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1 Introduction

At RAN1 NR 88bis meeting [1], it was agreed that:

· 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

· Each company states the assumed scheme for non-PMI feedback

· Scheme 2: Partial CSI feedback for gNB to acquire full CSI 

· Partial CSI is the information of the partial DL channel (e.g. partial DL channel vector/matrix or partial DL channel covariance matrix) with no reciprocal UL transmission due to the absence of Tx ports corresponding to the Rx ports at UE

· Scheme 3: CSI feedback with non-precoded/beamformed CSI-RS including CQI, RI and PMI

· For beamformed CSI-RS, precoding matrix is determined from CSI available at base station from SRS transmission

· PMI could be for a linear combination codebook

· Scheme 4: SRS switching

· SRS switching is used to obtain full channel information by multiple SRS transmission instants. Non-PMI CSI feedback can be used along with SRS switching

· Taking into account practical impairments in implementation (e.g., PLL accuracy, insertion loss, power imbalance, etc.)

· Scheme 5: Non-uniform beam sampling on codebook

· Configure different spatial resolutions in different spatial domain by CSR

· Combination of the above schemes can be considered

· Note: both performance and overhead should be considered when comparing the above schemes

· Simulation parameters are provided on slide 4 of R1-1706809 with the following update

· Adding “2Tx2Rx” to “UE antenna configuration”

· Change “2GHz” to “4GHz” in “Carrier frequency”

· Companies describe the assumed UL-DL calibration model, striving for a common model

Reciprocity based CSI measurement is of crucial importance in NR MIMO operations, where the downlink channel can be obtained from the uplink SRS transmission. However, reciprocity may not always hold even in TDD system due to various non-ideal factors, i.e., less Tx ports than Rx ports at UE, or non-ideal calibration model at gNB or UE. Among them, unequal number of Tx and Rx ports at UE is common case, and most critical in NR system. So in the contribution, this issue is mainly discussed. Due to the less Tx ports than Rx ports at UE, only partial DL channel information can be acquired based on SRS measurement. An example is shown in Fig.1 for exemplary. Several schemes were proposed in the last meeting to handle this issue. In this contribution, we will present our view on scheme 1- 4. 
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Figure 1 A UE with one Tx ports and two Rx ports
2 Discussion on CSI feedback scheme for channel with partial reciprocity
2.1 Scheme 1: Non-PMI feedback scheme
In this scheme, the precoder for PDSCH is determined by gNB from SRS measurement. This precoder is also applied to CSI RS to form beamformed CSI RS, based on which UE can determine RI and CQI. Specifically, by measuring the UL channel from the Tx ports at UE, gNB generates N wideband eigenvectors from the wideband UL channel covariance matrix, where N is the maximum rank value of the DL channel (for example, N can be the number of Rx ports at UE).  Then, gNB transmits N-ports beamformed CSI RS, where the precoders for the N-port CSI RS are the N wideband eigenvectors. Based on UE report of RI/CQI, gNB determines the final precoder of PDSCH. For example, if RI=1, then the precoder of the first CSI RS port will be applied to PDSCH.
The advantage of this scheme is the greatly reduced CSI feedback overhead since no PMI is reported. However, with asymmetric Tx and Rx port number, the wideband precoder based on the SRS measured UL channel can severely mismatches with the real precoder based on the full DL channel, especially for high rank UE. Therefore, severe performance loss can be expected from this non-PMI feedback scheme.
The level of the precoder mismatch is shown in further Figure 2 for UE with 1 Tx port and 2/4 Rx ports. The normalized error between the precoder of UL channel (from one Tx port) and precoder of the full DL channel is shown in terms of CDF. From this figure, severe mismatch between eigenvectors of partial UL channel and eigenvectors of full DL channel can be observed, especially for high rank UE, which will leads to severe performance loss.
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Figure 2 Error between eigenvectors of UE with (left) 1T2R (right) 1T4R
Observation 1: non-PMI feedback scheme suffers from severe performance loss, especially for high rank UE.
2.2 Scheme 2: Partial CSI feedback for gNB to acquire full CSI
2.2.1 Partial CSI feedback scheme
In this scheme, UE transmits SRS on antenna ports equipped with PA. So gNB could acquire partial UL channel by measuring SRS. To acquire full DL CSI, one straightforward way is to enable UE to report the other part of channel, i.e., the channel associated with antenna ports without PA, by measuring downlink channel. To do that, gNB would further transmit non-precoded/beamformed CSI RS, so that UE can obtain the full channel states but only report CSI related to the remaining unknown DL channel with only Rx ports but without reciprocal Tx ports. This “reported CSI” can be combined with UL channel measured at gNB, so that gNB can acquire full DL CSI, and applies precoder that matches with the full DL channel. In this way, performance of PDSCH transmission can be greatly enhanced compared with Scheme 1. The procedure is shown in Figure 3 for exemplary.
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Figure 3 Procedure of partial CSI feedback scheme for exemplary
Taking a UE with 1 Tx port and 2 Rx ports as an example. Let 
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 represent the full DL channel to the 2 Rx ports at UE, where 
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 is the DL channel that can be obtained at gNB based on SRS measurement. To acquire full DL CSI, gNB can transmit CSI-RS so that UE can measure the full DL channel  
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 is already available at gNB, UE only needs to report CSI associated with  
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. It is noted that this CSI can be channel response or channel covariance matrix (or equivalently, eigenvectors along with eigenvalues). Besides the partial CSI, UE should also report RI/CQI, which should be calculated based on the full DL channel. By combining the channel state on SRS and UE reports, gNB acquires full DL channel information. A diagram to show this mechanism is shown in Fig. 4. It should be noted that in the step of partial CSI feedback, the type II CSI feedback under discussion in NR can be reused to enable high resolution CSI reporting. Hence, gNB can acquire 
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 with comparable resolution. It will enhance the performance of the following PDSCH transmission. 


[image: image12.emf]SRS

Non quantized

UE feedback

quantized

1

h

2

h

Full channel reconstruction















2

1

h

h

H


Figure 4 Scheme 2 procedure for exemplary
As a summary, the steps of acquiring the full channel states includes

· UE transmits SRS 

· eNB transmits CSI-RS

· UE feedback partial CSI (using type II CSI), RI and CQI
It should be noted that CSI-RS can be non-precoded or beamformed CSI-RS. When gNB has a small number of TxRUs, non-precoded CSI-RS can be transmitted. When gNB has a large number of TxRUs, beamformed CSI-RS can be transmitted exploiting the beams obtained by SRS. Beamformed CSI-RS has the advantage of less resource consumption and better coverage. When beamformed CSI-RS is transmitted, partial DL effective channel can be reported by UE.
Observation 2: Partial CSI feedback scheme will bring performance enhancement compared to the non-PMI feedback scheme.
2.2.2 Potential schemes on overhead reduction 
In the above scheme of partial CSI reporting, the un-reciprocal channel states are always reported. However, it may not always be efficient. For instance, UE has 2 Tx ports 4 Rx ports. UE has to report channel states corresponding to 2 Rx antenna ports, e.g., 2 Nt×1 vectors per subband if reporting channel response. However, when RI=1, actually reporting one Nt×1 eigenvector of full DL channel is sufficient and more efficient. Hence the reporting efficiency has the room for improvement for this scheme. We propose to consider the following two alternatives

· Alt1: no partial PMI reporting in low rank

· Alt2: reports eigenvector of full channel in low rank

In Alt1, when rank is low, the channel between Rx ports can be treated highly correlated. Thus channel obtained by SRS maybe sufficient to capture most special properties. Reporting partial CSI bring trivial gain but at the cost of uplink overhead.
In Alt2, UE reports partial CSI only when RI larger than 2. Otherwise, eigenvector is reported. This scheme is illustrated in Figure 5 for exemplary.
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Figure 5 Partial CSI feedback with rank dependent PMI report
Both alternatives can work more efficiently. Our concern on Alt1 is that low rank is not always in the channel with high correlation but also in low SNR case. Hence no CSI reporting may potentially lead to some performance degradation, especially for cell edge UEs. Therefore, Alt2-reports eigenvector of full channel in low rank is more preferred.

Proposal 1: Support Scheme 2 in TDD NR when number of Tx ports is less than that of Rx ports at UE.

Proposal 2: The content of PMI in the partial CSI feedback scheme can be dependent on rank, e.g., 

· PMI represents eigenvectors of the full DL channel for low ranks, and
· PMI represents of the partial DL channel related information for high rank, e.g., covariance matrix or channel vector.
2.2.3 Standardization impact
As discussed above, the advantage of partial CSI reporting scheme has the following advantages

· Better performance due to full channel acquisition

· Relative low CSI overhead due to only reporting un-reciprocal channel states

The other concern may be the standardization complexity. However, in above steps of acquiring the full channel states, SRS and CSI-RS transmission are anyway to be designed and irrelevant to burden standardization work. As for partial CSI reporting, channel response or channel covariance matrix can be reported by reusing type II codebook in Category I or II.  What needs to do in standardization is to define a reporting mechanism. For example, UE reports eigenvectors for low ranks and partial CSI for high ranks. Therefore, the standard impact of Scheme 2 is small.
2.3 Scheme 3: CSI feedback with non-precoded/beamformed CSI-RS including RI/PMI/CQI
2.3.1 Scheme description

In this scheme, regardless of the partial channel reciprocity, RI/PMI/CQI are reported by UE in a FDD manner. In fact, it is a CSI feedback scheme initially designed for FDD system where no channel reciprocity is assumed. 
If non-precoded CSI RS is transmitted, then PMI can be based on the type II CSI feedback which is currently under discussion in NR. If beamformed CSI-RS is transmitted, then the method to report a high resolution PMI should be studied. Specifically, if the precoded CSI-RS is LTE Class B, K=1 like, then the port combination codebook proposed in our company contribution [2] can be applied. If the precoded CSI-RS is LTE Class B, K>1 like, then the linear combination codebook can be used for PMI report for the selected CRI. For beamformed CSI-RS, the precoder can be based on SRS measurement.
2.3.2 Scheme comparison with Scheme 2
Both Scheme 3 and Scheme 2 can bring performance gain over Scheme 1, by providing the full DL CSI for gNB. To further analyze the differences between these two schemes, we focus on the following two aspects:
· RS overhead, and

· PMI report overhead.

As for the RS overhead, SRS and CSI-RS overhead are considered. If non-precoded CSI-RS is transmitted, then Scheme 2 introduces SRS overhead to acquire the UL channel from the Tx ports with PA, while Scheme 3 need no SRS transmission. However, considering the potentially very large number of TxRUs at gNB in TDD, channel dimension reduction by beamformed CSI-RS is unavoidable. To have a proper beamforming for CSI-RS, SRS is also needed for Scheme 3. Therefore, SRS overhead will be the same for the two schemes. Beamformed or not, the CSI-RS overhead is the same for the two schemes.

Observation 3: Scheme 3 has the same RS overhead as Scheme 2, if beamformed CSI-RS is transmitted.
As for the PMI report overhead, Scheme 2 has several benefits:
Firstly, since no channel reciprocity is leveraged, PMI report overhead reduction can not be achieved in Scheme 3, especially for high rank values.  For example, if UE has one Tx ports and two Rx ports, and UE reports RI=2, then the PMI feedback overhead of Scheme 3 (reporting two eigenvectors) is about twice of that of Scheme 2 (reporting channel response of a rank 1 partial DL channel). For rank 1, the two schemes have the same PMI report overhead. 

To show the necessity for overhead reduction, Fig. 6 shows the percentages of UE with different rank values, with 16 TxRU at gNB and TDD mode being assumed. The average PMI reporting overhead is calculated in Table 1. 
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Figure 6 UE percentages for different rank values

Table 1 Average PMI reporting overhead for Scheme 2 and 3

	Schemes
	Scheme 3
	Scheme 2

	Average PMI overhead(bits)
	511
	274


From Fig. 6 and Table I, we can see that Scheme 2 can achieve a significant overhead reduction over Scheme 3. The reason is that UE with rank = 2 are of very high percentages, and PMI overhead of rank = 2 ranks is about twice of that of rank=1. The PMI overhead calculation is based linear combination codebook, and the configuration is:
· L=3 beams/polarization for wideband W1, 

· 2 bit for subband amplitude and 8PSK for subband phase quantization for subband W2.
Secondly, high resolution PMI feedback (e.g., the above linear combination codebook based PMI) has not been supported for rank 3/4 in NR yet, therefore, to support rank 3/4 PDSCH transmission with good performance, high resolution rank 3/4 PMI feedback is needed for Scheme 3. However, this is not required for Scheme 2, since partial PMI is feedback for rank 3/4. Therefore, high resolution rank 1/2 PMI feedback would be sufficient for up to rank 4 CSI report in Scheme 2. 
Observation 4: To achieve similar performance, the PMI feedback overhead of Scheme 3 is higher than that of Scheme 2.
Observation 5: To achieve similar performance, high resolution PMI feedback is required for high ranks in Scheme 3, but may not be required in Scheme 2.
2.4 Scheme 4: SRS switching 

In this scheme, UE transmits SRS from different antenna sets in different OFDM symbols or different subframes. Compared with Scheme 2 and 3 which may transmit beamformed CSI-RS for channel spatial dimension reduction, Scheme 4 can provide raw channel matrix for gNB, which is advantageous to provide an accurate and complete CSI theoretically. However, several factors need to be considered. 

The first factor is the hardware related issue, like insertion loss and switch transient. The insertion loss will cause coverage issue since 3-6dB transmit power loss is caused by the antenna switching. This insertion loss will bring severe CSI inaccuracy. Considering the SRS power is usually limited, especially for UE not at cell center, this insertion loss will brings significant impact on system performance.
The second factor is the latency introduced by multiple SRS transmission, which can be very large if narrow band SRS frequency hopping is further applied. Specifically the latency is influenced by at least the following aspects: 
· DL bandwidth and number of UE Rx ports: A large DL bandwidth leads to a large number of hopping times, which will further become larger if the number of UE Rx ports is large.
· TDD uplink and downlink configuration: Considering few UL dominant subframes will be configured for DL transmission, SRS may only be transmitted in just one or two symbols in each subframe. Therefore, the number of subframes for a complete SRS transmission covering the whole bandwidth from one Tx ports can be large.
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Figure 7 Large latency from SRS frequency hopping and switching

Considering the large delay and thus potentially severe channel de-correlation, the PDSCH transmission will be based on very outdated CSI, and will bring severe performance loss. 

Observation 6: Hardware issue and large latency from multiple SRS transmission will compromise CSI accuracy and thus bring severe performance loss for Scheme 4.
2.5 Comparison of the above schemes

According to the above analysis, we list the pros and cons of each scheme as below.

Scheme 1—Non-PMI feedback scheme has the advantage of very low CSI feedback overhead, since no PMI is reported. However, two source of performance loss can be expected. Firstly, since the PMI is obtained from only a part of the full channel which may have a lower rank than the full DL channel, the precoder for PDSCH may severely mismatch with the full DL channel, especially for high ranks. Secondly, the PMI is wideband PMI, thus, further performance loss is introduced.
Scheme 2—Partial CSI feedback scheme has a higher CSI feedback overhead than Scheme 1, since PMI needs to be reported. However, the reported PMI can represent different content for different ranks, so that overhead reduction can be reduced. Since full DL channel can be acquired at gNB, the precoder will match well with the channel. Hence, Scheme 2 will have a much higher performance over Scheme 1.
Scheme 3—CSI feedback including RI/PMI/CQI has a higher CSI feedback overhead than both Scheme 1. Scheme 3 has the same CSI overhead as Scheme 2 for low ranks, but has a larger overhead for high ranks. Therefore, under the condition of similar overhead, Scheme 3 may achieve a lower performance than Scheme 2. Or equivalently, to achieve similar performance, Scheme 3 requires higher overhead.
Scheme 4—SRS switching has the advantage of very low CSI feedback overhead and available raw channel matrix at gNB. However, due to the power loss from, e.g., insertion loss, and large latency from SRS frequency hopping and switching, CSI accuracy will be severely compromised. Therefore, performance loss is introduced.
3 Simulation Results
In this section, performance comparison is conducted for the Scheme 1-4. Some simulation parameters are listed as following and the other parameters are listed in Appendix:
· For each scheme that involves SRS transmission, SRS is transmitted in the last symbol of each subframe, with frequency hopping bandwidth of 4 PRB. 
· Scheme 2 and Scheme 3: 
· Non-precoded CSI-RS is transmitted by gNB.

· For PMI report, the eigenvectors are quantized with Type II linear combination codebook:
· W1: L=3 beams are selected per polarization
· W2: each linear combination coefficient is quantized with 2 bits for subband amplitude and 8PSK for phase
· For Scheme 2, when RI=1, Alt2 in Section 2.2.2 is used. When RI=2, covariance matrix of the DL partial channel is reported in a subband manner.

· Scheme 4: 
· Insertion loss of 6dB is assumed for the second Tx port
· Subband precoding is used for beamformed CSI-RS.
· Upper bound: eigenvectors of the estimated full DL channel is reported by UE without quantization.
The performance comparison is shown in Figure 7. From Figure 7, we have the following observations.
Observation 7: Scheme 2-4 achieves significant performance gain over the baseline scheme. 
Observation 8: Scheme 3 achieves similar performance gain as Scheme 2, at the cost of a higher PMI reporting overhead. 
Similar performance is achieved for these two schemes. However, Scheme 3 require almost doubled PMI reporting overhead of Scheme 2 for rank 2 UE. This is because for rank 2 UE, Scheme 2 report partial PMI corresponding to the rank 1 partial DL channel, while Scheme 3 report full PMI corresponding to the rank 2 partial DL channel. The PMI overhead calculation is shown in Table 2.
Table 2 PMI overhead of Scheme 2 and 3

	
	Scheme 2
	Scheme 3

	RI=1
	274 bits
	274 bits

	RI=2
	274 bits
	524 bits


Observation 9: Scheme 2 achieves 15% average UPT gain and 22% gain of 5% UPT over Scheme 4. 
On one hand, the performance loss of Scheme 4 is brought by the less accurately estimated channel from SRS than from CSI-RS. One the other hand, Scheme 3 also suffers from the larger delay from SRS switching and thus more severe channel de-correlation: 12ms for one SRS frequency sweeping in Scheme 2 and 24ms for Scheme 4. 
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Figure 8 Performance comparison of Scheme 1-4

Therefore, Scheme 2 should be supported to enhance system performance and meanwhile to reduce CSI feedback overhead.
4 Conclusions
In this contribution, we have the following proposals:

Observation 1: non-PMI feedback scheme suffers from severe performance loss, especially for high rank UE.

Observation 2: Partial CSI feedback scheme will bring performance enhancement compared to the non-PMI feedback scheme.

Observation 3: Scheme 3 has the same RS overhead as Scheme 2, if beamformed CSI-RS is transmitted.

Observation 4: To achieve similar performance, the PMI feedback overhead of Scheme 3 is higher than that of Scheme 2.

Observation 5: To achieve similar performance, high resolution PMI feedback is required for high ranks in Scheme 3, but may not be required in Scheme 2.
Observation 6: Hardware issue and large latency from multiple SRS transmission will compromise CSI accuracy and thus bring severe performance loss for Scheme 4.
Observation 7: Scheme 2-4 achieves significant performance gain over the baseline scheme.
Observation 8: Scheme 3 achieves similar performance gain as Scheme 2, at the cost of a higher PMI reporting overhead. 

Observation 9: Scheme 2 achieves 15% average UPT gain and 22% gain of 5% UPT over Scheme 4. 
Proposal 1: Support Scheme 2 in TDD NR when number of Tx ports is less than that of Rx ports at UE.

Proposal 2: The content of PMI in the partial CSI feedback scheme can be dependent on rank, e.g., 

· PMI represents eigenvectors of the full DL channel for low ranks, and

· PMI represents the partial DL channel related information for high rank, e.g., covariance matrix or channel vector.
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Appendix 
Simulation assumptions
	Parameters
	Values

	Duplex mode 
	TDD

	Inter-BS distance 
	200m

	Carrier frequency 
	4GHz

	Simulation bandwidth
	10MHz

	Channel model
	UMi

	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, 4, 2, 1, 1)

	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

	SRS hopping bandwidth
	4 PRB

	SRS hopping period 
	1 ms
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