI feedback, LTE Class B K=1 codebook suffers performance loss compared with codebook with only one non-zero entry per column per precoder.

Proposal 2: At least for non-PMI feedback, NR supports port selection codebook with only one non-zero entry per column per precoder.

Proposal 3: Support L1/L2 signaling for CSR indication.

Proposal 4: For partial reciprocity based CSI, support a simpler version of Scheme 5: gNB configures angular range to be searched in codebook.

Observation 2: Scheme 3 can be supported naturally by codebook for BF CSI-RS in [7].

Proposal 5: Scheme 2  should be further studied before being supported.
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Appendix
	Parameters
	Assumptions

	Duplex mode
	TDD

	Cellular Layout
	Hexagonal grid, 7 sites, 3 Macro cells per site, geographical based wrap‑around

	Channel Model
	3D UMi

	Operating bandwidth (BW)
	10 MHz

	UE Speed
	3km/h

	Antenna configuration
	Transmitter: （M,N,P,Q）=（4,4,2,32）

Receiver: 2Rx cross-polarized antenna at UE

	Antenna element spacing
	(dV,dH)=( 0.8λ, 0.5λ,)

	CQI/PMI reporting interval and frequency granularity
	5ms, 6RB

	Feedback scheme
	Rel-12 enhanced CSI feedback, PUSCH mode 3-2, 

PMI feedback and non-PMI feedback

	Delay for scheduling and AMC
	6ms

	Scheduler
	Proportional Fair

	Receiver
	MMSE-IRC 

With non-ideal interference covariance matrix estimation by using complex Wishart distribution with 12 degrees of freedom 

(Model in TR36.829 with DMRS based sample covariance matrix)

	HARQ Scheme
	Chase Combining

	Maximum number of retransmissions
	4

	Traffic model
	FTP1 model with 0.5Mbyte

	Feedback Assumption
	Non-ideal modeling of channel estimation error modeling 
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