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Introduction
The phase-1 and baseline performance evaluations of EBF/FD-MIMO are almost over, and the phase-2 performance evaluations of potential standard enhancements should be started. One challenge in FD-MIMO is the potentially large number of TXRUs and antenna ports, and obtaining CSI corresponding to the antenna ports. One proposed way of dealing with a larger number of TXRUs is based on decomposing the 3D-channel into vertical and horizontal components using the Kronecker product, and performing the channel precoding separately for vertical and horizontal direction. In this contribution we discuss potential CSI enhancements in support of Kronecker-based CSI feedback, and also evaluate the performance and feasibility of Kronecker-based CSI feedback.
Support of Kronecker-based CSI feedback
Kronecker-based CSI feedback is based on the observation that for rectangular arrays the channel can be approximated by a Kronecker product of a vertical channel component hV and a horizontal channel component hH. Denoting the full channel from all N antennas to a single Rx antenna by h, the channel is assumed to be decomposed as follows:

With this, the full channel precoder can be then formulated as a Kronecker product of a vertical precoder and a horizontal precoder, i.e. for rank-1,

Basically, the UE needs to measure hV and hH, and calculate the horizontal and vertical precoders based on those channel estimates. The eNB can then form the full channel precoder as described above.
This approach can be readily implemented using the existing specifications by configuring two CSI processes to the UE, one CSI process corresponding to the vertical channel component, and the other corresponding to the horizontal channel component. Two potential shortcomings of using the existing specifications can be immediately identified (in addition to requiring two CSI processes):
· The existing precoding codebooks have been designed for horizontal arrays, i.e. for the azimuth direction. When applied to the vertical channel component, they may perform suboptimally considering the rather large spacing between the antenna elements and the slightly different channel angular spread conditions in the elevation direction compared to the azimuth direction.
· CQI feedback is performed separately for azimuth and elevation precoders, and as such does not take into account the full array gain. Typically, for example, the CSI-RS corresponding to the horizontal channel component would be virtualized in the vertical direction using a cell-common precoder, e.g. tilting the transmission down with a wide beam. Thus the CQI measured from the horizontal CSI-RS would reflect the cell-common vertical precoder, not the optimum one measured on the vertical CSI-RS resource. The same applies to the CQI measured on the vertical CSI-RS – the azimuth precoding gain is not correctly reflected to the CQI. Basically the eNB needs to combine the two CQIs into one via some implementation-dependent method.

Hence, the potential standard enhancements include an elevation precoding codebook and CQI enhancements. Should the Kronecker-based approach be adopted, depending on the CQI design, it could be also considered whether the CSI-RS resources corresponding to both vertical and horizontal CSI-RS resources could be configured within a single CSI process.
Observations:
· Kronecker-based CSI feedback can be implemented with the existing specification by using two CSI processes.
· Potential enhancements include introduction of an elevation codebook, and enhancements to CQI measurements, ideally enabling the CQI to reflect the full array gain in a single CQI.

However, first the feasibility of the scheme obviously needs to be evaluated. In particular, it is not entirely clear how the Kronecker-based CSI feedback will perform in practical channels. Decomposing the channel into a Kronecker product of vertical and horizontal channel components is an approximation of the actual channel, and may or may not reflect the true channel, depending on the propagation conditions. When the approximation does not hold, obviously also the performance of the Kronecker-based CSI feedback will be degraded. 
Evaluation results
To evaluate the feasibility and performance of Kronecker-based CSI feedback, we performed system simulations in the agreed homogeneous network scenarios, assuming a four-column cross polarized array at the eNB. We simulated the following schemes:
· Phase-1 result as a reference, assuming an antenna array of 8 TXRUs.
· Dual CSI-RS scheme with 16 TXRUs as a baseline as discussed in [1], with optimized tilt angles. It is noted that in this scheme, the reported CQI reflects the actual achieved array gain as it is measured on CSI-RS resources that are precoded in elevation domain with the same precoder as the actual PDSCH transmission. Furthermore, CSI estimation is improved due to the elevation precoding of CSI-RS. Finally, since the tilt angles are optimized, even inter-cell interference is taken into account to some extent as the optimum tilt angles basically maximize the system throughput.
· Kronecker-based CSI feedback with 32/64 TXRUs, assuming an azimuth CSI process with the Release 10 8-Tx codebook and an elevation CSI process with a DFT codebook. The azimuth and elevation CSI-RS ports are mapped to TXRUs in the middle row and column of the array (see Figure 1).
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Figure 1. CSI-RS to TXRU mapping for the Kronecker precoding scheme for (M,N,P,Q) = (8,4,2,64).

In the Kronecker-based CSI feedback scheme each UE is configured to two CSI processes. The azimuth CSI process uses mode 3-2 feedback with the Release 10 codebook. The elevation CSI process uses wideband PMI reporting with a DFT elevation codebook. The CQI and RI used for scheduling are derived from the azimuth CSI process, assuming the elevation beamformer applied in the azimuth CSI-RS resource and the PDSCH transmission is the same. That is, the UE does not factor the elevation beamforming gain into the CQI report, simply because it has insufficient information to do so. The CQI of the elevation CSI-RS process is disregarded at the eNB, as there is no reliable way to combine it with the azimuth CQI. Instead, the eNB applies a constant compensation to the CQI of the azimuth CSI-RS process that equals the maximum elevation domain array gain, 10log10(M). While this is in many cases too high a compensation, the outer-loop link adaptation is rather fast in recovering from too aggressive link adaptation, which somewhat alleviates the problem.
In order to keep the overhead low, no CSI-RS reuse pattern is configured (no muting). Moreover, the CSI-RS of the serving cell is assumed to collide with PDSCH transmission of the neighboring cell. Frequency domain Wiener filter is used as a CSI-RS channel estimator, which is modeled in the system simulator. Furthermore, TM10 is assumed with CSI interference estimation from CSI-IM resources that collide only with PDSCH transmission from neighboring cells. Only SU-MIMO is considered.
User throughput results of the evaluated schemes are given in Table 1 showing the performance of the phase-1 scheme, the baseline dual CSI-RS scheme, and the Kronecker precoding scheme where the only considered standard enhancement is the DFT-based elevation codebook. We consider here the 3D-UMi scenario only since, out of the agreed evaluation scenarios, it is considered to have the best opportunities for UE specific elevation beamforming. Detailed simulation assumptions are listed in Annex A.
Table 1. User throughput results for 8, 16, and 32/64 TXRUs schemes.
	Offered traffic load
	13 Mbps/sector

	3D-UMi, 2.0 GHz
(M,N,P) = (8,4,2)
	RU [%]
	Mean [Mbps]
	5th %ile [Mbps]

	Q=8 (single CSI-RS)
	50.3
	21.33
	4.66

	Q=16 (dual CSI-RS)
	41.5
	25.00
	7.22

	Q=64 (Kronecker CSI-RS)
	TBA
	TBA
	TBA

	Gain from 64 over 16 TXRUs
	
	 TBA
	TBA 

	3D-UMi, 3.5 GHz
(M,N,P) = (4,4,2)
	RU [%]
	Mean [Mbps]
	5th %ile [Mbps]

	Q=8 (single CSI-RS)
	52.8
	20.30
	4.02

	Q=16 (dual CSI-RS)
	49.3
	21.67
	4.80

	Q=32 (Kronecker CSI-RS)
	57.5
	19.59
	3.28

	Gain from 32 over 16 TXRUs
	
	-10 %
	-32 %



The results clearly indicate that the assumed straightforward implementation of the Kronecker precoding scheme provides a rather poor performance, giving comparable performance to the phase-1 single elevation beam scheme. A number of reasons can be identified why this is indeed the case, which we discuss in the following.
The first obvious reason for the subpar performance of the Kronecker precoding scheme is that the MIMO channel departs significantly from the Kronecker assumption in practice. This has an adverse impact on the CSI accuracy. In order to quantify the impact we have simulated the Kronecker scheme assuming a genie aided PMI selector and/or a genie aided CQI selector. In the genie aided schemes the UE has perfect knowledge of the full 2x64 or 2x32 MIMO channel for the purpose of PMI / CQI selection. This removes the impact of CSI-RS channel estimation error as well as the departure from the Kronecker channel assumption. The corresponding results are given in Table 2.


Table 2. User throughput for genie-aided CQI/PMI selection for the Kronecker precoding scheme.
	Offered traffic load
	13 Mbps/sector

	3D-UMi, 2.0 GHz
(M,N,P) = (8,4,2)
	RU [%]
	Mean [Mbps]
	5th %ile [Mbps]

	Q=16 (dual CSI-RS)
	41.5
	25.00
	7.22

	Q=64, Kronecker
	TBA
	TBA
	TBA

		w/ genie CQI
	TBA
	TBA
	TBA

		w/ genie PMI
	46.8
	23.60 [-6 %]
	5.45 [-25 %]

		w/ genie PMI & CQI
	40.1
	26.16 [+5 %]
	7.80 [+8 %]

	3D-UMi, 3.5 GHz
(M,N,P) = (4,4,2)
	RU [%]
	Mean [Mbps]
	5th %ile [Mbps]

	Q=16 (dual CSI-RS)
	49.3
	21.67
	4.80

	Q=32, Kronecker 
	57.5
	19.59 [-10 %]
	3.28 [-32 %]

		w/ genie CQI
	51.4
	20.99 [-3 %]
	4.42 [-8 %]

		w/ genie PMI
	53.6
	20.85 [-4 %]
	4.17 [-13 %]

		w/ genie PMI & CQI
	47.8
	21.99 [+1 %]
	5.22 [+9 %]



As can be seen from the results in Table 2, the impact of imperfect CQI and PMI (and RI) derivation at the UE is rather large. This is not only due to the departure from the Kronecker channel assumption. Another reason for the degradation is that the azimuth and elevation CSI-RS resources are transmitted with a cell-wide beam (not beamformed). This has a detrimental effect on the CSI-RS channel estimation performance, as the SINR on the CSI-RS REs is rather low. 
It is noted also that the baseline scheme using dual CSI-RS is in fact very good as the tilt angles are optimized to maximize system throughput, and thus inter-cell interference is also taken into account.
Observation:
· Without standard enhancements, Kronecker-based CSI feedback performs poorly due to
· Departure from the Kronecker channel assumption
· CQI mismatch
· Increased CSI-RS estimation error

Another aspect to consider is whether elevation DFT codebook should contain beams that point to the horizon or not, as these beams basically increase the inter-cell interference even though they might offer the best array gain for some UEs. The results in Table 3 illustrate the impact of close-to-horizon beams in the DFT elevation codebook. The assumed sets of beam tilts are
· Horizon-restricted DFT codebook beam tilts
· 90+{-24,-23,…,-8,7,8,…,24} degrees for (M, N, P) = (8, 4, 2) / 2 GHz
· [bookmark: _GoBack]90+{-24,-23,…,-10,10,11,…,24} degrees for (M, N, P) = (4, 4, 2) / 3.5 GHz
· Unrestricted DFT codebook beam tilts
· 90+{-24,-23,…, 24} degrees


Table 3. User throughput for the Kronecker precoding scheme with/without close-to-horizon beams.
	Offered traffic load
	13 Mbps/sector

	3D-UMi, 2.0 GHz
(M,N,P) = (8,4,2)
	RU [%]
	Mean [Mbps]
	5th %ile [Mbps]

	Q=64, unrestricted DFT CB
	TBA
	TBA
	TBA

		w/ genie CQI
	TBA
	TBA
	TBA

	Q=64, restricted DFT CB
	TBA
	TBA
	TBA

		w/ genie CQI
	TBA
	TBA
	TBA

	3D-UMi, 3.5 GHz
(M,N,P) = (4,4,2)
	RU [%]
	Mean [Mbps]
	5th %ile [Mbps]

	Q=32, unrestricted DFT CB
	57.5
	19.59
	3.28

		w/ genie CQI
	51.4
	20.99
	4.42

	Q=32, restricted DFT CB
	58.2
	19.00
	3.15

		w/ genie CQI
	50.6
	21.25
	4.58



The results of Table 3 indicate that if the realistic CQI is assumed, the full set of beams in the DFT elevation codebook gives a better performance than the restricted set. However, if the genie CQI is switched on, the reverse is true, as expected. One reason for this behavior is that the CQI compensation for elevation beamforming gain is constant and hence closer to the truth when the best DFT beam is chosen from the full set of beams. When the restricted set of beams is assumed, the compensation is overly optimistic. Therefore, if the CQI mismatch problem is solved, restricting the PMI selection could be beneficial as inter-cell interference is reduced. 
Probing further into the elevation PMI selection in fact revealed that in the simulation the majority of the UEs were reporting PMIs that correspond to beams that are pointing closest to the horizon. In fact, only less than a third of the UEs were reporting PMIs that point further from the horizon. This is yet another factor degrading the Kronecker precoding scheme: Most UEs are reporting PMIs that cause most inter-cell interference and, while the selected PMIs may be the best from the perspective of the single UE, they are in fact harmful from the overall system perspective. The other side of this is that only a small minority of the UEs are actually achieving a significant increase of serving cell signal power through the more flexible elevation beamforming. This small gain is offset by the more inaccurate CQI and PMI selection, also in the azimuth CSI process. 
To summarize, we can make the following observations: 
Observations:
· The UEs tend to select elevation precoders that form beams close to the horizon.
· PMI selection is optimized from the perspective of a single UE – but actually harmful to the overall system due to increased inter-cell interference!
· Methods controlling the PMI selection would be beneficial, however only if CQI reflects the true precoding gain.
· Otherwise the benefits may be lost due to CQI inaccuracies – however this also depends on the used CQI prediction techniques at the eNB side.
· It is very unclear if there is any feasible way of predicting the full CQI based on separate vertical and horizontal CSI reports.


Conclusion 
In this contribution we have provided some discussion on the potential specification enhancements as well as on the performance of Kronecker-based CSI feedback. As a conclusion, based on the results and our observations, we make the following proposal:
Proposal: Study Kronecker-based CSI feedback further:
· Study methods for improving the CQI accuracy for Kronecker- type elevation/azimuth CSI schemes.
· Methods for restricting/controlling the elevation PMI selection should be considered for schemes that employ PMI feedback -based closed loop elevation beamforming.
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Annex A – Simulation assumptions
	Parameter
	Value

	Scenario
	3D-UMi , ISD 200m:
· 8TXRU: One beam 100° (2.0 GHz & 3.5GHz)
· 16TXRU: Dual beam 82° & 97° @ 2.0 GHz, 
76° & 102° @ 3.5 GHz

Geographical distance based wrapping

	eNB antenna array
	URA x-pol, -45/+45 degree slants, 8 / 16 / 32 / 64 TXRUs
4 columns and 8 rows, 0.5-wavelength horizontal and 0.8-wavelength vertical spacing for 2.0 GHz [2, 3]
4 columns and 4 rows, 0.5-wavelength horizontal and 0.5-wavelength vertical spacing for 3.5 GHz [2, 3]
Polarization model 2 

	UE antenna array
	2 Rx x-pol, 0/90 degrees slant

	Traffic model
	FTP model 1
0.5 Mbytes packet size
Offered load: 13 Mbps/sector

	CSI-RS port virtualization / configuration
	8 TXRU:
One to one CSI-RS to TXRU mapping
16 TXRU:
Two 8 port CSI-RS resources mapped one-to-one to TXRUs, one set per elevation tilt
32/64 TXRU:
Two 8 port CSI-RS resources, mapped to a single row and a single column/polarization of the array (see Figure 1)

	CRS port 0 virtualization
	8 TXRU:
CRS port 0 mapped a single TXRU same as CSI-RS port 15
16 TXRU:
CRS port 0 mapped to the 2 TXRUs in the first column connected to +45 degree polarized elements via unit precoder [1 1]/sqrt(2)
32/64 TXRU:
CRS port 0 virtualized such that the same beam pattern is realized as in the 16 TXRU case

	Cell association method
	RSRP on CRS port 0, 3dB handover margin

	Carrier frequency
	2 GHz / 3.5 GHz

	Bandwidth
	10 MHz

	Channel and interference covariance estimation
	Modeled for both demodulation and CSI:
FD-Wiener filter, Wishart-based sample covariance model 

	CSI feedback
	Mode 3-2 with 5ms periodicity and 5ms delay
(for elevation CSI-RS resource wide-band DFT rank-1 PMI)

	CRS locations
	Colliding across all cells

	Transmission mode
	TM10

	Overhead
	2 CRS ports, 3 PDCCH symbols, 12 DMRS REs, and 8 / 16 CSI-RS and 4 CSI-IM REs with 5ms periodicity.

	Scheduling
	PF, SU-MIMO

	OLLA
	10% BLER target

	Azimuth precoding
	8-TX codebook

	Max modulation order
	64QAM

	UE receiver
	MMSE-IRC

	Max HARQ transmissions
	4

	EVM
	Tx 6%, Rx 4%






