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Introduction
In RAN1#88AH, the following agreements were made regarding multi-panel DL codebooks:
Agreements:
· 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 discuss the extension of Type I CSI feedback to support multi-panel operation.
Applicability of multi-panel operation
The motivation for using multiple panels instead of a fitting all the antenna elements into a single calibrated panel is to decrease the implementation complexity. By its nature, multi-panel arrays are a suitable design when the gNB employs many antenna elements and TXRUs. Thus, the number of antenna elements per panel can be assumed to be large and correspondingly require a large number antenna ports per panel if a digital implementation is used. If analogue implementation is used however, a wideband beamformer can be used and a few number of ports, say 2, corresponding to polarization cophasing, can be applied per panel 
If antenna panels are uncalibrated with respect to carrier frequency or sampling clock timing, coherent transmission between panels may be unfeasible since not only will a phase and amplitude offset between panels be introduced after OFDM demodulation, ICI is introduced as well, which limits the benefit of coherent transmission. While the resulting phase and amplitude scaling can be compensated for in a precoder codebook, the ICI cannot be mitigated without explicitly estimating the frequency and timing offset and compensating for them in the OFDM (de)modulation. Thus, for coherent multi-panel transmission to be beneficial, panels must be assumed to be well- enough calibrated (note, though, that a phase offset between panels will not introduce any ICI). 
The default mode of operation for multi-panel arrays should thus be considered to be non-coherent joint transmission (JT) between the panels as this does not require as tight calibration as coherent transmission. 
Observations:
· If frequency and/or timing offset exists between panels, the induced ICI can prohibit coherent transmission between panels
Non-coherent transmission between panels
For non-coherent transmission between panels, antenna ports corresponding to different panels are not coherently combined to form the transmission of a single layer. Instead, the antenna ports of each panel are mapped to separate CSI-RS resources and different layers are transmitted from each panel. This relaxes the requirement of synchronization between panels, and so, allows for a less complex implementation. 
From a UEs perspective, it should not fundamentally matter if the multiple layers in a non-coherent JT is transmitted from co-sited panels belonging to the same TRP or if they are transmitted from multiple TRPs on different physical locations. Thus, non-coherent transmission between panels should be handled in the same framework as non-coherent transmission between TRPs. For non-coherent JT to be effective, inter-layer interference from the layers transmitted from different panels should be taken into account when calculating CQI in the CSI feedback, and the rank of each panel’s transmission should be decided jointly. It should be further studied if each panel transmits a separate PDSCH, or if single PDSCH is applied across multiple panels.  

Multi-panel codebook design for coherent transmission
A DFT precoder codebook, such as the LTE Class A codebooks, comprises precoder vectors with linearly increasing phases over the antenna ports in each spatial dimension. Such a codebook design implicitly assumes an antenna setup of phase-calibrated and equally spaced antenna ports in each dimension. In this case, the codebook perfectly matches the array response assuming a pure line-of-sight channel and gives a good representation of the dominant channel path for other propagation conditions. In the case of an uncalibrated multi-panel array, and/or, a non-uniform multi-panel array, the implicit assumptions of the DFT codebook are thus broken. That is, applying a LTE Class A type DFT precoder across antenna elements of the multiple panels may not result in an efficient representation of the channel response. This is due to several factors:
1. The spacing between the last antenna element of a panel and the first antenna element of the next panel is different from the antenna element spacing within a panel for a non-uniform panel array. Thus, the phase shift between said antenna elements would have to be  rather than  (as it is for the DFT precoder) in order to create a linear phase front, where  is the DFT precoder index,  the number of antennas in a dimension and the additional distance between panels compared to the distance between panels in a uniform multi-panel array. This phase difference could of course be compensated directly for in the codebook if the panel distance was known (thus avoiding the introduction of an additional codebook component), however, the distance between panels is up to implementation.
2. There may exist an additional phase offset between panels due to, for instance, different LO phase state or frequency offset. In the worst case, the phase offset may be completely random and thus uniformly distributed in .
3. If the antenna panels have a timing misalignment, this may introduce a frequency-selective phase offset.
We first note that first two phase offsets do not depend on frequency, and thus, the compensation may be done on a wideband basis. We then note that for Type I single-beam CSI feedback, the first phase offset need not be explicitly compensated for as the second phase offset anyway can be uniformly distributed in . 
To compensate for a frequency-selective phase offset due to a possible timing misalignment, a per-subband co-phasing of antenna panels may be needed. This would however incur a large amount of overhead in comparison to the performance that can be expected. Essentially, one would pay the overhead for Type II feedback while only achieving Type I performance. In our view, this overhead is not warranted and any timing misalignment should be solved by gNB implementation rather than be incorporated in UE feedback.

Observations:
· A wideband panel co-phasing can be used to compensate for non-uniform panel spacing and different LO phase state.
· A frequency-selective panel co-phasing is needed to compensate for timing misalignment between panels.
· The overhead is not warranted and any timing misalignment should be solved by gNB implementation
For the precoding within a panel, the same codebook as for the single-panel case should be used. That is, the regular “LTE Class A”-like codebook with W1W2 structure, where W1 comprises beam selection and W2 comprises polarization cophasing should be used. As the antenna panels should be co-located for coherent transmission, the panels should see the same propagation environment, and thus, the same selection of W1 and W2 should be optimal for all panels. 
If the panel uses analogue beamforming rather than a digital implementation, a “LTE Class B”-like codebook with W2 only could be used as the per-panel codebook.
	
Proposals:
· A uniformly distributed wideband phase offset between panels should be compensated for in the coherent multi-panel codebook
· The precoding within a panel should use the single-panel codebook
· Frequency-selective panel cophasing is not supported
Based on these proposals, we can design the coherent multi-panel codebook. 

For ease of explanation, assume that  so that 4 antenna panels are used, as is illustrated in Figure 1. Assume also in the following that the antenna elements of the panel array are indexed with 

Where  is the vertical panel index,  is the horizontal panel index,   is the vertical antenna port index within a panel,  is the horizontal antenna port index within a panel and is the polarization index. That is, the multi-panel precoding matrix is constructed by stacking the precoding matrices for the constituent panels ,,,so that .
The inter-panel phase offset compensation can be described by the length-vector , where  is the phase compensation for panel . Assuming the same selection of  and  can be made for all panels, the multi-panel precoder matrix may be expressed as
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[bookmark: _Ref469496240]Figure 1: Illustration of a  non-uniform panel array of  dual-polarized panels.
Proposal:
· For coherent Type I multi-panel codebook, consider using a ternary   codebook structure where,
·   and  selected on a wideband basis
·  is according to the single-panel codebook
· Note:  in case of  for e.g. analogue panels

The question is then how to design the codebook for . We have considered the following options:
· Scalar Quantization: Each element of  is encoded independently and chosen from a PSK constellation. This will result in the best performance but will result in larger overhead.
· Vector Quantization: The elements in  are jointly encoded and selected from a codebook.
· Unstructured codebook: As the phase offsets between panels should be uncorrelated, an unstructured codebook, such as the LTE 4TX Householder rank-1 codebook, should work well.
· 2D-DFT codebook: For reference, should perform worse than the unstructured codebook.

 Evaluation results of coherent multi-panel codebook
In this section, we present simulation results comparing the different -codebook designs. As a reference and baseline for comparison, we also evaluate the LTE Rel-13/14 DFT codebook with  port layout applied across the multiple panels. The evaluated -codebook designs, as well as the associated overhead, are presented in Table 1. For all multi-panel codebooks, the LTE Rel-13/14 W1W2 codebook with  port layout is applied per panel.  
The multi-panel antenna with four 4x4 panels, as illustrated in Figure 1, have been used in the simulations. A 2x2 subarray virtualization has been applied per panel, so that each panel comprises 8 ports, meaning that 32 ports is used in total. Performance has been evaluated in the 3GPP 3D UMi scenario using the FTP1 traffic model with 100kB packet size. Remaining simulation parameters are listed in the Appendix.
[bookmark: _Ref469559579]Table 1: Overhead for W1 and W3 for the different codebooks
	Codebook
	W1 + W3 overhead

	LTE Rel-13 Class A CB (no W3)
	O=4
	8+0=8 bits

	
	O=8
	10+0=8 bits

	
	O=16
	12+0=8 bits

	Scalar Quantization W3
	BPSK
	6+3=9 bits

	
	QPSK
	6+6=12 bits

	4TX Householder W3
	6+4=10 bits

	2D-DFT W3
	O=1
	6+2=8 bits

	
	O=2
	6+4=10 bits

	
	O=4
	6+6=12 bits




The evaluation results are presented in Table 2 below, and a comparison of the cell edge UTP gain versus the W1+W3 overhead is shown in Figure 2. As seen, applying the “Rel-13”-like codebook across panels is not very efficient and results in relatively poor performance compared to the multi-panel codebooks. Of the multi-panel codebooks, the scalar quantization W3 codebook of course performs the best, even when considering the overhead. The Householder W3 codebook gives slightly larger gains than the 2D-DFT codebook when compared at the same overhead. 




[bookmark: _Ref469914823]Table 2:  Performance of different codebooks in 3GPP 3D UMi scenario at 50%RU
	
	Cell edge throughput [bps/Hz/user]
	Normalised User Throughput [bps/Hz/user]
	Cell edge gain [%]
	Normalized user throughput gain [%]

	Rel-13 CB O=4
	0.50592
	2.3138
	0
	0

	Rel-13 CB O=8
	0.51976
	2.34
	3
	1

	Rel-13 CB O=12
	0.53126
	2.3562
	5
	2

	Panel cb scalar quantization bpsk
	0.59407
	2.4833
	17
	7

	Panel cb scalar quantization Qpsk
	0.72087
	2.7172
	42
	17

	panel cb rel-8 householder 
	0.6104
	2.53
	21
	9

	panel cb DFT O=1
	0.49045
	2.2937
	-3
	-1

	panel cb DFT O=2
	0.59376
	2.4909
	17
	8

	panel cb DFT O=4
	0.6375
	2.5683
	26
	11
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[bookmark: _Ref469914885]Figure 2: Cell edge gain as function of W1+W3 overhead for the investigated codebooks

Observations:
· Applying a Rel-13 like codebook across the multiple antenna panels results in relatively poor performance, increasing oversampling factor does not increase codebook performance 
· Scalar quantization of panel cophasing yields best performance
· Householder codebook performs better than DFT at the same overhead

As the differences in feedback overhead between the investigated schemes is only a few wideband bits, it makes sense to go for the best performing scheme. We therefore propose the following.
Proposals:
· For  codebook, consider using scalar quantization of panel cophasing coefficients with QPSK constellation



Conclusions
In this paper, we have discussed the applicability of multi-panel operation, as well as proposed and evaluated codebook designs for coherent multi-panel transmission. The following observations have been made:
Observations:
· If frequency and/or timing offset exists between panels, the induced ICI can prohibit coherent transmission between panels
· A wideband panel co-phasing can be used to compensate for non-uniform panel spacing and different LO phase state.
· A frequency-selective panel co-phasing is needed to compensate for timing misalignment between panels.
· Applying a Rel-13 like codebook across the multiple antenna panels results in relatively poor performance, increasing oversampling factor does not increase codebook performance 
· Scalar quantization of panel cophasing yields best performance
· Householder codebook performs better than DFT at the same overhead
Based on these observations, we have made the following proposals:
Proposals:
· A uniformly distributed wideband phase offset between panels should be compensated for in the coherent multi-panel codebook
· The precoding within a panel should use the single-panel codebook
· Frequency-selective panel cophasing is not supported
· For coherent Type I multi-panel codebook, consider using a ternary   codebook structure where,
·   and  selected on a wideband basis
·  is according to the single-panel codebook
· Note:  in case of  for e.g. analogue panels
· For  codebook, consider using scalar quantization of panel cophasing coefficients with QPSK constellation
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Appendix
Simulation parameters
	Simulation Parameters 

	Carrier frequency
	2 GHz 

	Bandwidth
	10 MHz 

	Scenarios
	3D UMi 200m ISD

	Antenna Configurations
	Non-Uniform Panel Array
, , 2x2 virtualizaiton  tilt
0.8 vertical antenna spacing, 0.5 horizontal antenna spacing
Panel spacing 2x that of uniform panel array (4 horizontally, 6.4 vertically)
Random phase error between panels


	Cell layout
	57 homogeneous cells 

	Wrapping
	Radio distance based

	UE receiver
	MMSE-IRC

	CSI periodicity
	5 ms

	CSI delay 
	5 ms

	CSI mode
	PUSCH Mode 3-2

	Outer loop Link Adaptation
	Yes, 10% BLER target

	UE noise figure 
	9 dB

	eNB Tx power 
	41 dBm (UMi)

	Traffic model
	FTP Model 1, 100 kB packet size

	UE speed 
	3 km/h

	Scheduling 
	Proportional fair in time and frequency

	DMRS overhead
	2 DMRS ports

	CSI-RS
	Overhead accounted for.  
Channel estimation error modeled.

	HARQ
	Max 5 retransmissions

	Handover margin
	3 dB

	Transmission Mode
	SU-MIMO
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