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Introduction
In RAN1 #88, two WFs on reciprocity based CSI acquisition [1][2] was discussed.  Some agreements are as follows [3].
CSI acquisition for full reciprocity
· At least for full channel reciprocity, support at least the following CSI acquisition scheme based on channel reciprocity in NR 
· Non-PMI feedback
· [bookmark: _GoBack]CSI contains RI and CQI
· CQI depends on RI and PMI which are selected from a codebook (potentially with restriction) but PMI is not fed back.
· FFS UE may also calculate RI and CQI directly with estimated channel, FFS spec impact 
· FFS codebook details, including how to signal
· FFS other schemes (e.g., explicit interference feedback, etc.)
CSI acquisition for partial reciprocity
· For the case of non-ideal channel reciprocity (e.g., less Tx ports than Rx ports at UE), study and evaluate at least the following candidate schemes
· Scheme 1 (Baseline for performance comparison): Non-PMI feedback
· Scheme 2: Partial CSI feedback for gNB to acquire full CSI 
· Scheme 3: CSI feedback with non-precoded/beamformed CSI-RS including CQI, RI and PMI
· Scheme 4: SRS switching
· Scheme 5: Non-uniform beam sampling on codebook
· Combination of the above schemes can be considered
· Note: both performance and overhead should be considered when comparing the above schemes
In this contribution, we discuss remaining open issues for reciprocity based operation.
Discussion
CSI acquisition for full channel reciprocity
Interference feedback
In order to enable DL channel-dependent scheduling, both the channel information and the interference information are needed by the network.  The gNB can perform DL UE pairing and MU precoding based on the channel information and the interference information.  The channel information can be obtained from UL channel estimation with proper reciprocity calibration.  The acquisition of interference information still need to be provided by the UE, as it can only be observed by the UE.  The interference information can be either explicitly reported by UE in UL channel or implicitly conveyed via UL reference signals.  
For explicit interference feedback, a UE may need to report interference covariance matrix or the diagonal elements of interference covariance matrix to the gNB.  The interference covariance matrix can be quite different across the whole system bandwidth if subband scheduling and precoding is enabled in neighbouring cells.  The interference covariance matrix or its diagonal elements need to be reported per subband.  One needs use either vector quantization or scalar quantization to compress the subband interference covariance matrix, depending on its dimension and rank.  There is a tradeoff between the quantization resolution and the DL performance benefit.  A coarse interference covariance feedback may provide no gain in terms of DL performance.  A high-resolution quantization may lead to an increase in feedback overhead.  Unfortunately, such sensitivity study is not available.  Before agree to support explicit interference feedback, we need to understand the impact of quantization error on the DL performance.  
Observation 1: The performance and feedback overhead tradeoff with explicit interference covariance matrix feedback is unclear.
Instead of explicit feedback, interference information can be implicitly provided to the gNB.  One option is to report interference PMI.  The interference PMI is usually selected from a codebook.  For large codebooks, there could be many interference PMI hypotheses.  The UE needs to test all hypotheses one by one.  This may increase the UE complexity.  
Observation 2: Interference PMI feedback overhead doesn’t scale well for large PMI codebooks.
Another option, as discussed in [4], is to embed the interference information into the UL SRS.  The UE can use the interference whitening matrix as the SRS precoding matrix.  The gNB can thus obtain the whitened DL channel from UL sounding directly, without any explicit interference feedback.  As shown in [4], the whitened-SRS can provide almost the same performance as explicit interference covariance matrix feedback.
Observation 3: Explicit interference feedback can be avoided if pre-whitened SRS is used.
Proposal 1: Explicit interference feedback is not supported in NR.
CSI reporting without PMI
For full channel reciprocity, the gNB can derive the DL precoding matrix based on UL channel estimation.  But the MCS for each PDSCH assignment cannot be reliably determined at the gNB purely based on the channel information and interference information.  This is because the gNB has no knowledge of the UE receiver processing capability.  For example, under the same channel condition, a UE with advanced receiver may support a higher MCS than a UE with a MMSE receiver.  So, a UE still need to report CQI and RI to the gNB based on some CSI-RS.  
If it is configured with multiple CSI-RS ports for CQI/RI measurements, a UE needs to assume a precoding matrix which maps the data layers to the CSI-RS ports.  The CQI/RI is dependent on the assumed precoding.  When it receives a CQI/RI report from a UE, a gNB needs to know the precoding assumption for deriving the CQI/RI.  If it uses a precoding matrix which is different from that used for CQI/RI computation, the gNB may further override the reported CQI/RI based on the knowledge of the precoding assumption.  
Observation 4: For full channel reciprocity, the gNB needs to know the precoding assumption used for CQI/RI computation at the UE.
Codebook subset restriction provides a way to guarantee such consistency.  The gNB can restrict the UE assuming a PMI for CQI/RI computation.  Since the restricted PMI is configured by the gNB, it always knows which precoding matrix is assumed for CQI/RI measurement.  The gNB may further pick up a PMI by quantize precoding matrix derived from the UL channel estimation.  Thus, the CQI mismatch due to precoding can be controlled.  However, there’s still some drawbacks.  First, with UL channel estimation, frequency-selective precoding can provide performance benefit.  The codebook subset restriction needs to be configured at on subband-basis.  Second, the precoding matrix may change from slot to slot due to the fast change in inter-cell interference, MU pairing, traffic status, etc.  To better adapt the change, the semi-static configuration of codebook subset restriction may be insufficient.  However, dynamic indication of subband codebook subset restriction leads to unaffordable DCI overhead.
Observation 5: Codebook subset restriction is infeasible for CQI/RI measurement without PMI reporting.
Another option to handle the precoding assumption is assuming a simple precoding matrix, e.g., the identity matrix.  This can be working with pre-scheduled CSI-RS.  When channel reciprocity is available, the gNB can pre-schedule a set of UEs based on the UL sounding.  The pre-scheduling includes MU pairing and MU precoding.  The gNB can transmit aperiodic beamformed CSI-RS for each UE using its own precoding matrix.  The UE can derive CQI by applying an identity matrix on the beamformed CSI-RS ports.  Since the identity matrix is used for CQI computation, the CQI is equivalently derived with the precoding matrix obtained during the prescheduling stage.  That means there’s a one-to-one mapping between the CSI-RS ports and the data layers.  Hence, the gNB knows the exact precoding matrix associated with the CQI.  With such scheme, the UE can report CQI without any precoding mismatch.  There’s no need to signal any subband precoding assumption.
Proposal 2: For full channel reciprocity, a UE calculates CQI assuming precoding using an identity matrix with pre-scheduled CSI-RS.
CSI feedback for partial channel reciprocity
In real world scenario, some UEs may have asymmetric TX/RX chains, i.e., a UE may have NRX receiving antennas, but only NTX TX chains, where NTX < NRX.  For example, a UE may have 4 RX chains, but only 2 TX chains.  In the UL, the UE can only transmit a 2-port SRS from 2 out of 4 antennas.  In the DL, a UE could support a rank-4 transmission if the gNB is equipped with no less than 4 antennas.  However, in case of reciprocity based DL transmission, the gNB relies on the UL channel estimation to determine the DL precoding matrix.  Due to the limited number of TX chains, the gNB can only observe a partial DL channel with 2 receive antennas.  The lack of full channel information via reciprocity prevents the gNB to transmit more than 2 layers to the UE.
In RAN1#88bis, several CSI acquisition schemes were identified to handle the UE-side TX/RX asymmetry.
· Scheme 1: Non-PMI feedback
· Scheme 2: Partial CSI feedback for gNB to acquire full CSI 
· Scheme 3: CSI feedback with non-precoded/beamformed CSI-RS including CQI, RI and PMI
· Scheme 4: SRS switching
With Scheme 1, only part of the DL channel can be acquired by the gNB via UL sounding.  The gNB cannot obtained the accurate DL precoding matrix for ranks higher than NTX.  Although the gNB may derive pseudo precoding matrices for higher ranks, there’s a significant performance degradation compare to systems with symmetric TX/RX.
Observation 6: Non-PMI feedback based scheme cannot well support ranks higher than number of TX chains for UEs with asymmetric TX/RX.
In Scheme 2, the whole DL channel is “reconstructed” at the gNB by two half channels: the first half channel between the gNB and the UE antennas connected to TX chains which is obtained by UL sounding, and the second half channel between the gNB and the RX only UE antennas which is reported by UE.  In order to perform DL channel estimation, the gNB needs to transmit CSI-RS and the UE needs to perform DL channel estimation and CSI computation/quantization.  Additional UL resource is needed to convey the partial CSI feedback.  It’s worth noting that in Scheme 2, the CSI quality on each half of the channel is likely different.  The accuracy of the half channel obtained by UL sounding depends on the UL channel estimation quality and may include additional insertion loss due to the TX/RX switch connected to the UE antenna.  The quality of the half channel reported by UE depends on the DL channel estimation quality, CSI feedback granularity.  Furthermore, the availability of the UL resource for partial CSI feedback may depend on the slot structure.  For example, in case of dynamic TDD, a constant time gap between UL sounding and partial CSI feedback may not be guaranteed.  
Observation 7: Partial CSI feedback may lead to imbalanced channel quality for different half channels and requires additional overhead in both DL and UL.
Scheme 3 can be applied regardless of availability of channel reciprocity.  Similar to Scheme 2, the gNB transmits CSI-RS to aid DL channel estimation and the UE reports CSI.  In contrast to Scheme 2, the whole DL channel is considered for CSI feedback.  So, the CSI can reflect the full DL channel state.  
Scheme 4 provides a simple solution to acquire full UL channel for UEs with asymmetric TX/RX.  The UE can be configured to sound from different antennas in a TDM manner by introducing one or multiple RF switches.  As discussed in [4], TX switching SRS transmission could be useful for UEs with asymmetric TX/RX chains, but impacts related to this feature need to be studied.  
To investigate the performance penalty due to insertion loss, system-level performance evaluation is conducted.  The simulation assumptions are summarized in the Appendix.  For SRS switching, we have assumed a fixed loss of X dB (X = 1, 2, 3 dB), applied on the channel sounded from UE antennas 2 and 3 (no loss on antennas 0 and 1). The switching is assumed to happen on a slot-by-slot basis.  Detailed simulation assumptions are summarized in the Appendix. 
In Figure 1, we show the impact of Scheme 1 (where the gNB only has partial CSI to 2 of the UE’s 4 antennas) and compare this to the case where the UE can perform SRS switching. As the insertion losses from SRS antenna switching increase, the performance of the switching algorithm is expected to worsen. However, even when the insertion loss is around 3 dB, the performance is still significantly better than scheme 1.
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[bookmark: _Ref481583770]Figure 1: DL MU-MIMO Throughput performance comparison between Scheme 1 and Scheme 4 for various insertion losses.
Table 2 below shows the gap between 4-antenna sounding and all other cases. Switched sounding gives a cell throughput loss of less than 4% when insertion losses are low. Even at the cell edge, the loss is less than 9%. 
As the insertion loss increases, the throughput loss increases, but is still far lower than what it would be with partial DL knowledge at gNB that comes from Scheme 1. 
[bookmark: _Ref481587133]Table 2: Performance of schemes 1 and 3 compared to all antenna sounding.
	Scheme
	Description
	Insertion loss (dB)
	5%-tile loss (%)
	50%-tile loss (%)
	Mean (%)

	Scheme 1
	2-antenna sounding w/o switching
	0
	50.0
	18.7
	11.5

	Scheme 4
	2-antennas sounding w/ switching
	3
	23.1
	10.7
	8.9

	
	
	2
	15.4
	6.6
	5.6

	
	
	1
	8.7
	3.8
	3.4


Proposal 3: NR supports TX switching SRS transmission for UEs with asymmetric TX/RX chains.
Conclusions 
To summarize, we discussed several aspects of CSI acquisition for reciprocity based operation.  We have following observations:
Observation 1:	The performance and feedback overhead tradeoff with explicit interference covariance matrix feedback is unclear.
Observation 2:	Interference PMI feedback overhead doesn’t scale well for large PMI codebooks.
Observation 3: 	Explicit interference feedback can be avoided if pre-whitened SRS is used.
Observation 4:	For full channel reciprocity, the gNB needs to know the precoding assumption used for CQI/RI computation at the UE.
Observation 5:	Codebook subset restriction is infeasible for CQI/RI measurement without PMI reporting.
Observation 6:	Non-PMI feedback based scheme cannot well support ranks higher than number of TX chains for UEs with asymmetric TX/RX.
Observation 7:	Partial CSI feedback may lead to imbalanced channel quality for different half channels and requires additional overhead in both DL and UL.
We propose:
Proposal 1: 	Explicit interference feedback is not supported in NR.
Proposal 2: 	For full channel reciprocity, a UE calculates CQI assuming precoding using an identity matrix with pre-scheduled CSI-RS.
Proposal 3: 	NR supports TX switching SRS transmission for UEs with asymmetric TX/RX chains.
Appendix
Table 1: System Simulation Assumptions
	Parameters
	3D UMi ISD 200m

	Carrier frequency
	3.5 GHz

	Simulation BW
	20 MHz

	Tx power
	44dBm / 20MHz

	Downtilt
	14 deg

	BS antenna array
	(M, N, P) = (8, 4, 2),  (dH, dV) = (0.5λ, 0.8λ)

	BS antenna gain
	8 dBi

	UE antenna array
	4 RX, cross-polarized (0/+90 deg), dH = 0.5λ

	UE max Tx power for SRS
	23 dBm / 80 MHz

	UE distribution
	20% UEs are outdoor and 80% UEs are indoor

	UE speed
	3km/h

	UEs/cell
	10

	BS noise figure
	5 dB

	UE noise figure
	9 dB

	Traffic Models
	Full buffer

	Channel estimation
	Realistic, based on link simulations for UL SRS and DL CSI-RS, DMRS

	Interference estimation
	Rnn estimate through Wishart based method

	BS reciprocity calibration error
	Amplitude error ~ U [-1, 1] dB, phase error ~ U[-π/12, π/12]
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