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Discussion
1
Introduction
Related to Multi-antenna schemes, the following agreements related to UL MIMO transmission were made in 3GPP RAN1#86[1]:

	Agreements:
· At least one of the following candidate schemes/methods is to be supported

· Candidate 1: Codebook based transmission 

· Frequency selective and frequency non-selective precoding in digital domain can be considered for large system bandwidth

· The support for frequency selective precoding is conditioned on decision on NR waveform(s)

· FFS: The values of the large system bandwidth
· E.g., BS-centric mechanism analogous to LTE

· E.g., UE–aided and BS-centric mechanism: UE recommends candidate UL precoders from a predefined codebook to BS based on DL RS measurement, and BS determines the final precoder taken from the codebook.

· E.g., UE–centric and BS-aided mechanism: BS provides CSI (e.g. channel response, interference-related information) to the UE, and the UE determines the final precoder based on the information from the BS

· Candidate 2: Non-codebook based transmission 

· Frequency selective and frequency non-selective precoding in digital domain can be considered for large system bandwidth

· The support for frequency selective precoding is conditioned on decision on NR waveform(s)

· FFS: The values of the large system bandwidth
· E.g., reciprocity based (based on DL RS) transmission only for calibrated UEs

· E.g., UE–aided and BS-centric mechanism:  UE recommends candidate UL precoders to BS based on DL RS measurement, and BS determines the final precoder.

· E.g., UE–centric and BS-aided mechanism: BS provides CSI (e.g. channel response, interference-related information) to the UE, and the UE determines the final precoder based on the information from the BS


An important question for the uplink MIMO framework in the New Radio 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, a reciprocity-based UL strategy would require the Base 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.  
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 eight combinations of the following system parameters: 
· UEs with 4TX versus UEs with 8TX
· Sub-band-based versus wideband-based precoding
· Codebook-based versus non-codebook-based precoding

2
System Assumptions
System level simulations were performed with the following system parameters.
· 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, and either have 4 transmit antennas (M,N,P)=(1,2,2) or 8 transmit antennas (M,N,P)=(1,4,2)
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) vs wideband precoding (100MHz bandwidth).  Such a strategy would require 10 PMIs 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 (Eigenbeamforming based on reciprocity)

Additional parameters are found in the Table 1 in the Appendix.

3 
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 eight combinations of wideband precoding (labelled WB in the figure) vs sub-band precoding (labelled SB in the figure), codebook-based precoding (labelled PMI in the figure) vs. reciprocity-based precoding (labelled EBF for eigenbeamforming), and 4TX UE antennas vs. 8TX UE antennas. Figure 2 shows the UE throughput CDF corresponding to Figure 1.  

[image: image1]
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 and Codebook (PMI)-based vs. non-codebook-based (EBF) precoding.
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Figure 2: UE Throughput distribution for 4GHz UMa with 500m 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 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. However, with reciprocity-based precoding (labelled EBF), there are slight gains from sub-band precoding, and those gains increase with larger UE array sizes. With 4TX antennas and reciprocity-based precoding, there is a 2% gain in mean UE throughput with sub-band precoding over wide-band precoding. With 8TX antennas and reciprocity-based precoding, the simulations show the gain from sub-band precoding is about 6% over wideband precoding. For these simulations, the sub-band width was 10MHz out of 100MHz, so a subject for further study is to determine the gains from using narrower sub-bands 
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.
Third, note from Figure 2 that the cell edge performance (5th percentile) of all eight cases are essentially equivalent (on the order of 3.5Mbps). Also note from Figure 2 that a small percentage (roughly 1%) of the users have zero throughput, which is indicative of a severely range-limited / coverage-limited system given that the UEs transmitted signal occupied the entire 100MHz with total transmit power equal to 23dBm.
We make the following observations and proposals:
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 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%).  
Proposal 1: For low numbers of UE transmit antennas (e.g., 4 or fewer) or when using codebook-based UL precoding, emphasize wideband precoding over sub-band precoding.  
Proposal 2: For UEs with higher numbers of transmit antennas (e.g., 8 or more) and that leverage reciprocity-based precoding, support sub-band precoding with UL waveforms that are compatible with sub-band precoding.
Proposal 3: 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 4:  Study the effects of non-ideal channel knowledge in reciprocity-based UL precoding.
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 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%).  

Proposal 1: For low numbers of UE transmit antennas (e.g., 4 or fewer) or when using codebook-based UL precoding, emphasize wideband precoding over sub-band precoding.  

Proposal 2: For UEs with higher numbers of transmit antennas (e.g., 8 or more) and that leverage reciprocity-based precoding, support sub-band precoding with UL waveforms that are compatible with sub-band precoding.
Proposal 3: 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 4:  Study the effects of non-ideal channel knowledge in reciprocity-based UL precoding.
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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)

	UE Tx power
	23 dBm over 100MHz

	System Bandwidth
	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

	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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