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1 Introduction

In LTE, UL MIMO is a key feature that has been supported to boost the uplink throughput. In RAN1 AdHoc, it was agreed that [1]:
· Support at least the following UL transmission schemes for data in NR

· Scheme A: Codebook based UL transmission

· Support frequency selective precoding for CP-OFDM when the number of transmission port is greater than X (FFS: Value of X).

· Study codebook design including single-stage and multi-stage, e.g., W1W2 structure, codebook 

· Study the following DL signaling, e.g.,

· One level DCI

· Two level DCI

· MAC CE

· DCI associated with PDSCH (like UCI associated with PUSCH in LTE)

· Scheme B: Non-codebook based UL transmission

· Support frequency selective precoding for CP-OFDM when the number of transmission port is greater than Y (FFS: Value of Y).

· Support the indication of DL measurement RS for UE to calculate candidate precoder

· Study the mechanisms for UL precoder determination, e.g. precoded SRS based, non-precoded SRS based, hybrid precoded and non-precoded SRS based

· Diversity-based transmission schemes

· FFS: Whether the scheme has specification impact or not

· FFS: Merging of the schemes
For PRG size in UL-MIMO:
· For DFT-S-OFDM based transmission

· PRB bundling size is the whole scheduled bandwidth if the scheduled bandwidth comprises a single cluster.

· Note: UE shall apply the precoder in a way that the gNB may assume that UE uses the same precoder for all scheduled PRBs.

· Multi cluster case FFS (if supported)

· CP-OFDM based transmission

· Non-codebook based:

· PRB Bundling should be supported.

· FFS: Configurability by gNB side e.g.

· PRB bundling on or off.

· PRB bundling size
In RAN1#89, it was further agreed for frequency selective precoding for UL-MIMO [2]:
· 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
Based on the attained agreements above, we will present our views on the UL non-codebook based MIMO design in this contribution.
2 Non-codebook based UL MIMO transmission scheme
Both of the codebook based transmission scheme and non-codebook based transmission scheme has been agreed in previous meetings. Additional method on merging of the schemes is treated as “Scheme C” and should be discussed independently from non-codebook based transmission scheme.
Compared with codebook based transmission scheme, there are plenty of benefits from non-codebook based transmission scheme at least including the following aspects.
1. Effort for codebook design can be reduced
For non-codebook based transmission scheme, based on channel reciprocity and beam correspondence, UE can recommend its own precoder on precoded SRS that is no longer limited by the specific codebook. Since multiple types of antenna pattern can be potentially applied for UE in NR, the antenna pattern at UE side cannot guarantee to be liner array which is always applied for gNB, so that liner phase assumed in LTE codebook design is invalid in NR UL MIMO. 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 when TPMI is not used for recommending a precoding range or determining the precoder used for PUSCH. 
2. Performance benefits

UL-MIMO performance can be enhanced by accurate precoding without quantization error in non-codebook based transmission scheme. Since channel reciprocity is assumed, UE can derive the candidate precoder based on the eigenvector of downlink channel covariance matrix, which theoretically provides the best performance. On the other hand, all of the precoding matrixes from current DL and UL codebook as well as the new codebooks which will be specified for NR codebook based UL transmission can also be selected by UE. In the other word, the precoder derived by UE can perform at least the same as the precoder selected from a semi-persistent codebook. 

In UL link-level simulation, considering 100MHz for frequency non-selective precoding and 10MHz per subband for frequency selective precoding with 4Tx, sufficient gain can be obtained by non-codebook based transmission scheme as the results shown in Figure 1 from Appendix. 
We also provide UL system-level simulation results assuming that system bandwidth is 10MHz and rank-2 adaptation is used. Both frequency non-selective precoding and frequency selective precoding is considered, as shown in table 1 and table 2 from Appendix, average performance gain of non-codebook based transmission scheme over codebook based transmission scheme is more than 5%.
Observation 1: Non-codebook based UL transmission scheme can provide large gain over codebook based transmission scheme
For determination of the uplink precoder, as discussed in [2], it is risky to completely rely on UE’s determination, the reasons at least including followings, 

· The inter-user interference at gNB side cannot be derived by DL measurement. If UE determine the precoding by itself, the UL interference will be out of control. 

· The MCS for UL transmission should be determined by gNB based on channel quality associated with a specific UL precoder. If the precoding is determined by UE, then the MCS is difficult to be decided at gNB side.

· For UL MU-MIMO transmission, each UE in the MU pairing do not know the MU interference from each other, so the MU precoding is difficult to be determined by UE alone. 
Thus, the precoder of PUSCH should be determined by gNB, while the candidate precoders are provided by UE.

Proposal 1: For non-codebook-based transmission, the precoder of PUSCH should be determined by gNB, while the candidate precoders are provided by UE.
Based on the above discussion, we would like to clarify the definition of non-codebook based UL MIMO transmission to distinguish it from codebook based UL MIMO transmission. For non-codebook based transmission, TPMI should not be indicated to the UE to select precoder for PUSCH transmission, since TPMI is used for the precoding indication of codebook based UL transmission. Instead, based on channel reciprocity and beam correspondence, UE can recommend its own precoder on precoded SRS that is no longer limited by the specific codebook and then, gNB confirms the precoder via SRI. The hybrid indication with TPMI and SRI to determine the final precoder can be categorized into the codebook based UL MIMO transmission, and the related discussion can be found in our companion contribution [3]. 

Some companies proposed to use TPMI for indication of precoding range so as to manage uplink interference in the uplink non-codebook based transmission. However, in our understanding, how to manage uplink interference should be a separate topic and whether to use TPMI or SRI for this purpose still need to be discussed and decided. For non-codebook based transmission, UE should be given flexibility in determining the candidate precoder based on the output from beam management, and therefore it is not proper to use codebook based approach for the interference management. It is unclear how the UE will use the indicated precoding range when generating the actual precoder, especially if the precoder generation is fully standard transparent.
UL precoder determination mechanism has been proposed [2] 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 ports precoded with these candidates are transmitted on configured SRS resources. Based on measuring the multiple precoded SRS ports, gNB indicates SRI in UL grant. UE will use the indicated precoders as the beamformer for PUSCH. The procedure is shown in Figure 1. 
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Figure 1. UL precoder determination for non codebook based UL MIMO
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. If each SRS resource has more than one port, other assistant signaling, e.g. TMPI has to be used for further port selection within the SRS resource. Based on our discussion above, TPMI is no longer needed in non-codebook based transmission, so each SRS resource only contains one SRS port and corresponding to one precoder. If a UE is configured with rank K, K SRIs should be indicated with the selected K precoders. 
Proposal 2: In non-codebook based UL transmission, support at least SRI(s)-only mechanism, TPMI should be avoided for precoder selection for PUSCH.
3 Frequency selective precoding for non-codebook based transmission 
In RAN1 #89, frequency selective precoding was already 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]. For non-codebook based case, subband SRI for each PRG should be indicated. The function of subband SRI is quite similar to subband TPMI. 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. 
Proposal 3: For non-codebook based UL MIMO, subband SRI should be supported for frequency selective precoding.
Considering how to support frequency selective precoding for PUSCH based on precoded SRS, 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 signaling 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 signaling, option 1 needs log(4N) for each subband, i.e., N*log(4N) bits for signaling, while option 2 only with 2N bits for signaling. Obviously, the overhead of SRS transmission and DCI signaling 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-beam group provided in precoded SRS. As an example, in Figure 2, precoding granularity of SRS and resource allocation are the same, e.g., 4 RBs. For each PUSCH precoding granularity, gNB can select a best beam from two different candidates. 
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Figure 2. Aligning SRS frequency selective subband with PRG size
Proposal 4: 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: Non-codebook based UL transmission scheme can provide large gain over codebook based transmission scheme
Proposal 1: For non-codebook-based transmission, the precoder of PUSCH should be determined by gNB, while the candidate precoders are provided by UE.

Proposal 2: In non-codebook based UL transmission, support at least SRI(s)-only mechanism, TPMI should be avoided for precoder selection for PUSCH.
Proposal 3: For non-codebook based UL MIMO, subband SRI should be supported for frequency selective precoding.
Proposal 4: 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
As seen in Figure 1, Table 1 and Table 2, we provide both Link-level simulation results and system-level simulation results for comparing non-codebook based transmission scheme with codebook based UL transmission. 
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Figure 1. Link-level performance gain of codebook based UL transmission and non-codebook based UL transmission
Table 1. System-level simulation for wideband precoding (4Tx8Rx SU-MIMO)
	Non-codebook/codebook
	Cell average throughput (Mbps)
	Cell edge throughput (Mbps)

	Non-codebook
	48.061
	1.664

	codebook
	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)

	Non-codebook
	50.171
	1.755

	codebook
	46.833
	1.524

	gain
	7.13%
	15.17%


Table 3. Simulation parameters for Link-level simulation
	Parameter
	Value

	SNR
	[-12 5]dB

	System bandwidth
	100MHz

	Channel Model
	CDLB-300

	Velocity
	3km/h

	eNB Antenna 
	16Rx 

	UE Antenna 
	2/4Tx

	UE Number
	1

	Layer Number
	1

	AMC
	ON

	Frame Structure
	UL MIMO of prototype

	CP
	Normal

	Channel Estimation
	Non-Ideal

	Receiver
	MMSE


Table 4. 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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