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1
Introduction
In the last RAN1 NR ad hoc meeting, this WF on NR UL MIMO transmission is agreed [1]:

	Agreements:
· 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

· Support rank determination by gNB

· Support PRB bundling for CP-OFDM

· Study configurability of PRG size for CP-OFDM

· Study the PRG size
· FFS: Single port transmission is supported for the UE capable for multiple antenna port transmission.



In the last RAN1 meeting, this WF is agreed [2]:

	Agreements:

· Scheme A: Codebook based UL transmission
· For the previous agreement “Support frequency selective precoding for CP-OFDM when the number of transmission port(s) is equal to or greater than X (FFS: Value of X).”, FFS the value X and the interpretation of transmission port(s)
· Scheme B: Non-codebook based UL transmission
· For the previous agreement “Support frequency selective precoding for CP-OFDM when the number of transmission port(s) is equal to or greater than Y (FFS: Value of Y).”, FFS the value Y and the interpretation of transmission port(s)



This contribution addresses these UL-MIMO issues in the WF, together with our views on other aspects of UL MIMO transmission.  System simulation results are provided in the contribution.
2
Frequency selective precoding for codebook/non-codebook based UL transmission

The issue of sub-band precoding for NR UL-MIMO is whether the UL performance can be improved significantly by using frequency-selective precoding instead of a single wideband precoder.  For codebook-based frequency-selective UL precoding, the required PMI feedback obviously increases in proportion to the number of sub-bands compared to what is required for frequency-non-selective (or wideband) precoding.  On the other hand, non-codebook schemes such as reciprocity-based UL strategy would require the base station to transmit downlink reference signals to enable the UE to measure the downlink channel, but the overall overhead for a reciprocity-based UL strategy would likely be the same (or nearly the same) whether frequency-selective UL precoding or wideband UL precoding is used.  Therefore, it is important to understand the performance characteristics of UL precoding whether the precoding is frequency-selective or wideband, but also whether the precoding is codebook-based or reciprocity-based.  It is also helpful to understand the degree to which these performance characteristics change with the number of UE transmit antennas.  
2.1
System level simulation assumptions

In this contribution the system-level performance of Uplink MIMO precoding is studied for a 4GHz system with 100MHz bandwidth in the UMa environment with 200m ISD.  We present simulation results comparing the performance of all 15 combinations of the following system parameters: 
· UEs with 4TX, 8TX, and 16TX ports
· Sub-band-based, with 10MHz sub-band and 5MHz sub-band, versus wideband-based precoding
· Codebook-based versus non-codebook-based precoding

The following system parameters are applied in our simulations.
· UMa environment operating at 4GHz (5G-UMa channel) with a 100MHz system bandwidth
· Hexagonal layout with ISD values of 200m. 
· Base station array has 64 RX antennas (M,N,P) = (8,4,2) with half wavelength spacing in both the horizontal and vertical.  Ideal MMSE reception is used (no IRC).  
· The UEs are omni cross-pol arrays spaced half wavelength, with 4 transmit antennas (M,N,P)=(1,2,2), 8 transmit antennas (M,N,P)=(1,4,2), or 16 transmit antennas (M,N,P)=(2,4,2)
We consider the following transmission schemes on the UL:

· Reciprocity-based transmission leveraging ideal but delayed UL channel knowledge (delayed by 5 msec)
· Sub-band precoding (10MHz sub-bands and 5MHz sub-bands) vs wideband precoding (100MHz bandwidth).  Such a strategy would require 10 PMIs for 10MHz SB, and 20PMIs for 5MHz SB, to be fed back to the UE.  Note that we assume the use of OFDM on the UL for the purposes of this study. 
· Codebook-based (4TX LTE codebook or 8TX LTE codebook) vs non-codebook-based precoding (Eigen-beamforming based on reciprocity)

Please note that no codebook based results are provided for 16TX in our simulations.

Detailed simulation assumptions can be found in the Table 1 in the Appendix.

2.2 
System level results

Figure 1 shows the mean UE throughput for the 5G-UMa scenario (macro-layer only with 200m ISD).  The performance is shown for all 15 combinations of wideband precoding (labelled WB in the figure) vs sub-band precoding (labelled SB in the figure) with 10MHz sub-band and 5MHz sub-band, codebook-based precoding (labelled PMI in the figure) vs. reciprocity-based precoding (labelled EBF for eigenbeamforming), and 4TX UE antennas vs 8TX UE antennas vs 16TX UE antennas.    

[image: image1.emf]54.3

54.0

53.9

57.1

58.2

58.7

63.1

62.9 62.8

68.2

72.1

73.2

77.2

81.7

83.3

40.0

50.0

60.0

70.0

80.0

90.0

100.0

UE Throughput (Mbps)

UL 4GHz, 5G-UMa 200m ISD, 100MHz -Mean UE Throughput

Mean UE throughput

4TX 8TX 16TX

PMI EBF

PMI

EBF

WB

SB

10MHz

SB

5MHz

SB

5MHz

SB

5MHz

SB

5MHz

SB

5MHz

WB

WB WB WB

SB

10MHz

SB

10MHz

SB

10MHz

SB

10MHz


Figure 1: Mean UE Throughput for 4GHz UMa with 200m ISD and 100 MHz system bandwidth.  64 RX antenna array at the base (8,4,2): Wideband (WB) precoding vs Sub-band (SB)-based precoding (10MHz sub-band and 5MHz sub-band) and Codebook (PMI)-based vs. non-codebook-based (EBF) precoding.
Several notable trends are shown in Figures 1 and 2.  First, with codebook-based precoding (labelled PMI), there appears to be no significant benefit from sub-band precoding compared with wideband precoding, and this trend holds for both 4TX UEs and 8TX UEs, for both 10MHz SB and 5MHz SB.  However, with reciprocity-based precoding (labelled EBF), there are slight gains from sub-band precoding, and those gains increase with larger UE array sizes.  
Second, note that simulations show noticeable gains from using reciprocity-based precoding compared with codebook-based precoding.  Also, the gains from using reciprocity-based precoding over codebook-based precoding are higher with 8TX antennas than with 4TX antennas.  Note that the reciprocity-based precoding leveraged ideal but delayed channel knowledge.  The degradations from non-ideal channel knowledge is for future study.
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Figure 2    Cell Edge UE Throughput for 4GHz UMa with 200m ISD and 100 MHz system bandwidth.  64 RX antenna array at the base (8,4,2): Wideband (WB) precoding vs Sub-band (SB)-based precoding (10MHz sub-band and 5MHz sub-band) and Codebook (PMI)-based vs. non-codebook-based (EBF) precoding
Third, note from Figure 2 that the cell edge performance (5th percentile) of all 15 cases are essentially equivalent (on the order of 3~3.5Mbps).  Also note from Figure 2 that 16TX has a slightly worse cell edge performance given that the UEs transmitted signal occupied the entire 100MHz with total transmit power equal to 23dBm.
Following observations can be noted from Figure 1 and Figure 2:
Observation 1: at 4GHz, for codebook-based precoding on the UL, there appears to be very little gain in mean-UE throughput from using sub-band precoding rather than wideband precoding.  
Observation 2: at 4GHz, for ideal reciprocity-based precoding on the UL, there is a slight gain in mean UE throughput when using sub-band-based precoding rather than wideband precoding, and this gain is higher with 8TX and 16TX antennas than with 4TX antennas.  
Observation 3: at 4GHz, there is a slight gain in mean UE throughput from going from codebook-based precoding to non-codebook-based precoding (between 5-9%).  
Observation 4: at 4GHz, the gain of using higher sub-band granularity (from 10MHz SB to 5MHz SB) has about 1~2% gain for non-codebook-based precoding.

2.3
Interpretation of TX ports for codebook/non-codebook based UL transmission
The simulation results in this contribution are based on full digital TXRUs with 4TX, 8TX, and 16TX ports. The transmission ports are the transmission ports of data channels.
Perfect channel acquisition and channel estimation are assumed in our simulations. No channel acquisition impact due to SRS sounding is considered in the simulations. Therefore, the simulation results are the results under prefect conditions without consideration of potential SRS or DMRS impact. The 5-ms delay between DL CSI acquisition and UL transmission is modelled in the simulations.
During the last RAN1 meeting, at least for codebook based UL transmission, the SRS ports were discussed as the conditioning for frequency selective precoding. This will be related on the detailed design of SRS resource and one SRS port may be related to various SRS configurations. It could be problematic if the capability of frequency selective precoding is limited by the number of SRS ports. It would be straightforward to limit the frequency selective capability based on the data channel ports, or PUSCH ports, which are directly related to the number of TXRUs.
Based on these observations, we have these proposals to address the UL-MIMO WF in [1] and [2]:
Proposal 1:
For codebook based UL transmission, support frequency selective precoding for CP-OFDM when the number of data channel transmission port is equal to or greater than [8].

Proposal 2:
For non-codebook based UL transmission, support frequency selective precoding for CP-OFDM when the number of data channel transmission port is equal to or greater than [8].

Proposal 3:
When sub-band precoding is supported, the sub-band granularity shall be >=10MHz.

Proposal 4:
For the New Radio UL MIMO framework for systems below 6GHz, study the acquisition of higher precision channel knowledge (e.g., via reciprocity-based precoding) in addition to codebook-based precoding.  

Proposal 5:
Study the effects of non-ideal channel knowledge in reciprocity-based UL precoding.
3
UE transmission antenna configurations

For new radio UE to support uplink MIMO, we need to consider the UE’s capability to support multiple uplink transmission ports at below 6GHz carriers and above 6GHz carriers.  Given the significant difference in frequency characteristics and various UE implementations, the applied techniques, the intended applications, and performance could be distinguishable for below 6GHz carriers and above 6GHz carriers.  We shall consider different UE Tx antenna configurations for these two sets of carriers.

For below 6GHz carriers, as an extension of LTE uplink-MIMO, we shall consider omni-directional cross-polarization UE Tx antenna configurations, with number of TX ports up to 8Tx.  The uplink transmission ports can be 2Tx, 4Tx, or 8Tx.  No Tx ports higher than 8Tx shall be considered for below 6GHz carriers.

For above 6GHz carriers, directional UE antennas shall be considered where uplink beamforming gain can be achieved.  The UE antenna can be based on directional antennas with cross-polarized (XP) hybrid arrays.  The grid-of-beam UL beam selection/management shall be used.

A general framework to support both below 6GHz and above 6GHz shall be applied for NR uplink-MIMO design.  Therefore, the NR uplink MIMO design shall be based on a single MIMO design to support both omni-directional XP UE Tx and directional XP UE transmissions.  It will be up to UE’s capability to support various MIMO features depending on UE’s bands of operation and their corresponding implementation.

However, performance difference at below-6GHz carriers and at above-6GHz carriers may imply different choices of related techniques.  Certain methods, which may provide performance gain at below-6GHz carriers, might not perform as well at above-6GHz carriers, and vice versa.  Therefore, we may choose different techniques/methods for below-6GHz and above-6GHz carriers.

In summary, we propose:

Proposal 6:

For below 6GHz, support omni XP UEs with 2Tx, 4Tx, and 8Tx for UL-MIMO.
Proposal 7:

For above 6GHz, support directional UEs with XP hybrid arrays with beam selection/management for UL-MIMO.

4
Conclusions
In this contribution, we made the following observations and conclusions: 

Observation 1: at 4GHz, for codebook-based precoding on the UL, there appears to be very little gain in mean-UE throughput from using sub-band precoding rather than wideband precoding.  

Observation 2: at 4GHz, for ideal reciprocity-based precoding on the UL, there is a slight gain in mean UE throughput when using sub-band-based precoding rather than wideband precoding, and this gain is higher with 8TX and 16TX antennas than with 4TX antennas.  

Observation 3: at 4GHz, there is a slight gain in mean UE throughput from going from codebook-based precoding to non-codebook-based precoding (between 5-9%).  

Observation 4: at 4GHz, the gain of using higher sub-band granularity (from 10MHz SB to 5MHz SB) has about 1~2% gain for non-codebook-based precoding.

Proposal 1:
For codebook based UL transmission, support frequency selective precoding for CP-OFDM when the number of data channel transmission port is equal to or greater than [8].

Proposal 2:
For non-codebook based UL transmission, support frequency selective precoding for CP-OFDM when the number of data channel transmission port is equal to or greater than [8].

Proposal 3:
When sub-band precoding is supported, the sub-band granularity shall be >=10MHz.

Proposal 4:
For the New Radio UL MIMO framework for systems below 6GHz, study the acquisition of higher precision channel knowledge (e.g., via reciprocity-based precoding) in addition to codebook-based precoding.  

Proposal 5:
Study the effects of non-ideal channel knowledge in reciprocity-based UL precoding.

Proposal 6:

For below 6GHz, support omni XP UEs with 2Tx, 4Tx, and 8Tx for UL-MIMO.

Proposal 7:

For above 6GHz, support directional UEs with XP hybrid arrays with beam selection/management for UL-MIMO.
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Appendix
Table I. Simulation assumptions

	Parameters
	Values

	Scenario
	Urban macro

	Carrier freq.
	4 GHz

	System Bandwidth
	100MHz

	Sub-band bandwidth
	10MHz (10 sub-bands over the system bandwidth), and 5MHz (20 sub-bands over system bandwidth)

	UE Tx power
	23 dBm over 100MHz

	Channel model
	According to 38.900

	TRP antenna config.
	(M,N,P,Mg,Ng) = (8,4,2,1,1), (dV,dH) = (0.5, 0.5) λ

	BS TXRU mapping
	Single TXRU per antenna element.  

	Downtilt
	90 degrees

	UE antenna config.
	4 Transmit antennas: Omni UE with (M,N,P)=(1,2,2), 4 TXRUs
8 Transmit antennas = Omni UE with (M,N,P)=(1,4,2), 8 TXRUs

16 Transmit antennas = Omni UE with (M,N,P)=(2,4,2), 16 TXRUs

	UE #
	5 users per TRP (average)

	UE distribution
	TR36873: 20% outdoor (3km/h), 80% indoor (3km/h)

	Traffic model
	Full buffer

	CSIT
	CSIT either wideband or sub-band based.  

PMI: LTE 4TX codebook and LTE 8TX codebook for 4 and 8 TX antennas, respectively. 
Reciprocity-based: eigenbeamforming leveraging downlink channel response (ideal but delayed by 5msec)

	MIMO mode
	SU-MIMO with Rank adaptation (Rank 1 or Rank 2)

	Scheduler
	Wideband PF

	Receiver
	MMSE
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