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Discussion
1
Introduction
Related to Multi-antenna schemes an, the following agreements related to physical layer procedures were reached in 3GPP RAN1#85[1]:

	Agreements:
· The following DL multi-antenna transmissions to be studied for NR

· Closed-loop/(Semi)Open-loop spatial multiplexing

· Single/Multi-point transmissions

· SU/MU-MIMO

· Transmit diversity, 

· e.g., Single/Multi panel spatial diversity

· Combination of above techniques

· Other DL multi-antenna transmissions and related techniques are not precluded

· This does not imply that used transmission technique needs to be known to the UE


In this contribution, we discuss the performance characteristics of downlink SU-MIMO strategies for systems above 6GHz, with a focus on the following issues and how these issues are inter-related: 

· The performance impact of configuring a base array for a single panel or subdividing the array into sub-panels

· The performance impact of using codebook-based precoding versus reciprocity-based precoding in a beam-based downlink.

· The performance impact of using frequency-selective precoding versus wideband (non-frequency selective) precoding

· The performance impact of using multiple panels at UE for reception

2
Background 

For systems above 6GHz, it is envisioned that a hybrid array architecture can be used at both the base and the UE, where RF beams are selected and managed (e.g., [2]), and SU-MIMO or MU-MIMO operates at baseband within the RF-beam-based framework. The antenna array at the base can be configured to be either a single panel (e.g., (8,16,2,1,1)) or can be configured to include multiple sub-panels (e.g., (4,8,2,2,2)). Typically the co-polarized elements of a panel are driven by a single TXRU, which means that the number of TXRUs in the base is equal to P*Mg*Ng.  
When considering the design of a base station, it is important to understand the performance trade-offs between using an antenna array comprising one cross-polarized panel array (2TXRUs) or comprising multiple panels (P*Mg*Ng TXRUs). In other words, if we fix the total number of physical elements in the base array, the question is whether the base array should be a single panel array or whether the base array should be sub-divided into for example a 2x2 grid of sub-panels. On one hand, the single panel array has two TXRUs, but the four sub-panel array has 8 TXRUs. On the other hand, the beams with the single panel array are narrower and have higher gain than the beams formed from the sub-panels of the four-sub-panel array. For systems above 6GHz, it would be helpful to understand the performance characteristics of these array configurations.  
Another important question for the downlink MIMO framework in the New Radio is whether the DL performance can be improved significantly by using frequency-selective precoding instead of a single wideband precoder.  This is an especially important question for deployments above 6GHz where the frequency selectivity of the channel is expected to be less than what is seen in channels below 6GHz. Also the use of RF beamforming and beam management has the potential to reduce the frequency selectivity of the channels created by the RF TX&RX Beams, which are the channels to which the DL MIMO schemes will be applied.  

When considering frequency selective precoding, the required feedback for codebook-based methods obviously increases in proportion to the number of sub-bands compared to what is required for frequency-non-selective (or wideband) precoding.  In a wide bandwidth system, the feedback could unfortunately become excessive.  On the other hand, a reciprocity-based DL strategy would require the UE to transmit uplink reference signals (e.g., SRS) to enable the Base to measure the downlink channel, but the overall overhead for a reciprocity-based DL strategy would likely be the same (or nearly the same) whether frequency-selective DL precoding or wideband DL precoding is used.  Another important point is that frequency selective precoding should only be used with compatible waveforms.  
Therefore it is important to understand the performance characteristics of DL precoding whether the precoding is frequency-selective or wideband, but also whether the precoding is codebook-based or reciprocity-based.  Furthermore, it is important to understand the impact of whether the array is configured to be a single panel or a multi-panel array. 
In this contribution the system-level performance of Downlink Single-User-MIMO is evaluated at 30GHz with an emphasis on the performance effects of: 

· A single panel array versus a multi-panel array, where in both cases the array has the same total number of antenna elements
· Sub-band-based versus wideband-based precoding
· Codebook-based versus non-codebook-based precoding

· Multiple panels reception versus a single panel reception at UE

3
System Assumptions
System level simulations were performed with the following system parameters.

· UMa environment operating at 30GHz (5G-UMa channel) with an 800MHz system bandwidth

· Hexagonal layout with ISD values of 200m. 

· The UEs have: 

· Single panel array of 32 cross-pol elements (4,4,2), spaced half wavelength, with- and without optimal orientation in azimuth towards the serving transmission point.
· Multiple panel arrays of 32 cross-pol elements (4,4,2), spaced half wavelength and randomly oriented azimuth (without orientation optimization), where each panel are positioned as back-to-back (2 panels) or on each of the four sides of a square (4 panels)
· Two example arrays for the TP, both having 256 antenna elements as shown in Figure 1: A single panel array (8,16,2,1,1) with 2 TXRUs versus a Four-panel array (4,8,2,2,2) with 8 TXRUs.

We consider the following transmission schemes on the DL:

· Sub-band precoding (10MHz sub-bands) vs wideband precoding.  (We assume an OFDM downlink).
· Codebook-based (4TX LTE codebook or 8TX LTE codebook) vs non-codebook-based precoding (Eigenbeamforming based on reciprocity).  Both precoding strategies leverage ideal but delayed DL channel knowledge (delayed by 5msec).
Additional parameters are found in the Table 1 in the Appendix.


[image: image1]

 SHAPE  \* MERGEFORMAT 
[image: image2]
Figure 1: Single-Panel Array (left) and Four-panel Array (right).  256 total antenna elements in both cases.
4 
Simulation Results
In the first part, different transmission schemes are compared using single panel at UE. Different base array configurations are simulated using different channel feedback schemes. The second part concentrates on the UE side. Multiple UE panel array performance is compared to the single array panel performance using the reference transmission schemes.
Comparison of transmission scheme performance
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Figure 2: Mean UE throughput: downlink SU-MIMO for 30GHz UMa with 200m ISD and 800 MHz system bandwidth.  256 antenna array at the base: Single Panel Array vs Four-Panel Array.  Wideband (WB) precoding vs Sub-band (SB)-based precoding.  Codebook (PMI)-based vs. reciprocity-based (non-codebook-based) (EBF) precoding.  UE has a single panel 32-element cross-pol array
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Figure 3: UE throughput distribution: downlink SU-MIMO for 30GHz UMa with 200m ISD and 800 MHz system bandwidth.  256 antenna array at the base: Single Panel Array vs Four-Panel Array.  Wideband (WB) precoding vs Sub-band (SB)-based precoding.  Codebook (PMI)-based vs. reciprocity-based (non-codebook-based) (EBF) precoding.  UE has a single panel 32-element cross-pol array
Figures 2 shows the mean UE throughput for the parameters and techniques described above, and several points are worth noting. First, at 30GHz, with a single-panel array (2TXRUs) at the TP, the mean UE throughputs are roughly equivalent (within a percent or so) for all four combinations of sub-band / wideband precoding and codebook-based (PMI) / non-codebook-based (EBF) precoding. However, with a four panel array, the difference between the four combinations is more significant.  There is a roughly 7 percent difference between the wideband codebook-based precoding and sub-band-non-codebook-based precoding.  

With a four panel array (8TXRUs), codebook-based precoding incurs a slight loss (around 3%) compared to the single panel case, but a slight gain (also around 3%) can be achieved with the four panel array with reciprocity-based precoding compared to the single panel base. With a four panel array, there is a slight loss from using codebook-based precoding rather than reciprocity-based precoding. This result indicates that the four panel array has the potential to slightly outperform a single panel array, but only if accurate precoding is used, and sub-band precoding provides a slight benefit with the four panel array.
Second, when codebook-based precoding (labelled PMI) is used, there appears to be no significant gain in mean UE throughput (i.e., 1% or less) from using sub-band (SB) precoding rather than wideband (WB) precoding, and this trend holds for both single panel arrays and four panel arrays. However, with reciprocity-based precoding (EBF), there are slight gains from sub-band precoding in the four panel case (roughly 4% in these simulations). For these simulations, the sub-band width was 10MHz out of 100MHz, so a subject for further study is to determine if there are any benefits from using narrower sub-bands, although the overhead would significantly increase for the codebook-based precoding.  Also, the degradations from non-ideal channel knowledge has the potential to wipe out the slight gains seen with reciprocity-based precoding.

Figure 3 shows the UE throughput CDF, and the performance of the parameter combinations are all roughly similar in appearance, and the trends shown in these distributions follow the trends shown in Figure 2. The four-panel sub-band-reciprocity-based precoding (EBF-SB) has a slightly improved UE throughput distribution over the other cases, whereas the four-panel wideband PMI is slightly degraded compared to the other cases. For the 5th percentile, Figure 3 shows that all methods have roughly the same cell edge throughput, or more accurately, no one method seems to stand out above the others in terms of cell edge performance.
Observation 1: At 30GHz, with a single-panel array with 2TXRUs at the TP, the mean UE throughputs are roughly equivalent for all four combinations of sub-band / wideband precoding and codebook-based / non-codebook-based precoding.  

Observation 2: At 30GHz, compared to a single-panel 2TXRU array, the performance of a four-panel 8 TXRU array is more sensitive to the use of sub-band vs wideband precoding and codebook vs non-codebook-based precoding, although the overall relative performance differences are relatively small.   

Observation 3: At 30GHz the cell edge throughputs are roughly equivalent for all combinations of single panel vs multi-panel, sub-band versus wideband precoding and codebook-based versus reciprocity-based precoding.   

Observation 4: With 4 sub-panels and 8 TXRUs, reciprocity-based precoding can provide a slight gain in mean UE throughput over codebook-based precoding. Similarly, sub-band precoding can provide a slight gain over wideband precoding. The best mean UE throughput performance is achieved with sub-band-based reciprocity-based precoding, but the difference in overall performance is on the order of a few percent.  

Observation 5: At 30GHz, a four panel array has the potential to slightly outperform a single panel array, but only if accurate precoding is used along with sub-band precoding, although the difference in mean UE throughput is relatively small (on the order of 3-4%).
Proposal 1: For 30GHz systems with multi-panel arrays and SU-MIMO, prioritize the use of wideband precoding, but consider the use of more accurate precoding and sub-band-based precoding. 

Proposal 2: Study the effects of non-ideal channel knowledge in reciprocity-based DL precoding
5  Comparison of multi-panel UE to single-panel UE performance
Table 1 shows relative mean throughput gain of three UE panel configuration using the 1-panel case (with azimuth optimization) as a baseline: 1 panel without azimuth optimization, 2 panels configured in back-to-back position without azimuth optimization, 4 panels configured in each side of a square without azimuth optimization.

	TX scheme
	Precoding scheme
	Number of UE panels
	Mean user throughput gain [%]

	Single-Panel Base
	EBF - SB
	1 (without azimuth optimization)
	-10.6 %

	
	
	2
	-3.5 %

	
	
	4
	0.2 %

	
	EBF - WB
	1 (without azimuth optimization)
	-17.2 %

	
	
	2
	-3.3 %

	
	
	4
	0.3 %

	
	PMI - SB
	1 (without azimuth optimization)
	-17.1 %

	
	
	2
	-3.5 %

	
	
	4
	0.2 %

	
	PMI - WB
	1 (without azimuth optimization)
	-17.41 %

	
	
	2
	-3.6 %

	
	
	4
	0.1 %

	Four-Panel Base
	EBF - SB
	1 (without azimuth optimization)
	-16.1 %

	
	
	2
	-3.6 %

	
	
	4
	0.7 %

	
	EBF - WB
	1 (without azimuth optimization)
	-16.2 %

	
	
	2
	-3.4 %

	
	
	4
	0.7 %

	
	PMI - SB
	1 (without azimuth optimization)
	-17.1 %

	
	
	2
	-3.7 %

	
	
	4
	0.9 %

	
	PMI - WB
	1 (without azimuth optimization)
	-17.4 %

	
	
	2
	-3.7 %

	
	
	4
	0.9 %


Table 1: Relative user throughput gains using 1, 2 or 4 UE panels.
Table 1 shows that having two receive panels at the UE is not fully capable of maintaining the performance (~3 % loss) compared to the ideal case where 1 panel is (artificially) oriented to the optimum receive direction. While 4 UE panels already produce comparable performance (< 1 % -unit difference) against the 1 UE panel case, they don’t offer significant performance gain. For reference, using 1 UE panel without azimuth optimization causes the performance to collapse (~10% - 17%) according to the simulation results presented in Table 1. The performance degradation is caused by the UE panel not being able to cover sufficient azimuth range, when the UE is faced into random azimuth.
Observation 6: Increasing the number of panels at UE does not provide significant performance gain over a single UE panel optimally oriented in azimuth.

Observation 7: Having 2 panels at the UE positioned back-to-back is not fully enough to maintain user performance with random UE orientations.

Observation 8: 4 panels positioned to sides of a square provide performance comparable with the ideal (optimally oriented) panel configuration.
6
Conclusions
In this contribution, we made the following observations and conclusions: 
Observation 1: At 30GHz, with a single-panel array with 2TXRUs at the TP, the mean UE throughputs are roughly equivalent for all four combinations of sub-band / wideband precoding and codebook-based / non-codebook-based precoding.  

Observation 2: At 30GHz, compared to a single-panel 2TXRU array, the performance of a four-panel 8 TXRU array is more sensitive to the use of sub-band vs wideband precoding and codebook vs non-codebook-based precoding, although the overall relative performance differences are relatively small.   

Observation 3: At 30GHz the cell edge throughputs are roughly equivalent for all combinations of single panel vs multi-panel, sub-band versus wideband precoding and codebook-based versus reciprocity-based precoding.   

Observation 4: With 4 sub-panels and 8 TXRUs, reciprocity-based precoding can provide a slight gain in mean UE throughput over codebook-based precoding.  Similarly, sub-band precoding can provide a slight gain over wideband precoding.  The best mean UE throughput performance is achieved with sub-band-based reciprocity-based precoding, but the difference in overall performance is on the order of a few percent.  

Observation 5: At 30GHz, a four panel array has the potential to slightly outperform a single panel array, but only if accurate precoding is used along with sub-band precoding, although the difference in mean UE throughput is relatively small (on the order of 3-4%).
Observation 6: Increasing the number of panels at UE does not provide significant performance gain over a single UE panel optimally oriented in azimuth.

Observation 7: 2 panels at the UE positioned back-to-back is not fully enough to maintain user performance with random UE orientations.

Observation 8: 4 panels positioned to sides of a square provide performance comparable with the ideal (optimally oriented) panel configuration.
Proposal 1: For 30GHz systems with multi-panel arrays and SU-MIMO, prioritize the use of wideband precoding, but consider the use of more accurate precoding and sub-band-based precoding. 

Proposal 2: Study the effects of non-ideal channel knowledge in reciprocity-based DL precoding 
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Appendix
	Parameters
	Values

	Scenario
	Urban macro

	Carrier freq.
	30 GHz

	TRP Tx power
	43 dBm

	System Bandwidth
	800MHz

	Channel model
	According to 38.900

	TRP antenna config.
	Single-Panel: (M,N,P,Mg,Ng) = (8,16,2,1,1), (dV,dH) = (0.5, 0.5) λ
Four-Panel: (M,N,P,Mg,Ng) = (4,8,2,2,2), (dV,dH) = (0.5, 0.5) λ

	Inter-panel calibration
	Ideal

	Inter-panel distance
	Half wavelength between adjacent elements in both azimuth and elevation

	BS TXRU mapping
	Single TXRU is mapped per polarization per panel 
Single Panel: 2 TXRUs in total
Four Panel: 8 TXRUs in total

	Downtilt
	90 degrees

	RF Grid of Beams 
	DFT-based, 2X oversampling

	UE antenna config.
	Single Panel: (M,N,P,Mg,Ng)=(4,4,2,1,1) optimally/randomly pointed in azimuth, two TXRUs per panel

	UE #
	5 users per TRP (average)

	UE distribution
	According to TR36.890

	Traffic model
	Full buffer

	CSIT
	Beam selection followed by either codebook feedback (PMI) or ideal reciprocity-based eigenbeamforming (EBF)
CSIT either wideband or sub-band based.  

PMI: LTE 2TX codebook for single panel array, LTE 8TX codebook for four panel array.

	BF scheme
	Analog, one cross-pol beam selected per UE 

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

	Scheduler
	Wideband PF

	Receiver
	MMSE


Table 2. Simulation assumptions.
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