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Discussion

1 Introduction

CoMP transmission is an attractive solution to improve both the average and cell edge throughputs and is widely considered to meet the ITU target requirements [1-5]. In this contribution we provide system level simulation results on inter-site coordinated beamforming with explicit feedback. Here each UE is limited to one spatial stream and its feedback consists of wideband channel-covariance of the serving cell and the dominant interfering cells. We also analyze the performance of two simple feedback reduction schemes: In one scheme each UE reports the channel covariance of a single, strongest interfering cell. In another the feedback consists of the rank-1 approximation of the channel covariance. We do not address the feedback quantization aspects in this contribution 
2 CoMP Operation

2.1 Feedback

Each UE measures via CSI-RSs and reports the channel of interfering cells whose long-term RSRP lies down to a certain threshold below the serving cell’s. The following table shows the distribution of the number of reported interfering cells (but up to a maximum of 4) as a function of the RSRP-threshold for ITU UMi Scenario
	Number of reporting cells

relative RSRP Threshold 
	0
	1
	2
	3
	4

	10dB
	44%
	27%
	18%
	7%
	4%

	20dB
	0%
	0%
	32%
	19%
	49%



Table 1:  Distribution of the number of cells reported by a UE (but up to a maximum of 4) as a function of the relative RSRP threshold (UMi scenario)
The UE feeds back the channel transmit covariance. There are two flavors for this feedback. In one flavor, denoted by “whitened”, the channel matrices of all reported cells are whitened [9] by the covariance of interference from cells outside the reporting set (plus thermal noise). The UE then calculates the transmit channel covariance which is averaged across time and frequency. The whitened channel covariance is given by
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is the covariance estimate of the noise and interference outside the reporting set, averaged over the previous 10 TTIs. The sum over frequency is performed over the entire bandwidth while the time summation is over the feedback update interval. The channel whitening obviates the need for an explicit noise feedback.
Alternatively, we considered also a non-whitened flavor as follows:
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For this non-whitened channel covariance the UE feeds back also the average noise variance at the UE:
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is the number of UE receive antennas.

We study the following two feedback types:
1. Full Covariance (Full-R):  The UE feeds back the full channel covariance of the serving cell and of all cells in the reporting set. The Full-R consists of (M2-M)/2 complex numbers plus M real numbers per cell, where M is the number of Tx antennas.

2. Eigen Vector Approximation (EIG-R): Here the UE feeds back the covariance matrix’s principal eigen vector and its corresponding eigenvalue instead of the full matrix. The Eig-R consists of M-1 complex numbers plus two real numbers per cell.
Quantization is not modeled with either feedback types.
2.2 Scheduling and Precoding

Scheduling and precoding follows the SLR-based iterative algorithm for joint scheduling and beamforming described in [1]. One difference from [1] is that in [1] only the non-whitened feedback is considered, while here we formulate the SLR and SNR expressions for both the non-whitened and whitened cases. Also note that in here the transmission is limited to a single spatial stream per UE. The algorithm is repeated here for completeness.

The iterative algorithm proceeds as follows: 

Initialization: Each cell determines tentative UEs based on priority metrics calculated assuming no coordination. Precoding is selected by maximizing the SU (or MU) SNR assuming spatially white interference from other cells.
Iteration-step: For each cell, and for each UE, a precoder is found based on SLR approach [6, 8] as used in [1]. For example, the precoder for UE #1, served by cell #1, can be calculated as 
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Where 
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represents the channel-covariance of cell j as estimated and reported by UE k, and 
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 is the precoder of cell j.  Ak is the set the tentative UEs which include cell k in their report, and 
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 represents the interference observed at user-m excluding the received power from its serving cell and the interference from cell-k:
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Where Bm is the reported set of UE #m and s(m) denotes its serving cell. Note that for whitened feedback N0m=1. The above equations hold for COMP with intra-cell SU-MIMO. With intra-cell MU-MIMO the precoder design should take into account also the intra-cell interference. 

Once the precoders are computed, the achievable rates for the tentative UEs are recalculated due to the precoder change. For example, in SU mode the SNR of UE #1 served by cell #1 is estimated by the scheduler as follows
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In MU-MIMO, each cell schedules two UEs (say UE #1 and UE#2) and the SNR estimates for the paired UEs in cell#1 are then obtained by 
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Where
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represents the precoder of UE m from cell j, and Sm is the set of interfering cells reported by UE m. Note that, for the case of whitened feedback, the noise variances 
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The per-UE achievable rates are estimated based on the SNR and normalized by their average throughput for proportional fairness. The pair that maximizes the sum of normalized rates is tentatively updated as the scheduled UEs. The iteration continues for a certain number of cycles.
For the case of Eig-R, the covariance is obtained from its rank-1 approximation
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and v are the principal eigen-value and eigen-vector of R respectively, 
2.3 Link Adaptation
The MCS assignment for the scheduled UEs is based on the approximated SNR calculated in the scheduling stage. Chase combining is used for the HARQ retransmissions. UEs with retransmissions are given higher priorities during the scheduling stage.
2.4 UE Receiver

MMSE and MRC receivers are simulated at the UE. We assume ideal channel estimation for both MMSE and MRC. For the MRC receiver the UE uses perfect channel knowledge of only the serving cell and does not utilize the spatial covariance information of other cells.  For the MMSE case, the serving cell channel and the interfering cell channels (including reporting and non-reporting cells) are assumed to be estimated perfectly.
2.5 Simulation Results:

We consider an Urban Micro setup with half lambda antenna spacing at the eNB. All the simulation assumptions are summarized in the appendix. Absolute Spectral efficiencies for the various feedback and transmission schemes are summarized in table 2. For the MMSE receiver we used the whitened feedback. For the MRC receiver we found that although whitened feedback worked OK for the MU-MIMO+CoMP case, non-whitened feedback worked better for all the rest. We therefore report these latter cases with non-whitened feedback.

	4x2 ITU Umi
0.5 lambda ULA at eNB and UE
	MMSE
	MRC

	
	Average Sector Throughput (bits/s/Hz)
	5 % UE Throughput (bits/s/Hz)
	Average Sector Throughput (bits/s/Hz)
	5 % UE Throughput (bits/s/Hz)

	SU Rank1 
Full-R
	1.91
	0.071
	 1.54
	0.052

	MU 
Full-R
	2.27
	0.088
	1.95
	0.068

	SU Rank1 + CoMP   
Full-R
(up to 4 cells within 20dB)
	2.55
	0.90
	2.39
	0.086

	MU + CoMP
Full-R 
 ( up to 4 cells within 20dB )
	3.09
	0.090
	2.72
	0.077

	MU + CoMP  
Full-R
2 strongest interfering cells
	2.90
	0.089
	2.54
	0.077

	MU + CoMP 
Full-R
one strongest interfering cell
	2.57
	0.086
	2.02
	0.066

	MU + CoMP  
Eig-R 
2 strongest interfering cells 
	2.46
	0.072
	2.08
	0.065

	MU + CoMP   

Eig-R
one strongest interfering cell
	2.38
	0.076
	1.66
	0.048


Table 2: System level simulation results
Summarizing the results, we observe that reporting the two strongest interfering cells (instead of reporting up to 4 interfering cells) does not degrade performance significantly. This is “good news” because the report of those extra, weakly-received, interfering cells is bound to be very inaccurate, so that even the small gain observed in the simulation due to these extra reported cells cannot be achieved in practice. 

Further reducing the reporting set to the single strongest interfering cell does cause a significant degradation. Similarly, reporting the principal eigenvector of R instead of full R degrades performance. Overall, these performance losses are higher for the MRC receiver than for the MMSE.
3 Conclusion
We quantified the losses due to two feedback reduction schemes: (1) The shrinking of the reported cells to one or two strongest interfering cells, (2) Approximation of the full transmit covariance by its dominant eigenvector and eigenvalue. 
While this contribution focuses only on wideband feedback, preliminary results for narrowband feedback and narrowband scheduling indicate that the performance degradation due to the above feedback reductions is smaller.
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5 Appendix

The following table lists the parameters that we used in the system simulation.
	Parameter
	Assumption

	Antenna Configuration
	4-Tx eNB: ULA, 0.5 lambda

2-Rx UE: ULA, 0.5 lambda

	Channel Model
	ITU Urban Micro

	Traffic Model
	Full Buffer

	Duplex method 
	FDD 10MHz

	Cellular Layout 
	Hexagonal grid, 19 cell sites, 3 sectors per site with wraparound

	Number of users 
	10 (on average)

	UE Feedback
	Wideband time averaged channel covariance or its principal eigen vector for the serving cell and the cells in the reporting set.

	Feedback Impairments
	Reporting period: 5 ms ;

Delay: 5 ms

	Scheduler Type
	Proportional fair

	CoMP Scheduler
	Iterative scheduler, iteration performed per subframe ; Backhaul latency not modeled

	Rank-adaptation
	1-layer beamforming per UE, 2 UEs in MU-MIMO

	Link adaptation
	MCS from approximate SNR calculated based on covariance feedback 

	HARQ Scheme
	Chase Combining 

	Maximum number of retransmissions
	3

	OLLA
	On with Target BLER=20% and warm-up time=1s

	Scheduling  granularity
	Wideband

	Inter-cell interference modelling
	4 strongest interfering cells are explicitly modelled.

	Receiver Configuration
	MRC, MMSE

	Overhead
	30.3 % (Agreed overhead assumption for performance evaluation for ITU submission (LTEA MIMO/CoMP, L=3 control symbols))
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