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1 Introduction
The antenna modeling for 5G New Radio (NR) study has been discussed in RAN1#84bis ~ RAN1#86. Panel antenna array structure was agreed in [1]. Multi-panel structure system is highly preferred in NR, especially for high-frequency bands. To build large scale antenna array, integrated antenna in package/tile (AIP/AIT) could be potential solution, due to its easy implementation and low cost [2]. 
In this contribution, we first analyze the impacts of multi-panel structure on MIMO transmission, including transmission mechanisms and codebook design, and then discuss other aspects related to multi-panel structure: UE beamforming and hybrid beamforming (HBF) architecture.
2 Antenna Structure Impact on MIMO Transmission
2.1 Multi-panel structure
Generally, antenna elements within one panel are placed uniformly in vertical/horizontal dimension. Multi-panel structure is divided into two categories, depending on whether the spacing of adjacent elements of two different panels is equal to the spacing of antenna elements inside one panel, as illustrated in figure 1.
1)  “Uniform panel array” (UPA): The antenna elements of the same polarization are uniformly distributed across the whole panel array in one dimension such that the space between two adjacent antenna elements from different antenna panels is the same as the space between antenna elements within the same panel.
2) “Non-uniform panel array” (NUPA): The antenna elements of same polarization are non-uniformly distributed in terms of multiple panels in one dimension such that the space between two adjacent antennas from different panels is larger than the space between antenna antennas in the same panel.
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Figure 1. Multi-panel structure: a) Uniform antenna array, dedge,H = dH, dedge,V = dV; b) Non-uniform antenna array,  dedge,H >dH, dedge,V> dV
Uniform panel array can be accepted as the baseline according to current discussion. While in real-life scenarios, non-uniform antenna array is more common. When the number of antenna elements increases, the complexity of routing of circuit components and antenna elements increases. Thus it’s hard to form very large scale of antenna array on single panel. Moreover, due to hardware implementation issues, the edge of one panel is usually larger than the spacing of antenna elements inside the panel. Considering these facts, both uniform and non-uniform panel arrays need to be supported.
Proposal 1: MIMO transmission design in NR should support flexible antenna structures including both the uniform and non-uniform panel arrays.
2.2 Transmission mechanisms considerations
Multi-panel structure is desired to be seen as a whole panel array, and then the legacy FD-MIMO transmission in LTE-A can be reused. However, considering hardware issues, transmission mechanism would be different. 
1) It’s reasonable to assume that TXRUs within one panel use the same local oscillator and are ideally synchronized. Thus phase drift would not happen at antenna elements of the same panel. However, different panels may use different local oscillators and PLL/ADC devices. Consequently, there may be a constant or time-varying phase offset between panels. If the phase drift is small enough, we can make ideal synchronization assumption. Otherwise, TXRUs are non-ideally synchronized, which differs from legacy MIMO transmission.

2) Consider the situation where antenna ports virtualized from different antenna panels are beamformed in different beams for flexible beam steering. With different reflection and refraction, the beams experience different channel gain, propagation delay and have different arrival angle. 

To summarize, antenna ports from different panels may experience different large scale properties, including phase offset, average gain, average delay, and also have different angle of arrival and angle spread. It affects QCL assumptions of antenna ports.
For uniform panel array, panels are placed closely, and the phase drift can be zero or very small which means legacy FD-MIMO can be applied therein. For non-uniform panel array, panels may be placed widely. If ideal synchronization still holds or the phase error can meet the requirement, legacy transmission can be applied. Moreover, coherent transmission can be conducted among panels, for spatial diversity gain. In this case, ports from different antenna panels may be assumed to be QCL, namely single QCL.
Besides coherent transmission, we could consider more flexible cooperation schemes between panels. For example, if non-uniform panel arrays are applied, it’s hard to achieve ideal synchronization between the panels and antenna ports would experience different large scale properties. Thus, antenna ports from different panels (beams) may be assumed to be non-QCL. In this case, independent data streams or different layers can be transmitted from different panels, namely the non-coherent transmission. In this scheme, antenna ports from different panels or TRPs could have different QCL assumptions (so-called multiple QCL assumptions).
Note that besides different TRPs, non-coherent transmission can also be conducted among different panels in one TRP. To conclude, with various antenna array structures, different transmission and cooperation schemes can be applied. Transmission mechanism is more flexible even within one TRP who has multiple panels.
Proposal 2: NR should support both coherent/non-coherent MIMO transmission mechanisms for multi-panel antenna structure, with single/multiple QCL assumption respectively.
2.3 Codebook considerations on multi-panel structure MIMO
Both uniform and non-uniform panel arrays should be supported and the scale of panel array may vary for different scenarios. Thus codebook design should be more flexible and extensible for various antenna array structures.
For UPA, the codebook of FD-MIMO can be easily extended and implemented. While for NUPA, the legacy codebook structure is not that suitable. The legacy codebook in LTE is designed for uniformly spaced antenna elements, but the spacing between adjacent antenna elements in NR may be different from intra panel antenna elements spacing. Figure 2 shows the performance comparison for uniform and non-uniform panel arrays. In the simulation, class A codebook for FD-MIMO with 16 antenna ports is evaluated. There are 4 panels and each panel corresponding to 4 antenna ports. From figure 2, it is observed that the legacy codebook works poor as the panel spacing increases.  Thus, legacy codebook structure may cause beam distortion resulting in a part of beam gain reduction. Moreover, flexible codebook design needs to be studied in NR to support both UPA and NUPA.
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Figure 2. Performance degradation of non-uniform panel arrays compared with uniform cases
Potential method to improve the performance for non-uniform multi-panel array may include design a codebook structure consisting of multiple blocks, where phase/amplitude compensation factors are added among the blocks to capture multi-panel properties. Another way is to use DFT vectors with adjacent steering angles to form combined beam vectors in the codebook, since the AoA/AoD may have small difference for non-uniform multiple panels.
Proposal 3: The impact of antenna panel array should be considered in NR codebook study if supported.

3 Other aspects of multi-panel structure
In this section, we discuss other aspects of multi-panel structure, including UE beamforming and the hardware connections for HBF of antenna panels. For more flexible deployment and more gain, TRP and UE should support uniform/non-uniform antenna panel array. 
3.1 UE antenna structure 
As antenna array can be integrated in a small size, UE is also able to be equipped with more than one panel. Antenna panels at the UE side could be uniform or non-uniform. In reality, non-uniform panel structure would be more common. For instance, antenna panels would be placed along the upper and bottom of a mobile phone, as shown in Figure 3. In this case, panels are even of very low correlation.
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Figure 3. A potential antenna array structure at UE side
Such antenna structure provides more flexibility for UE beamforming, of both reception and transmission. With larger spacing of panels, UE would be able to form multiple receiving/transmitting beamforming simultaneously and each one corresponds to an independent panel, which brings several benefits. For instance, if UE could form multiple beams simultaneously, reference signal overhead for beam alignment could be reduced. What’s more, as UE could form multiple receiving beams, when one of the beams occurs blockage, UE would still possibly receive beams from other angles.  Another way to combat blockage effect could be decoupling DL and UL link for UE by using different UE panels respectively.  In this way, if one of the links fails by blockage, the TRP or the UE will be notified through the other link while fast link recovery can be done to guarantee the reliability.
On the other hand, multi-panel UE could support the multi-point transmission better. For example, consider the non-coherent transmission, where different data streams are transmitted from different beams, which come from different TRPs or different panels at one TRP. Conventionally, UE may use advanced receiver, e.g., SIC receiver, to deal with the interference and separate multiple streams. Instead, NR UE with multi-panel structure could generate multiple reception angles, to recognize different arrival angle of beams. If data streams arrives from largely separated angles, UE may receive multiple streams with independent RF and simpler receiver algorithms (e.g. MRC receivers). 
Proposal 4: UE beamforming based on multi-panel antenna structure should be studied in NR.

3.2 Hybrid Beamforming 
Different beamforming architecture can be implemented with different RF connection structures in AIP/AIT, i.e., digital beamforming (DBF), analog beamforming (ABF), and hybrid beamforming (HBF). DBF provides more flexible beamforming but with additional cost. ABF may provide poor steering accuracy and flexibility in a low cost. HBF is a tradeoff between DBF and ABF. 
Possible HBF architectures for the AIP/AIT could mainly be divided into 3 types: full connection architecture, partial connection architecture and hybrid architecture. For hybrid architecture, there will be a couple of independent sub-arrays, with full connection architecture applied in each sub-array. In this way, hybrid architecture would have better beam isolation and more flexible beam pattern than partial connection architecture at a moderate cost and complexity when the number of RF chains in each sub-array is not large. This may be more suitable for multi-user MIMO transmission cases. Moreover, some of the RF chains could be connected to single or multiple panels. In the multiple-panel case, the RF chains can be used to form finer beams and inter-panel DBF can be designed to support the multiple layer/multiple user MIMO transmission better.  
Proposal 5: MIMO transmission design in NR should consider different HBF architectures with multi-panel antenna structure.
4 Conclusion
In this contribution, we presented some considerations for the impact of multi-panel antenna structure on MIMO transmission. We have the following proposals:
Proposal 1: MIMO transmission design in NR should support flexible antenna structures including both the uniform and non-uniform panel arrays.
Proposal 2: NR should support both coherent/non-coherent MIMO transmission mechanisms for multi-panel antenna structure, with single/multiple QCL indication respectively.
Proposal 3: The impact of antenna panel array should be considered in NR codebook study if supported.
Proposal 4: UE beamforming based on multi-panel antenna structure should be studied in NR.

Proposal 5: MIMO transmission design in NR should consider different HBF architectures with multi-panel antenna structure.
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Appendix
Table 1 Link-level simulation assumptions for codebook performance
	Scheme
	Parameter
	Value

	Antenna configurations
	BS antenna
	Config1: Uniform panel array: M=1, N=2, P=2, Mg=2, Ng =2, dH = dV = 0.5lambda, dH,g=1lambda, dV,g=1lambda, 

Config2: Non-uniform panel array: M=1,N=2,P=2, Mg=2, Ng =2, dH = dV = 0.5lambda, dH,g=4lambda, dV,g=2lambda.

Config3: Non-uniform panel array: M=1,N=2,P=2, Mg=2, Ng =2, dH = dV = 0.5lambda, dH,g=8lambda, dV,g=4lambda.

	
	UE antenna
	4RX: M=1, N=2, P=2, Mg=1, Ng =1, dH = dV = 0.5lambda

	System
	Transmission mode
	TM9

	
	System bandwidth
	10MHz

	
	Simulation interval
	20000 TTIs

	Channel model
	Model
	Rays

	
	Environment
	TDL-A

	
	Correlation
	High

	
	Carrier frequency
	30GHz

	
	Polarization
	Cross-polarized

	Receiver
	UE receiver
	MMSE

	
	Noise estimation
	Real

	
	Channel estimation
	Real(DMRS)

	
	Interference estimation
	Real

	HARQ
	Max. trans. num.
	4

	
	Retransmission
	independent

	
	Rank
	1:2 Adaptive

	
	MCS
	AMC

	
	Report mode
	PUSCH 3-1

	
	Link adaption
	Soft OLLA, target 10% BLER

	
	Scheduled RB
	50PRB

	RS configuration
	CRS
	2

	
	CSI-RS
	8-port NZP CSI-RS with 5ms period

	
	DMRS
	4-port

	Metric
	Metric
	Throughput [Mbps/Hz]
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