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1 Introduction
In the previous meeting (RAN1 NR ad-hoc), the following agreements were achieved [1]
· At least Type I CSI feedback should support multi-panel scenarios by choosing one of the two following alternatives:

· Alt1: only wideband co-phasing factor across panels

· Alt2: wideband and subband co-phasing factor across panels 

· At least the following criteria should be used:

· Performance-overhead tradeoff

· Description of design goal, e.g. for channel compensation or hardware impairments  

· FFS: How to capture this feature (co-phasing factor across panels) in codebook design

· Examples: in W3 with W1W2W3, W1W3W2 or W3W1W2 structure, W1W2 where multi-panel co-phasing is included in either W1 or W2
· Other examples are not precluded

In this contribution, we will discuss codebook design for multi-panel structured MIMO in NR. This tdoc first gives further analysis on the impact of antenna panel array on NR CSI feedback, and then discusses codebook structure for multi-panel structured MIMO. Correspondingly, PMI feedback overhead is also analyzed for multi-panel codebook.
2 The impact of antenna panel array on codebook design
In our previous contribution [2], we use link level simulation results to show the impact of non-uniform antenna panel array on the performance of legacy codebook in LTE. In figure 1, we further give system level evaluation to show the problem. Simulation assumptions are given in the Appendix. 
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Figure 1 Cell average performance comparison for uniform and non-uniform panel array
From the figure, it is observed that the performance degradation of non-uniform arrays comparing with uniform arrays is obvious for FDD (about 18.4%), while the performance degradation is negligible for TDD (about 2.1%). The reason would be that legacy codebook designed in LTE does not perform well for multi-panel MIMO transmission. In the simulation, we assume that the panels are well calibrated. It could be inferred that if calibration errors among the panels exists, which is common especially in high frequency, larger performance loss would be observed.

Observation 1: Legacy codebook does not perform well for multi-panel MIMO transmission. 

Generally, codebook in NR should support various antenna array structures and can be easily extended for more antenna array panels. We think at least the following features of multi-panel array should be captured:
1)  Placement of panels
As explained in [2], both coherent and non-coherent transmission could be supported for multiple panel arrays, depending on different panel spacing and inter-panel calibration levels. If antenna panels are placed with high correlation and well calibrated, coherent transmission with precoding performed across multiple panels could be used. While panels are placed with low correlation or they are non-ideally calibrated, non-coherent transmission could be used, where each panel could determine the precoding vectors independently. NR codebook should have a unified structure to support both transmission schemes for multi-panel antenna arrays.
2)  Number of panels 
Antenna ports would be increased as the number of panel increases. Thus the codebook structure should also be extensible to support increasing antenna ports. While the codebook structure is not always the same in LTE as the number of antenna ports is increasing, it is better to exploit a unified codebook structure in NR at the beginning. Furthermore, reference signal (RS)/feedback overhead is increasing as the number of antenna ports increases. Further structure optimization based on multi-stage codebook W1W2 would be one possible solution to keep the overhead acceptable.
Proposal 1: Multi-panel codebook design should takes panel characteristics into account, e.g., panel spacing, calibration precision among panels, number of panels in each dimension etc..
3 Codebook design for coherent MIMO transmission
For non-uniform multi-panel structured MIMO, a single DFT vector could not capture the actual channel response of the whole panel array and match the array response. Also, panels at one TRP are not easily calibrated in implementation, and there would possibly be a phase difference from calibration error of panels. Considering the two factors, we propose to add a phase compensation factor in the codebook. In figure 2, we give some initial evaluation results of codebook performance with a phase factor. Total four bits for phase compensation are added into the codebook in vertical and horizontal dimension, where two bits are added per dimension. In the figure, about 15% performance gain is achieved compared to the legacy codebook if wideband phase factor or subband phase factor is added. We can see that wideband and subband phase factors are with similar performance when panel calibration error is not considered.
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Figure 2 Cell average performance evaluations for the phase factor

Observation 2: Phase compensation among panels can improve the performance of multi-panel transmission. 
The granularity of phase compensation may also be variable for different cases. For non-uniform calibrated panels, a wideband PMI may be enough to capture the inter-panel phase factor. However, if the calibration error exists, the inter-panel-phase factor may contain fast fading component, which needs to be feedback in a subband manner. Thus, it may not be a good candidate to include the inter-panel phase factor in either W1 or W2, since the subband phase factor or the wideband phase factor may not be described properly. In contrast, using an additional W3 with an independent PMI feedback would be more flexible.

Proposal 2:  Support an additional W3 with an independent PMI feedback for inter-panel phase factors in multi-panel codebook design.
On the other hand, the panels can be spaced with relatively large distance.  In this case, the signals from different panels would arrive with slightly different angles from the receiver’s perspective, and the channel response vector for each panel would correspond to DFT vectors with different angles of direction. If the codebook design could allow different panels have independent beam(s) selection, larger performance gain could be expected.
Proposal 3: Consider independent beam(s) selection for different panels in codebook design.
As shown in Figure 3, a potential codebook structure may consist of three components: a precoding vector and a co-phasing factor for each panel, and phase factors across different panels.
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Figure 3 Codebook design in coherent MIMO cases
In the following, we give further discussion on potential multi-panel codebook structure. Assume the number of antenna port in the azimuth and elevation dimensions per polarization is K1/K2, and the number of panels is N. Assume the number of antenna ports for one single panel as Nv×Nh, where v, h denotes the vertical and horizontal dimension. Then the total number of antenna port is Nv×Nh×N. The final precoder is decided by a joint formula of W3W1W2, W1W3W2 or W1W2W3 and the following structures are possible:

1) W= W3W1W2
Multi-panel codebook could be in a three-stage structure W= W3W1W2 with 

[image: image4.wmf]12

1

12

1

12

2

2

3

2

00

00

00

N

KK

j

KK

j

KK

I

eI

W

eI

q

q

-

éù

êú

êú

=

êú

êú

êú

ëû

L

L

MMOM

L


Where W1 and W2 also have N blocks and each block could have a similar structure with single panel cases. 
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 identity matrix. In this structure, multi-panel co-phasing factor could be feedback in a wideband manner. For low correlation panels, the channel compensation factor across the panels may need to be tracked quickly, which would not be captured by wideband phase factor.  However, how much additional gain can be obtained by subband phase factor feedback needs to be evaluated and further studied.
2) W= W1W3W2
Moreover, the three-stage codebook could also be written as W= W1W3W2 with 
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where W1 and W2 is similar with the structure in 1). 
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is the number of beams per polarization in W1. In this structure, multi-panel co-phasing factor is contained in an independent W3 corresponds to an independent PMI feedback and could be feedback in a wideband or subband manner.
3) W= W1W2W3
Multi-panel codebook could also be in form of W1W2W3.  However, designing high rank codebook would be become complex in this case, especially for the design of W2.Thus, the use case for this structure is limited.
Proposal 4: Compared with W1W2W3, W3W1W2 and W1W3W2 are more preferred for multi-panel codebook design.
4 Codebook design for non-coherent MIMO transmission
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Figure 4 Codebook design in non-coherent MIMO cases
Similarly, the codebook may have a decoupled structure. For example, one codebook can be used to select beam basis for multiple panels of the same TRP and another codebook can be used to combine the selected beam basis for each panel independently. Correspondingly, the UE could feedback PMI based on the multi-stage codebook for multiple CSI-RS resources corresponding to multiple panels. As shown in figure 4, the TRP use two CSI-RS resources for non-coherent transmission. The first part of PMI would be common result for all CSI-RS resources, e.g., W1 assuming the same beam base selection over panels, and the second part of PMI is an individual result for different CSI-RS resource, e.g., W2 assuming independent beam selection or combination coefficients for each panels. The common result could utilize the low spatial correlation between panels. In this way, a reduction of PMI reporting is achieved. 
Proposal 5: Consider the same W1 and different W2 feedback with multiple CSI-RS resource in non-coherent multi-panel MIMO transmission.
5 Conclusion

In this contribution, we investigate codebook considerations for panel-like antenna structures in NR. We have the following observation and proposals:

Observation 1: Legacy codebook does not perform well for multi-panel MIMO transmission. 
Observation 2: Phase compensation among panels can improve the performance of multi-panel transmission. 
Proposal 1: Multi-panel codebook design should takes panel characteristics into account, e.g., panel spacing, calibration precision among panels, number of panels in each dimension etc..
Proposal 2:  Support an additional W3 with an independent PMI feedback for inter-panel phase factors in multi-panel codebook design.
Proposal 3: Consider independent beam(s) selection for different panels in codebook design.
Proposal 4: Compared with W1W2W3, W3W1W2 and W1W3W2 are more preferred for multi-panel codebook design.
Proposal 5: Consider the same W1 and different W2 feedback with multiple CSI-RS resource in non-coherent multi-panel MIMO transmission.
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Appendix
Table 1 System-level simulation assumptions for codebook performance
	Parameters 
	Values 

	Simulation Type 
	full-buffer 

	Cell radius 
	200 m 

	Layout 
	Single layer: Macro layer, Hex. Grid 

	Channel model 
	UMa-30GHz （38.900 Chapter 7.5） 

	Antenna configuration 
	(M, N, P, Mg, Ng) =(4,8,2,2,2), x-polarized, sub-array partition，
Uniform: (dg,V,dg,H) = ([2.0], [4.0])λ)，Non-uniform: (dg,V,dg,H) = ([4.0], [8.0])λ 

	Codebook configuration 
	16 ports: (N1,N2, P) =(4,2,2)(8H2V), (O1,O2)= (8,8) 

Rel. 13 Class A Codebook-Config = 1 

	BS  antenna spacing 
	(H,V)  = (0.5, 0.5) λ 

	Number of  UE antennas 
	Antenna element: 

Config 1: (Mg, Ng) = (1, 2) – 2 panel, (M, N, P) = (2, 4, 2) 

TXRU: 

One TXRU maps to one panel one polarization. 4 TXRUs. 

	Scheduling 
	Proportional fair , MU-MIMO with rank = 1 

	Simulation bandwidth 
	10MHz 

	Channel estimation 
	Ideal 

	Receiver 
	MMSE-IRC 

	CSI feedback 
	PUSCH 3-2 
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