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Discussion
1
Introduction
Related to Multi-antenna schemes, the following agreements related to multi-antenna schemes were reached in 3GPP RAN1#87 [1]:

	Agreements:
· For multi-panel based downlink transmission
· Should consider both uniform and non-uniform array 
· Should consider both coherent and non-coherent MIMO transmission for multi-panel antenna array
· Should consider different inter-panel phase calibration cases
· FFS QCL related aspects
· For multi-panel based uplink transmission
· Study way(s) to improve both reliability and capacity, e.g., non-coherent transmission, etc.

· Study practical issues including multiple timing advances, power control, beam procedure with/without the help of existing well paired beams and so on

· Should consider different inter-panel phase calibration cases


In this contribution, we discuss the performance characteristics of downlink SU MIMO for systems operating at 30GHz, with a focus on the performance of hybrid arrays configured either as a uniform panel array or a non-uniform panel arrays.  We consider a single TRP with a panel array consisting of multiple sub-panels, where the sub-panels are arranged to point in the same direction.  We examine the performance effects of different spacings between the sub-panels and the impact of different baseband precoding strategies. We also discuss several array calibration issues surrounding the use of multiple sub-panels in single-TRP transmission as well as calibration issues with multi-panel transmission in multi-TRP transmission (where the multiple panels are on different non co-located TRPs).
2
Background

For systems above 6GHz, it is envisioned that a hybrid array architecture can be used at both the TRP 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 TRP 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 impact of the spacing between the multiple sub-panels. We consider a hybrid array at the TRP with a 2x2 arrangement of four sub-panels, where the overall array is configured either as a uniform array or as a non-uniform array. In the non-uniform array case, we show the performance impact of varying the distance between the sub-panels. We consider coherent baseband precoding of the beam ports formed from the multiple panels and explore the SU-MIMO performance impact of increasing the distance between the multiple panels. We also consider how the performance is impacted when codebook-based precoding and reciprocity-based precoding is used. We also consider whether the performance is impacted differently with frequency-selective precoding versus wideband (non-frequency selective) precoding (where we assume the use of OFDM on the downlink).  

3
Performance with Uniform and Non-Uniform Panel Arrays at the TRP

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 100m. 

· The UEs have two omni cross pol elements spaced half wavelength.  
· The TP antenna array has 256 antenna elements arranged according to two options as shown in Figure 1 and 2.  In both options, eight transmit antenna ports 
· Uniform Panel Array: a four-sub-panel array (4,8,2,2,2) with 2 TXRUs (fully connected) per co-scheduled UE.  Half-wavelength spacing between antenna elements (Figure 1)
· Non-Uniform Panel Array: a four-panel array (4,8,2,2,2) with 8 TXRUs, two TXRUs per panel 

We consider the following transmission schemes on the DL:

· Beam-based SU-MIMO, where each panel transmits with a cross-pol beam.  A simple DFT-based grid-of-beams is assumed with 2x oversampling.  
· Sub-band precoding (10MHz sub-bands) vs wideband precoding.  (We assume an OFDM downlink).
· Codebook-based (8TX LTE codebook over the beam ports) 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.

Figures 3 and 4 show the mean UE and cell-edge throughput, respectively, for uniform and non-uniform panel arrays with four different baseband precoding strategies, labelled in the figures as follows: 

· PMI-WB = wideband-based codebook-based precoding

· PMI-SB = sub-band-based codebook-based precoding

· EBF-WB = wideband-based reciprocity-based eigenbeamforming (EBF) based on knowledge of the RF-beamformed downlink channel.
· EBF-SB – sub-band -based reciprocity-based eigenbeamforming (EBF) based on knowledge of the RF-beamformed downlink channel 

Three array panel configurations were considered and are labelled in the figure as follows
· UNIF = uniform panel array with 0.5λ spacing between edge elements in both vertical and horizontal
· H4V2 = non-uniform panel array with 4λ spacing between the panel edge elements in horizontal and 2λ spacing between panel edge elements in vertical

· H8V4 = non-uniform panel array with 8λ spacing between the panel edge elements in horizontal and 4λ spacing between panel edge elements in vertical.

Figure 3 shows that for a given baseband precoding strategy, the differences in mean UE throughput for the different panel configurations are relatively minor. With codebook-based baseband precoding, increasing the spacing between the panels causes a slight degradation in mean throughput performance (on the order of one or two percent). However, note that the codebook used in these simulations (the Rel-10 8TX codebook) may not the best choice for this type of system and further study is needed for codebook-based precoding in hybrid arrays at 30GHz. On the other hand, with reciprocity-based eigenbeamforming over the RF transmit beams, a slight improvement is seen as the panel spacing increases. With wideband eigenbeamforming, the differences in mean throughput are around 1%. With sub-band-based eigenbeamforming, the differences are around 3%.

Observation 1: for a given baseband precoding strategy, increasing the spacing between panels has a small impact on the mean UE performance of hybrid coherent multi-panel arrays at 30GHz. 

Next, in Figure 4, similar trends are seen for the cell edge performance. For codebook-based baseband precoding, the differences in cell edge performance for the different panel configurations are on the order of a few percent. In contrast, with eigenbeamforming-based baseband precoding, the differences are more significant – on the order of 6%-13%. However, firm conclusions on cell edge performance may be difficult in the 30GHz environment with ideal channel estimation.  

Observation 2: for a given baseband precoding strategy, the cell edge performance is more sensitive to increasing the panel spacing than the mean UE throughput performance. However, further study is needed to account for non-ideal channel estimation.  

Next, Figures 3 and 4 show that the particular choice for the coherent-baseband precoding strategy has a slightly larger impact on performance than the spacing between the panel arrays, although the differences are on the order of 5-15%.  
Observation 3: for a hybrid array at 30GHz, the particular choice for the coherent-baseband precoding strategy appears to have a slightly larger impact on performance than variations in the spacing between the panel arrays  

Whether the TRP array is configured as a uniform or non-uniform panel array and whether the array has a coherent or non-coherent transmission strategy are issues that will have significant impact on the implementation of the TRP array.  It is important for NR to support solutions that have a favourable tradeoff between performance and implementation flexibility. In light of the performance impacts of the choice of precoding strategy and panel spacings for coherent panel arrays, we make the following proposal:
Proposal 1: Consider further the CSI feedback design supporting flexible single and multi-panel antenna array structures for both coherent and non-coherent multi-panel transmission strategies.  


[image: image1]
Figure 1: Uniform Panel array with four sub-panels,  256 total antenna elements
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Figure 2: Non-Uniform Panel array with four sub-panels,  256 total antenna elements
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Figure 3: Single Panel Array at TRP: Mean UE throughput: downlink SU-MIMO for 30GHz UMa with 100m ISD and 800 MHz system bandwidth.  256 antenna array at the base:  Unif = uniform panel array, H4V2 = non-uniform panel array with dedgeH = 4λ and dedgeV = 2 λ.  H8V4 = non-uniform panel array with dedgeH = 8λ and dedgeV = 4λ. Wideband (WB) precoding vs Sub-band (SB)-based precoding.  Codebook (PMI)-based vs. reciprocity-based (non-codebook-based) (EBF) precoding.  UE has two omni cross-pol antennas.
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Figure 4: Cell Edge Throughput: downlink SU-MIMO for 30GHz UMa with 100m ISD and 800 MHz system bandwidth.  256 antenna array at the base:  Unif = uniform panel array, H4V2 = non-uniform panel array with dedgeH = 4λ and dedgeV = 2λ.  H8V4 = non-uniform panel array with dedgeH = 8λ and dedgeV = 4λ. Wideband (WB) precoding vs Sub-band (SB)-based precoding.  Codebook (PMI)-based vs. reciprocity-based (non-codebook-based) (EBF) precoding.  UE has two omni cross-pol antennas.
4
Array Calibration with Multi-Panel Hybrid Arrays
In the previous section, we examined the performance of the multi-sub-panel TRP array in a single-point transmission scenario, where we assumed perfect array calibration both within a sub-panel (intra-sub-panel calibration) and across multiple sub-panels (inter-sub-panel calibration).  For a realistic implementation it is important to consider the performance impact of both intra-sub-panel array calibration and inter-sub-panel array calibration.  It is also important to consider inter-sub-panel time alignment errors for both single TRP transmission (time alignment errors across the sub-panels comprising the TRP array) and inter-panel time alignment errors for multiple TRP transmission (where the panels are on different non-co-located TRPs).  These effects are discussed as follows.  
· Intra-sub-panel array calibration: within a sub-panel, a single TXRU drives the RF beamforming network for the co-pol elements of the sub-panel.  In our simulations, we assumed each sub-panel is calibrated such that for each polarization, the gain and phase responses between the TXRU and each of the co-pol physical antenna elements are all unity, or equivalently are all equal to some constant scalar value.  In reality, deviations in the gain and phase responses across the physical antennas can distort the array pattern of the RF beams, which can significantly affect performance.
Observation 4:  In a hybrid array, intra-sub-panel array calibration errors can distort the array pattern of the RF beams, which can impact performance of any beam-based transmission technique. An intra-sub-panel array is assumed to be self calibrated.
· Inter-sub-panel array calibration: Each sub-panel at a TRP effectively forms a cross-pol transmission port, and transmissions can be performed across multiple sub-panels (in the single TRP case) or even multiple panels (in the multi-TRP case).  In multi-sub-panel or multi-panel transmission with a hybrid array architecture, the transmit precoding weights are applied in the baseband digital domain, in which case the overall channel includes the gain and phase responses of the TXRUs feeding each RF beam.  The TXRU gain and phase responses and how they vary across frequency will distort the overall channel characteristics between the TRP(s) and the UE.  CSI feedback framework assumptions may be impacted by the nature of the TXRU gain and phase responses and/or the associated calibration mechanism.
Observation 5: In single TRP transmission, inter-sub-panel array calibration errors can distort the effective channel between the TRP and the UE. An inter-sub-panel array is assumed to be self calibrated 
· TXRU time alignment: Time alignment and array calibration errors in MIMO have been previously studied in RAN1 (e.g., [4]), and many of the issues pointed out in previous studies (e.g., [5]) will apply to multi-panel transmission in the New Radio.  A time alignment offset between two TXRUs (whether from the same or from two different TRPs) will create a frequency-dependent phase difference between the two TXRUs, which will create a frequency-dependency to the effective spatial channel to which any joint transmit precoding is applied.  This frequency-dependency could lead to the need for any transmit precoding that occurs across multiple TRPs to be frequency-dependent as one option or there could be a signaling scheme to assist in mitigating the effects of the time-alignment error.  Time alignment errors between TXRUs in co-located panels or sub-panels are more amenable to vendor-specific (non-standardized) solutions, whereas time alignment errors across non-co-located TRPs could potentially be mitigated through a feedback signaling scheme with a standards impact. On the other hand, transmission techniques that are non-coherent across multiple TRPs may not need to account for the TXRU time alignment.  
Observation 6:  In both multi-sub-panel transmission (single TRP array) and multi-panel transmission (multiple non-collocated TRPs), time alignment errors can create a frequency dependency in the aggregate spatial channel response from the TRPs to the UE.  Joint coherent multi-TRP transmit precoding may need to account for that frequency dependency for best performance, whereas non-coherent multi-TRP transmission may not need to account for that frequency dependency.  
Observation 7: Time alignment errors across co-located sub-panels are more amenable to vendor-specific (non standardized) solutions, whereas to support coherent multi-TRP transmit precoding, mitigating time alignment errors across non-co-located TRPs may require a feedback signaling scheme with standards support.

For mitigating calibration errors and time-alignment errors, an assessment needs to be made of the tradeoff between the complexity of vendor-specific solutions versus the signaling overhead and robustness of a standardized signaling scheme.  Furthermore, the characteristics of these errors both before and after any calibration mechanisms are applied need to be assessed.  
Proposal 2: Determine the typical characteristics of intra-panel and inter-panel calibration errors and inter-panel time alignment errors, and assess their performance impact. 
5
Conclusions
In this contribution, we made the following observations and proposals: 

Observation 1: for a given baseband precoding strategy, increasing the spacing between panels has a small impact on the mean UE performance of hybrid coherent multi-panel arrays at 30GHz. 
Observation 2: for a given baseband precoding strategy, the cell edge performance is more sensitive to increasing the panel spacing than the mean UE throughput performance. However, further study is needed to account for non-ideal channel estimation.  
Observation 3: for a hybrid array at 30GHz, the particular choice for the coherent-baseband precoding strategy appears to have a slightly larger impact on performance than variations in the spacing between the panel arrays  
Observation 4:  In a hybrid array, intra-sub-panel array calibration errors can distort the array pattern of the RF beams, which can impact performance of any beam-based transmission technique. 

Observation 5: in single TRP transmission, inter-sub-panel array calibration errors can distort the effective channel between the TRP and the UE.  

Observation 6:  In both multi-sub-panel transmission (single TRP array) and multi-panel transmission (multiple non-collocated TRPs), time alignment errors can create a frequency dependency in the aggregate spatial channel response from the TRPs to the UE.  

Observation 7: Time alignment errors across co-located sub-panels are more amenable to vendor-specific (non standardized) solutions, whereas time alignment errors across non-co-located TRPs may require standards support for a feedback signaling scheme.

Proposal 1: Consider further the CSI feedback design supporting flexible single and multi-panel antenna array structures for both coherent and non-coherent multi-panel transmission strategies.  

Proposal 2: Determine the typical characteristics of intra-panel and inter-panel calibration errors and inter-panel time alignment errors, and assess their performance impact. 
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Appendix
Table I. Simulation assumptions

	Parameters
	Values

	Scenario
	Urban macro

	Carrier freq.
	30 GHz

	TRP Tx power
	43 dBm

	System Bandwidth
	800MHz

	TDD Split
	100% downlink

	Channel model
	According to 38.900

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

	BS TXRU mapping
	Single TXRU is mapped per polarization per panel 
Two TXRUs per UE

	Downtilt
	90 degrees

	RF Grid of Beams
	DFT-based, 2X oversampling

	UE antenna config.
	Single Panel: omni 2 cross-pol antennas

	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 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
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