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1 Introduction

In 3GPP RAN1 #63bis meeting, the agreements were reached on the initial evaluation work for Phase 1 of CoMP: Homogeneous network with high Tx power RRHs.
According to the agreed evaluation assumptions [1], we provide the CoMP evaluation results in FDD and TDD. For all the evaluated scenarios, obvious CoMP gains over single cell MU-MIMO are observed. 

2 System Evaluation of Phase 1
2.1 Evaluation results

10 UEs per cell was assumed in full buffer traffic model for homogeneous networks with high transmission power RRHs. The central entity can coordinate 9 cells, and the coordinated RRHs are connected by fiber, which means zero latency and infinite capacity is assumed for backhaul. A Greedy + Proportional Fair scheduler is used for single cell MU-MIMO and CoMP JT to allocate near-optimal resource blocks to UEs to guarantee high cell average throughput and cell edge UE throughput. Overhead calculation and feedback schemes are described in section 2.2, and further assumptions are listed in Appendix B.

As shown in Table 1 and Table 2, obvious gain of MU-JT over single cell MU-MIMO can be observed for both FDD and TDD. 

· CoMP JT in FDD, with realistic codebook quantized feedback, is capable to provide about 5%-10% improvements for cell average throughput and about 40% improvements for cell edge UE throughput over single-cell MU-MIMO in Case1 with 8 or 15 degree angle spread for cross-polarized and closely-spaced antenna configurations, and also provide about 15%-20% improvements for cell average throughput and about 40%-55% improvements for cell edge UE throughput for co-polarized and closely-spaced antenna configurations; 

· CoMP JT in TDD can achieve higher throughput with SRS-based CSI measurement, thanks to the DL/UL channel reciprocity, and provide about 25%-30% improvements for cell average throughput and about 50% - 70% improvements for cell edge UE throughput over single-cell MU-MIMO in Case1 for cross-polarized and closely-spaced antenna configurations, and also provide about 30%-35% improvements for cell average throughput and about 60%-80% improvements for cell edge UE throughput for co-polarized and closely-spaced antenna configurations;

· The gains provided by CoMP JT in Case1 with 15 degrees angle spread are larger than that in Case 1 with 8 degree angle spread, especially for cell edge UE throughput. This is because large angle spread leads to a more severe interference from co-site cells.
· CoMP JT in UMi can achieve higher gains over single-cell MU-MIMO compared with in Case 1, and provide about 15%-35% improvements for cell average throughput and about 50% - 70% improvements for cell edge UE throughput in FDD, and also provide about 60%-75% improvements for cell average throughput and about 60%-100% improvements for cell edge UE throughput in TDD. One of the reasons could be found from the geometry shown in figure 2, multi-cell JT could provide more gains in UMi because some links between user and serving site are LOS links and LOS has lower path loss than NLOS, leading to a more severe interference environment in UMi.
· The Jain index can be improved by CoMP with no loss in cell capacity nor cell-edge user throughput.
Table 1. Evaluation of CoMP Gain in FDD 
	
	Number of antennas
	Antenna Configuration
	Cell capacity gain over single cell MU-MIMO
	Cell edge [5%] user gain over single cell MU-MIMO
	Jain Index

	
	
	
	
	
	Single cell MU-MIMO
	MU-JT

	Case1 AS=8°
	2x2
	X
	5.30%
	39.02%
	0.7093
	0.7918

	
	
	||
	19.94%
	51.60%
	0.7435
	0.822

	
	4x2
	XX
	7.19%
	39.66%
	0.7496
	0.8246

	
	
	||||
	16.56%
	41.95%
	0.7446
	0.8057

	Case1 AS=15°
	2x2
	X
	7.59%
	44.20%
	0.7021
	0.7972

	
	
	||
	20.28%
	57.36%
	0.7478
	0.8294

	
	4x2
	XX
	7.69%
	44.02%
	0.7651
	0.8424

	
	
	||||
	13.87%
	53.19%
	0.7536
	0.8246

	UMi
	2x2
	X
	30.41%
	68.85%
	0.6624
	0.7657

	
	
	||
	36.92%
	57.64%
	0.7089
	0.7642

	
	4x2
	XX
	17.73%
	52.26%
	0.7002
	0.7653

	
	
	||||
	15.09%
	50.86%
	0.7092
	0.7617


Table 2. Evaluation of CoMP Gain in TDD
	
	Number of antennas
	Antenna Configuration
	Cell capacity gain over single cell MU-MIMO
	Cell edge [5%] user gain over single cell MU-MIMO
	Jain Index

	
	
	
	
	
	Single cell MU-MIMO
	MU-JT

	Case1 AS=8°
	2x2
	X
	27.18%
	67.47%
	0.7084
	0.8104

	
	
	||
	34.60%
	64.59%
	0.7357
	0.8235

	
	4x2
	XX
	24.70%
	51.29%
	0.7389
	0.8107

	
	
	||||
	29.08%
	61.48%
	0.7393
	0.8057

	Case1 AS=15°
	2x2
	X
	30.11%
	70.97%
	0.7133
	0.7974

	
	
	||
	35.76%
	82.46%
	0.7387
	0.8278

	
	4x2
	XX
	30.26%
	70.20%
	0.7483
	0.8205

	
	
	||||
	30.25%
	80.89%
	0.7494
	0.8241

	UMi
	2x2
	X
	66.84%
	100.08%
	0.662
	0.7735

	
	
	||
	75.73%
	94.29%
	0.714
	0.7674

	
	4x2
	XX
	61.56%
	60.18%
	0.6863
	0.7752

	
	
	||||
	61.77%
	91.63%
	0.7145
	0.7718
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Figure 1. User spectral efficiency of single cell MU-MIMO and MU-JT 
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Figure 2. Geometry of single cell MU-MIMO and MU-JT in Case 1 and UMi

2.2 Overhead Calculations 

DL overhead considers the following: 

· 288 REs SSCH per radio frame, 240 REs PBCH per radio frame,

· PDCCH: 3 symbols (2 symbols for DwPTS in TDD) for both single-cell MU-MIMO and CoMP.
· RS: 
· 1 port CRS and 12 REs DM-RS for both single-cell MU-MIMO and CoMP; 
· 2 or 4 port CSI-RS with 5ms period for single-cell MU-MIMO and CoMP; 
· No muting for single-cell MU-MIMO, (4 port x 4+ 2 port) muting with 10ms period for 2Tx CoMP (assuming that 2-port CSI-RS patterns of 9 coordinated cells can combine to form four 4-port CSI-RS patterns and one 2-port CSI-RS pattern), 4 port x 4 muting with 10ms period for 4Tx CoMP.
DL overhead ratio is calculated as Table 3:
Table 3 DL overhead ratio of single-cell MU-MIMO and CoMP

	
	Single-cell MU-MIMO
	CoMP

	FDD 2x2
	0.330096
	0.340810

	FDD 4x2
	0.332476
	0.351524

	TDD 2x2
	0.326154
	0.345385

	TDD 4x2
	0.330427
	0.364615


Feedback overhead considers the following: 

· 4bit subband CQI.

· For FDD, single-cell MU-MIMO is based on the adaptive codebook feedback scheme [2]; CoMP JT is based on a hierarchical multi-cell feedback scheme described as Appendix A, more details can be found in [3]. 

· Single-cell CSI feedback overhead: serving cell rank-1 PMI (2 or 4 bits)

· CoMP JT CSI feedback overhead: serving cell rank-1 PMI (2 or 4 bits), cooperative cell CSI (4 bits) for each cooperative cell in the CoMP coordination cluster
· For TDD, single-cell MU-MIMO and CoMP JT applies the UL SRS-based CSI measurement without any quantization impact.
Feedback overhead per UE is calculated as:

In FDD：

 Feedback overhead per UE =(BCQI+Bserving_cel_PMI+Binter_cell_info*(Ncoordinated_cell-1))*Nsubband/Tfeedback_period
- BCQI is the size of CQI, BCQI=4bits;

- Bserving_cel_PMI is the size of serving cell’s PMI, Bserving_cel_PMI =2 bits for 2Tx, Bserving_cel_PMI =4 bits for 4Tx;

- Binter_cell_info is the size of inter cell information, Binter_cell_info =4 bits;

- Ncoordinated_cell is the average number of coordinated cells, Ncoordinated_cell =1 for single-cell MU-MIMO, Ncoordinated_cell =3.5 for CoMP (Ncoordinated_cell =3.3 in Case 1, Ncoordinated_cell =3.6 in UMi, we choose Ncoordinated_cell =3.5 for simplification);
- Nsubband is the number of subbands used in DL, Nsubband =17 ;

- Tfeedback_period is the feedback period, Tfeedback_period =5ms for single-cell MU-MIMO,  Tfeedback_period =10ms for CoMP .
In TDD：
Feedback overhead per UE =BCQI*Nsubband/Tfeedback_period
- BCQI is the size of CQI, BCQI=4bits;

- Nsubband is the number of subband used in DL, Nsubband =25 for TDD;

- Tfeedback_period is the feedback period,  Tfeedback_period =5ms for both single-cell MU-MIMO and  CoMP.
Detailed feedback overhead per UE is shown as following:

Table 4 Feedback overhead per UE of single-cell MU-MIMO and CoMP
	
	Single-cell MU-MIMO

 [kbps]
	CoMP

 [kbps]

	2Tx in FDD
	20.4
	27.2

	4Tx in FDD
	27.2
	30.6

	2Tx & 4Tx in TDD (1)
	20
	20


(1) SRS overhead is the same in CoMP and non-CoMP cases. It is not included in Table 4.

From the table, we can see that the feedback overhead of the simulated single-cell MU-MIMO, which is used as benchmark in our evaluation, is similar with the feedback overhead of CoMP. The results in the paper therefore isolate the benefit of multi-cell to single-cell operation, under similar feedback overhead. 
3 Conclusions

This contribution evaluates single cell MU-MIMO and CoMP MU-JT performances in Case1 and UMi scenario. The results are summarized below:

· CoMP JT in FDD, with realistic codebook quantized feedback, is capable to provide about 5%-10% improvements for cell average throughput and about 40% improvements for cell edge UE throughput over single-cell MU-MIMO in Case1 with 8 or 15 degree angle spread for cross-polarized and closely-spaced antenna configurations, and also provide about 15%-20% improvements for cell average throughput and about 40%-55% improvements for cell edge UE throughput for co-polarized and closely-spaced antenna configurations; 

· CoMP JT in TDD can achieve higher throughput with SRS-based CSI measurement, thanks to the DL/UL channel reciprocity, and provide about 25%-30% improvements for cell average throughput and about 50% - 70% improvements for cell edge UE throughput over single-cell MU-MIMO in Case1 for cross-polarized and closely-spaced antenna configurations, and also provide about 30%-35% improvements for cell average throughput and about 60%-80% improvements for cell edge UE throughput for co-polarized and closely-spaced antenna configurations;

· The gains provided by CoMP JT in Case1 with 15 degrees angle spread are larger than that in Case 1 with 8 degree angle spread, especially for cell edge UE throughput. This is because large angle spread leads to a more severe interference from co-site cells.
· CoMP JT in UMi can achieve higher gains over single-cell MU-MIMO compared with in Case 1, and provide about 15%-35% improvements for cell average throughput and about 50% - 70% improvements for cell edge UE throughput in FDD, and also provide about 60%-75% improvements for cell average throughput and about 60%-100% improvements for cell edge UE throughput in TDD. One of the reasons could be found from the geometry shown in figure 2, multi-cell JT could provide more gains in UMi because some links between user and serving site are LOS links and LOS has lower path loss than NLOS, leading to a more severe interference environment in UMi. .

· .

· The Jain index can be improved by CoMP with no loss in cell capacity nor cell-edge user throughput.
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Appendix A. CoMP JT Feedback schemes

In CoMP JT feedback schemes, long term covariance matrix R for each cell and complementary inter-cell information is used to extend feedback scheme from single-cell feedback to multi-cell feedback. The inter-cell information W could be selected from a well-designed codebook such as Grassmanian codebook or the other extended codebook. 

Considering that covariance matrix R is long term, the total feedback overhead will be reduced and might remain in a reasonable level. Take 4 TX antennas for an example, assuming that 4-bit codebook is used for serving cell, and 4-bit codebook is used for W, then the short term feedback overhead will be 4 bits for each cell.

Assuming the number of transmitted streams is 1 and cooperating set size is K, the details of this method can be described by the following steps:

Step 1: Individually obtain the wideband covariance matrix Ri of the ith cell in long term, and Ri could be fed back explicitly or obtained by channel reciprocity. From eigenvalue decomposition, we have 
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, where Vi (i=1… K) is eigenvector of Ri , and D2i  is eigenvalue of Ri . To compress the feedback overhead, we can only use the largest M (1≤M≤NTX) eigenvalues and relevant eigenvectors.

Step 2: Select serving cell PMI using single cell MIMO feedback scheme, such as adaptive codebook [2] . Assuming that cell 1 is the serving cell, P1 is the codeword for cell 1.

Step 3: Select 
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 (i=2…K) from the codebook for W. 

The joint CSI can be represented as
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 (i=2…K) from the codebook for W to get the best 
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 according to different principles, such as maximizing the receiving signal power or receiving SINR, etc.
Considering we only use the largest M eigenvalues and relevant eigenvectors of Ri, and only use 1 transmission stream, as results, the size of Vi is NTX (M, the size of 
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 (M=1) is listed in [3].

An example of feedback scheme with two coordinated cells is shown in Figure 2.
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Figure 3 hierarchical feedback 
Appendix B. Assumptions

The detailed evaluation assumptions for calibration as in Table 3:

Table 3: System simulation parameters

	Parameter
	Values used for evaluation

	Deployment scenarios
	Homogeneous network with high Tx power RRHs 

· The central entity can coordinate 9 cells
· RRH Tx power is 46 dBm for a 10 MHz bandwidth
·  RRH Tx power is 41 dBm for a 10 MHz bandwidth in ITU-UMi

	Simulation case
	3GPP-Case1 with 8 degree angle spread

3GPP-Case1 with 15 degree spread 

ITU-UMi

	Number of UEs per cell
	10

	Duplex mode
	FDD & TDD

	Uplink-downlink configurations in TDD
	Configuration 1: DL subframes: special subframes: UL subframes = 2:1:2; 
11 symbols for DwPTS; 1 symbol for GP, 2 symbol for UpPTS

	System bandwidth
	10 MHz (FDD), 20MHz (TDD)

	Possible transmission schemes in DL
	MU-MIMO

MU-MIMO with JT-CoMP

	Network synchronization
	Synchronized

	Number of antennas at transmission point
	2 or 4

	Number of antennas at UE
	2

	Antenna configuration
	For macro eNB and high power RRH:

2 Tx antennas

1.
1 column, cross-polarized: X

2.
2 columns, closely-spaced co-polarized: | |

4 Tx antennas

1.
2 columns, cross-polarized on each column, closely-spaced: X X

3.
4 columns, co-polarized, closely-spaced: | | | |

	Antenna pattern
	Follow 36.814 Annex A 2.1.1.1 Table A.2.1.1-2

	eNB Antenna tilt
	Follow 36.814 Annex A 2.1.1.1 Table A.2.1.1-2 

3D

	Feedback scheme
	FDD: 

Single-cell MU-MIMO: adaptive codebook, using short-term subband CSI (2 or 4 bits PMI) + long-term covariance matrix, 4 bits subband CQI
CoMP JT: 

Same CSI with Single-cell MU-MIMO for serving cell;

Long-term channel covariance matrix plus short-term codebook-based CSI with 4 bits per sub-band per neighbor cell; 
Long-term channel covariance matrix is obtained by channel reciprocity;

4 bits subband CQI

TDD: 

SRS, 4 bits subband CQI.

	CSI feedback delay
	4ms

	CSI feedback period
	FDD MU-MIMO: 5 ms for short term;100 ms for long term
FDD CoMP: 10 ms for short term;100 ms for long term
TDD MU-MIMO/CoMP: 5ms SRS period

	Channel estimation
	Ideal based on CSI-RS in FDD.

Ideal based on SRS in TDD

	UE receiver
	MMSE option 2 [4]

Ideal channel estimation based on DM-RS 

	DL overhead assumption
	3 symbols for DL CCHs (2 symbols for DwPTS CCHs in TDD), 1 port CRS and 12 REs for DM-RS for both single-cell MU-MIMO and CoMP

2 or 4 port CSI-RS with 5ms period for single-cell MU-MIMO and CoMP; 

No muting for single-cell MU-MIMO, 4 port x 4+ 2 port muting with 10ms period for 2Tx CoMP (assuming that 2-port CSI-RS patterns of 9 coordinated cells can combine to form four 4-port CSI-RS patterns and one 2-port CSI-RS pattern), 4 port x 4 muting with 10ms period for 4Tx CoMP.

	Placing of UEs
	Uniform distribution for homogeneous networks

	Criteria for CoMP
	RSRPserving_cell  – RSRPcoordinate_cell <20dB

	Scheduler
	Greedy + Proportional Fair

	Precoding Scheme 
	Zero Forcing

	Number of simultaneous UEs
	Single-cell MU-MIMO: Adaptive, at most 2UEs/cell for 2Tx, 4UEs/cell for 4Tx

CoMP JT: Adaptive, at most 2UEs/cell for 2Tx, 4UEs/cell for 4Tx

	Traffic model
	Full buffer 

	Backhaul assumptions
	Step 1: point-to-point fiber, zero latency and infinite capacity

	HARQ
	CC, Maximum 3 transmission 
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