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1 Introduction

In RAN1#89, it was agreed for frequency selective precoding for UL-MIMO [1]:
· When the number of transmission ports is less than or equal to 2, frequency selective precoding is not supported for both schemes A and B

· When the number of transmission ports is >2, frequency selective precoding for CP-OFDM can be configured by gNB for both schemes A and B

· FFS how to support/indicate frequency selective precoding (including potentially spec-transparent support)

· Note: frequency-selective TPMI is to be discussed separately

In RAN1 AdHoc#2, further progress has been achieved in non-codebook based UL MIMO and it was agreed that [2]:
· For PUSCH precoder determination in non-codebook-based UL MIMO, support at least one of the followings: 

· Alt.1: Signalling of SRI(s) only, without TPMI indication in the UL grant

· Alt.2: Signalling of TRI only, without TPMI indication in the UL grant

· Alt.3: Signalling of TRI and a single SRI, without TPMI indication in the UL grant

· Alt. 4: Signalling of a single TRI, a single CRI without TPMI indication in the UL grant

· To down-select in the next meeting considering single- vs. multi-panel (companies are encouraged to perform more evaluations)

· Note: this may depend UE’s capability in terms of calibration
Based on the agreements in UL non-codebook based transmission above, we will present our views on the mechanism for precoder determination and frequency selective precoding in this contribution.
2 PUSCH precoder determination in non-codebook based UL MIMO
As discussed in previous meetings, under the assumption of channel reciprocity and beam correspondence, the non-codebook based UL transmission is beneficial at least including the following aspects compared with codebook based UL transmission.
1. Effort for codebook design can be avoided
Since multiple types of antenna pattern can be potentially applied for UE in NR, the standardization effort of uplink codebook design would be significant. Non-codebook based schemes have the benefits that there is no need for assuming any particular UE antenna pattern. All of the factors considered in codebook design such as the number of panels, the supported waveform, patterns of antenna array no longer need to be considered since it has been agreed that TPMI will not be used for recommending a precoding range or determining the precoder used for PUSCH. 
2. Performance benefits

Since the channel reciprocity and beam correspondence are assumed, UE can derive the candidate precoder based on CSI-RS measurement, and the precoder is no longer limited by the specific codebook. Compared to codebook based schemes, performance of non-codebook based schemes can be enhanced by more accurate precoders. Therefore, theoretically non-codebook based schemes can provide better performance than codebook based schemes. Evaluation results below show significant gain for non-codebook based schemes over codebook based schemes. 
Since four candidate mechanisms are discussed for non-codebook based transmission scheme in the last meeting, where at least one of them is/are supported, we will discuss all the candidates and provide our views on PUSCH precoder determination.
Alt.1: Signalling of SRI(s) only, without TPMI indication in the UL grant
For system with full or partial channel reciprocity, UE firstly derives multiple uplink candidate precoders based on downlink RS measurement and channel reciprocity. Then SRS resources precoded with these candidates are transmitted on configured SRS resources. Based on measuring the multiple precoded SRS resources, gNB indicates SRI in UL grant. UE will use the indicated precoder(s) as the beamformer for PUSCH. The procedure is shown in Figure 1. The SRI indication is related to the configuration of SRS resource. For example, the bit width of SRI is dependent on the number of the SRS resource configurations. For PUSCH transmission with rank K, K SRS resources with the selected K precoders should be indicated. 
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Figure 1. UL precoder determination for non codebook based UL MIMO

For multi-panel/multi-beam scenario, multiple SRS resource groups can be configured, and each group of SRS resources is transmitted from different UE panel precoded with candidate precoders. And then, gNB can select multiple SRS resources transmitted from different UE panel to support multi-panel transmission. An example is shown in Figure 2, the first 4 SRS resources are transmitted from panel#1 and the last 4 SRS resources are transmitted from panel#2, one SRS resource transmitted from panel#1 is finally selected and the associated precoder is used for PUSCH transmission.
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Figure 2. UL precoder determination for multi-panel scenario
Another method is to jointly consider alt. 1 with beam management procedure. Beam management procedure is performed to obtain the optimal uplink analog beam/panel before UE transmits precoded SRS for PUSCH precoder determination. In this case, UE could use the Tx beam selected in beam management to transmit precoded SRS and gNB receives the SRS via the associated Rx beam. 
If beam correspondence holds at both gNB and UE side, optimal received analog beam for UE obtained in DL beam management procedure is reused as the UL Tx beam, and UL beam management will be saved. As shown in Figure 1, beam indicator in UL grant DCI is used to indicate the UL Tx analog beam. Based on the beam indicator, UE derives multiple uplink candidate precoders based on the measurement on the indicated CSI-RS. Then, UE transmits the SRS precoded with these candidate precoders using the dedicated SRS resource associated with the indicated uplink analog beam. Based on measuring the multiple precoded SRS resources, gNB indicates SRI in UL grant to select the preferred uplink precoder. UE will then use the indicated precoders as the beamformer for PUSCH and gNB will use associated Rx beam to receive the PUSCH. 
From the procedure of UL transmission shown in Figure 3, we can see that beam management procedure and precoder determination procedure for uplink are two separate procedures. In this case, through the beam management procedure, the optimal UL analog beam can be identified firstly. Then, the precoded SRS is only transmitted on the SRS resource with the indicated analog beam. SRS precoded with other analog beams are not necessarily transmitted. In this case, SRS resources as well as some DCI overhead can be saved.
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Figure 3. Procedure for multi-panel scenario when beam correspondence holds
Observation 1: Alt. 1, i.e., with SRI only indication, can support both single-panel and multi-panel cases.
For alt. 1, considering that inter-user interference at gNB side cannot be derived by downlink measurement, the flexibility should be provided for gNB to select any candidate precoders for each layer. In this case, appropriate precoders can be selected in order to maximum the throughput of the whole network. 
We provide UL system-level simulation results to show the performance of alt. 1 compared with codebook based transmission scheme. We assume that system bandwidth is 10MHz and rank-2 adaptation transmission is used. Both frequency non-selective precoding and frequency selective precoding are considered, as shown in table 1 and table 2, average performance gain of non-codebook based transmission scheme with alt. 1 over codebook based transmission scheme is more than 5% average gain and more than 12% cell edge gain.

Table 1. System-level simulation for wideband precoding (4Tx8Rx SU-MIMO)
	Non-codebook/codebook
	Cell average throughput (Mbps)
	Cell edge throughput (Mbps)

	Alt.1
	48.061
	1.664

	Codebook based
	45.693
	1.477

	gain
	5.18%
	12.69%


Table 2. System-level simulation for subband precoding (4Tx8Rx SU-MIMO)
	Non-codebook/codebook
	Cell average throughput (Mbps)
	Cell edge throughput (Mbps)

	Alt.1
	50.171
	1.755

	Codebook based 
	46.833
	1.524

	gain
	7.13%
	15.17%


For the issue of overhead, in theAlt.1 SRI only scheme, multiple SRIs need to be signaled for the higher rank transmissions. For example, if rank 2 transmission, the gNB need to indicate the precoders with two SRIs. If rank 4 transmission, the gNB need to indicate the precoders with four SRIs. But the SRIs do not need to independently indicated, since the same beam/precoder cannot be selected for the different layers transmission. So, it can be joint coded for signalling. As an example, for rank1~4, totally 4 bits for SRIs indication is sufficient. If rank 1 and the second precoders (SRS resource) is selected, joint coding with [0 1 0 0] for the SRI. If rank 2 and the first and third precoders (SRS resources) are selected, joint coding with [1 0 1 0] for the two SRIs. Actually if only support up to rank 2 transmissions, 2 bits is sufficient. As agreed in previous meeting, which has been captured in TR38.802 that at most 4 layers for UL transmission per UE. So, even support up to rank4, the totally number if 4 bits for signalling, which is acceptable.  
Observation 2: Alt. 1 provides flexibility to select the non-codebook based UL precoding, which shows significant gain.
Alt.2: Signalling of TRI only, without TPMI indication in the UL grant 
In alt. 2, multiple SRS ports are transmitted by UE, and the number of ports is equal to maximum rank supported by the UE. The relationship between TRI and selected precoders are predefined, so that only TRI is needed for PUSCH precoder determination and the DCI overhead can be reduced. For example, there is an ordering of beamforming, then if TRI=1, the first beamformer will be selected, if TRI=2, the first and second beamformer will be selected, etc.
In such scheme, however, due to the fixed relationship between rank and precoding selection, the generated precoder is only optimal for signal space while may be not optimal for UL interference space. As an example, with considering of interference in the Rx of gNB side, in the case of TRI=1, the third beamforming may better than the first one. But, in Alt.2, there is no such flexibility to select the third beamforming instead of first one, which may increase the interference for UL transmission and decrease the system performance. The same issues occur in the cases of TRI equal to other values. 
Observation 3: For alt. 2, i.e., TRI only indication, the optimal precoders for UL transmission is difficult to be selected without the UL interference information at UE side, which may decrease the system performance. 
Moreover, for the case of MU-MIMO, through TRI indication the precoder selected for each UE must be a predefined one out of each one’s candidate precoder set, e.g. always being the first one. Despite the first one out of the candidate precoder set is the dominant precoder for each UE’s SU transmission, the orthogonality between these two precoders cannot be guaranteed for MU paring which will degrade the MU MIMO performance. Alt 1 can indicate any combination of the precoder for each UE from the candidate beam set which can maximize the throughput. Thus, comparing with Alt 1, the optimal precoder cannot be selected for MU MIMO due to the lack of flexibility for indication.
Observation 4: Alt. 2 cannot support optimal precoder selection for MU-MIMO due to the lack of flexibility for indication comparing with Alt1.
Alt.3: Signalling of TRI and a single SRI, without TPMI indication in the UL grant
The details for alt. 3 have been provided in [4]. As we can see, SRI in alt. 3 is used for panel/beam selection. Based on the SRI, UE transmits a single precoded SRS with multiple antenna ports using the selected panel/beam. After measuring the SRS, gNB indicates TRI for both rank and precoder indication. In this case, precoder selection order should also be predefined as alt. 2. 
In our view, SRI used in alt. 3 should be treated as the output of beam management and if beam correspondence holds, CRI can be used instead of SRI as has been discussed in alt. 1. Since precoder determination procedure is almost same as alt. 2, concerns for alt. 2 also exist for alt. 3. 
Observation 5: For alt. 3, i.e., TRI and SRI, the similar concern as Alt.2, where the optimal UL precoders is difficult to be obtained, and difficult to support UL MU transmissions.
Alt. 4: Signalling of a single TRI, a single CRI without TPMI indication in the UL grant

The details for alt. 4 have been provided in [5]. In alt. 4, a single CRI is used to indicate the UL Tx analog beam. UE derives candidate precoders for all ranks based on a specific CSI-RS while gNB derives candidate precoders for all ranks based on non-precoded SRS. There is an assumption in alt. 4 that UE determined precoders for each layer can be same as that determined by gNB, so that only TRI is needed for PUSCH precoder determination. However, even for the case that full reciprocity is valid, mismatch between the precoders generated by gNB and UE cannot be avoided since the precoder generation procedure for uplink transmission at UE side is transparent to gNB and that will cause some errors between the channel derived by UE and gNB. In this case, MCS determined by gNB will be invalid to PUSCH transmission.
Observation 6: For alt. 4, i.e., TRI and CRI, the mismatch between the precoders generated by gNB and UE cannot be avoided, which will cause the MCS determined by gNB invalid.
Based on the discussion above, we propose that:
Proposal 1: In non-codebook based UL transmission, at least support alt. 1, i.e., SRI only, for precoder determination.
3 Frequency selective precoding for non-codebook based transmission 
Frequency selective precoding has been agreed for both codebook based and non-codebook based UL transmission, when the uplink transmission ports is larger than 2. In our opinion, the so called transmission port is SRS port and the related details are presented in our companion contribution [3]. 
At this stage, the open issue is how to support frequency selective precoding, such as the signalling design. For non-codebook based case, subband SRI for each PRG should be indicated. The function of subband SRI is quite similar to subband TPMI discussed in codebook based transmission scheme. PRB bundling size, or equivalently, PRG size, refers to the frequency granularity of subband SRI indication, i.e., the number of PRBs that are indicated with the same SRI. Through subband SRI indication, gNB could take care of the precoder used for each subband, since each subband will suffer from different degrees of interference. So, it is essential to let gNB indicate the precoder for each subband.
Proposal 2: For non-codebook based UL MIMO, subband SRI should be supported for frequency selective precoding.
There is a concern on DCI signalling overhead if multiple SRIs are indicated for each subband. A potential solution is to fix or configure a number of subband SRIs, so that DCI overhead will not increase significantly when a large bandwidth is allocated. However, when frequency selective precoding is adopted for high rank, further enhancement needs to be considered to reduce DCI overhead. 

There are two options of the precoding scheme for SRS as follows:
· Option 1: Non frequency selective precoding for SRS.
· Option 2: Frequency selective precoding for SRS. 
For option 1, SRS is precoded with the same candidate precoder set across the whole SRS transmission band. However, due to the property of frequency selective channel, the optimal candidate precoder set corresponding to different subband varies significantly. In this case, if SRS of each subband is restricted to be precoded with the same candidate precoder set, the same candidate precoder set has to cover all the candidate precoder sets corresponding to all the subbands. For instance, if we assume there are N subbands in total and the each subband corresponds to 4 optimal candidate precoders, the overall precoders carried on SRS for each subband has to be 4N to guarantee the same precoder set for each subband without losing the precoder for any subband. In this sense, it will lead to the unnecessary increase of SRS overhead and the SRI signaling.
In contrast to option1, the DCI signalling overhead can be significantly reduced by option 2. For option 2, SRS is precoded with the optimal candidate precoder set for different subband. So, the candidates of precoders transmitted in SRS can be reduced for each subband compared to the wideband-precoding candidates in option 1. As an example, for the wideband, at least 4N candidate precoders are required, but for each subband the required number of candidates is only 4 for the same performance (may be better performance). Then, for the DCI signalling, option 1 needs log(4N) for each subband, i.e., N*log(4N) bits for signalling, while option 2 only with 2N bits for signalling. Obviously, the overhead of SRS transmission and DCI signalling can be significantly reduced in option 2. 
In option 2, the precoding granularity of SRS should be the same as (or multiple times of) the PRG size for PUSCH transmission, so that for each PUSCH precoding, one best beam can be selected from a single candidate-precoder group provided in precoded SRS. As an example, in Figure 4, precoding granularity of SRS and resource allocation are the same, e.g., 4 RBs. Note that each precoder used for each subband of the two SRS is associated with the optimal analog beam indicated in beam management procedure. For each PUSCH precoding granularity, gNB can select a best precoder for the corresponding allocated subband from two different candidates. 
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Figure 4. Aligning SRS frequency selective subband with PRG size
Proposal 3: For frequency selective precoding based non-codebook based UL MIMO, frequency selective precoding SRS should be supported, where the SRS precoding granularity is the same as PRG size.
4 Conclusion
From the above discussion, we have the following observation and proposals:
Observation 1: Alt. 1, i.e., with SRI only indication, can support both single-panel and multi-panel cases.
Observation 2: Alt. 1 provides flexibility to select the non-codebook based UL precoding, which shows significant gain.
Observation 3: For alt. 2, i.e., TRI only indication, the optimal precoders for UL transmission is difficult to be selected without the UL interference information at UE side, which may decrease the system performance. 
Observation 4: Alt 2 cannot support optimal precoder selection for MU-MIMO due to the lack of flexibility for indication comparing with Alt1.
Observation 5: For alt. 3, i.e., TRI and SRI, the similar concern as Alt.2, where the optimal UL precoders is difficult to be obtained, and difficult to support UL MU transmissions.
Observation 6: For alt. 4, i.e., TRI and CRI, the mismatch between the precoders generated by gNB and UE cannot be avoided, which will cause the MCS determined by gNB invalid.
Proposal 1: In non-codebook based UL transmission, at least support alt. 1, i.e., SRI only, for precoder determination.
Proposal 2: For non-codebook based UL MIMO, subband SRI should be supported for frequency selective precoding.
Proposal 3: For frequency selective precoding based non-codebook based UL MIMO, frequency selective precoding SRS should be supported, where the SRS precoding granularity is the same as PRG size.
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Appendix
Simulation parameters for system-level 
	Parameter
	Urban Macro

	System
	FDD

	Layout
	Single layer
Macro layer: Hex Grid

	ISD
	500m

	Carrier Frequency
	4GHz

	System bandwidth and carrier spacing
	10MHz (15kHz/RE)

	Channel model
	5G UMa according to 38.901

	UE Tx power
	23dBm

	BS antenna height
	25m

	UE antenna height
	Follow TR36.873

	BS antenna element gain
	8dBi

	BS receiver noise figure
	5dB

	UE antenna element gain
	0dBi

	UE distribution
	20% outdoor (30km/h), 80% indoor (3km/h)
5 users per TRP 

	O2I penetration loss
	20% high loss, 80% low loss

	Traffic model
	Full Buffer

	Scheduler
	SU-PF
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