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1. Introduction

In RAN#64 meeting, simulation assumption for downlink CoMP performance evaluation was agreed in [1]. Following deployment scenario 1 and 2 in [1], we evaluated the performance of coordinated beamforming (CB) and joint transmission (JT). Compared with previous assumptions in [3], some simulation assumptions and parameters are changed, making more convincing CoMP evaluation results. Modified assumptions are summarized as follows.
· CSI-RS muting technique is used in both CoMP system and Non-CoMP system for fair performance comparison.
· X-polarized antenna configuration is added.
· DL overhead is recalculated, and CoMP system and Non-CoMP system have the same DL overhead for fair performance comparison.

· CS/CB CoMP with SU/MU-MIMO is additionally evaluated.

2. CoMP Evaluation Results
We show performance evaluation results in the below tables. Given that LTE Rel-8 codebook, which has not optimized for the enhancement of CoMP performance, is used in this simulation, we expect that more CoMP gain can be achieved by introducing more advanced CDI compression. In order to exclude CSI-RS muting gain on the top of real CoMP gain, both CoMP and non-CoMP system are evaluated under the same CSI-RS overhead, namely that CSI-RS reuse factor is 3. MU-MIMO gain is derived from throughput difference from SU-MIMO, MU-CoMP gain is derived from throughput difference from MU-MIMO, and SU/MU-CoMP gain is derived from throughput difference from SU/MU-MIMO. Additionally, to verify CSI-RS muting effect on Non-CoMP system the performance of MU-MIMO without CSI-RS muting is also evaluated and described in Table 12. Further assumptions and details are described in Appendix. Please refere to Annex B for detailed description on how the CoMP cells were chosen for UEs and detailed simulation setup.
Table 1. SU-MIMO with CSI-RS Muting
	Simulation
Configuration
	Sector Tput
[kbps]
	Gain[%]
	UE Tput
(5%)
[kbps]
	Gain[%]
	Harmonic

Mean UE Tput [kbps]
	Gain[%]
	Jain
Index

	Case1, (4x2), Co-Pol
	24529
	N/A
	772
	N/A
	1786
	N/A
	0.709

	Case1, (4x2), X-Pol
	25123
	N/A
	684
	N/A
	1686
	N/A
	0.669

	ITU UMi, (4x2), Co-Pol
	18662
	N/A
	537
	N/A
	1332
	N/A
	0.706

	ITU UMi, (4x2), X-Pol
	18285
	N/A
	466
	N/A
	1205
	N/A
	0.657

	Case1, (2x2), Co-Pol
	19890
	N/A
	575
	N/A
	1410
	N/A
	0.704

	Case1, (2x2), X-Pol
	20534
	N/A
	509
	N/A
	1318
	N/A
	0.645

	ITU UMi, (2x2), Co-Pol
	15342
	N/A
	409
	N/A
	1057
	N/A
	0.69

	ITU UMi, (2x2), X-Pol
	14604
	N/A
	347
	N/A
	933
	N/A
	0.644


Table 2. MU-MIMO with CSI-RS Muting (Gain compared to SU-MIMO System with CSIRS muting)
	Simulation
Configuration
	Sector Tput
[kbps]
	Gain[%]
	UE Tput
(5%)
[kbps]
	Gain[%]
	Harmonic
Mean UE Tput [kbps]
	Gain[%]
	Jain
Index

	Case1, (4x2), Co-Pol
	27408
	11.74%
	1037
	34.33%
	2173
	21.67%
	0.761

	Case1, (4x2), X-Pol
	20381
	-18.87%
	821
	19.99%
	1682
	-0.22%
	0.801

	ITU UMi, (4x2), Co-Pol
	22551
	20.84%
	725
	34.99%
	1674
	25.65%
	0.717

	ITU UMi, (4x2), X-Pol
	18805
	2.85%
	589
	26.46%
	1401
	16.26%
	0.738

	Case1, (2x2), Co-Pol
	18807
	-5.45%
	654
	13.66%
	1435
	1.77%
	0.727

	Case1, (2x2), X-Pol
	15762
	-23.24%
	579
	13.82%
	1264
	-4.06%
	0.795

	ITU UMi, (2x2), Co-Pol
	15418
	0.50%
	481
	17.67%
	1135
	7.43%
	0.709

	ITU UMi, (2x2), X-Pol
	16286
	11.52%
	415
	19.37%
	1111
	19.13%
	0.703


Table 3. SU/MU-MIMO with CSI-RS Muting (Gain compared to SU-MIMO System with CSIRS muting)
	Simulation
Configuration
	Sector Tput
[kbps]
	Gain[%]
	UE Tput
(5%)
[kbps]
	Gain[%]
	Harmonic
Mean UE Tput [kbps]
	Gain[%]
	Jain
Index

	Case1, (4x2), Co-Pol
	28306
	15.40%
	968
	25.36%
	2138
	19.69%
	0.725

	Case1, (4x2), X-Pol
	25011
	-0.45%
	735
	7.48%
	1689
	0.19%
	0.645

	ITU UMi, (4x2), Co-Pol
	22582
	21.00%
	709
	31.97%
	1655
	24.27%
	0.716

	ITU UMi, (4x2), X-Pol
	19526
	6.79%
	539
	15.73%
	1331
	10.41%
	0.666

	Case1, (2x2), Co-Pol
	18840
	-5.28%
	659
	14.54%
	1434
	1.68%
	0.726

	Case1, (2x2), X-Pol
	18312
	-10.82%
	547
	7.58%
	1270
	-3.58%
	0.641

	ITU UMi, (2x2), Co-Pol
	15402
	0.39%
	476
	16.28%
	1133
	7.19%
	0.711

	ITU UMi, (2x2), X-Pol
	16272
	11.42%
	389
	11.98%
	1060
	13.62%
	0.662


Table 4. MU-CS/CB 3 cell CoMP (Gain compared to MU-MIMO System with CSIRS muting)
	Simulation
Configuration
	Sector Tput
[kbps]
	Gain[%]
	UE Tput
(5%)
[kbps]
	Gain[%]
	Harmonic
Mean UE Tput [kbps]
	Gain[%]
	Jain
Index

	Case1, (4x2), Co-Pol
	28519
	4.05%
	1082
	4.33%
	2290
	5.38%
	0.771

	Case1, (4x2), X-Pol
	20835
	2.23%
	845
	2.95%
	1734
	3.11%
	0.81

	ITU UMi, (4x2), Co-Pol
	23749
	5.31%
	784
	8.16%
	1796
	7.30%
	0.737

	ITU UMi, (4x2), X-Pol
	19860
	5.61%
	644
	9.22%
	1515
	8.12%
	0.756

	Case1, (2x2), Co-Pol
	19796
	5.26%
	714
	9.15%
	1546
	7.77%
	0.747

	Case1, (2x2), X-Pol
	16030
	1.70%
	588
	1.58%
	1303
	3.04%
	0.805

	ITU UMi, (2x2), Co-Pol
	16358
	6.09%
	515
	7.05%
	1232
	8.53%
	0.742

	ITU UMi, (2x2), X-Pol
	17141
	5.25%
	458
	10.35%
	1229
	10.65%
	0.747


Table 5. MU-CS/CB 9 cell CoMP (Gain compared to MU-MIMO System with CSIRS muting)
	Simulation
Configuration
	Sector Tput
[kbps]
	Gain[%]
	UE Tput
(5%)
[kbps]
	Gain[%]
	Harmonic
Mean UE Tput [kbps]
	Gain[%]
	Jain
Index

	Case1, (4x2), Co-Pol
	28643
	4.51%
	1136
	9.49%
	2328
	7.11%
	0.777

	Case1, (4x2), X-Pol
	20909
	2.59%
	864
	5.25%
	1753
	4.21%
	0.814

	ITU UMi, (4x2), Co-Pol
	23843
	5.73%
	790
	8.93%
	1815
	8.42%
	0.742

	ITU UMi, (4x2), X-Pol
	19925
	5.95%
	667
	13.16%
	1536
	9.62%
	0.761

	Case1, (2x2), Co-Pol
	19817
	5.37%
	742
	13.49%
	1568
	9.24%
	0.754

	Case1, (2x2), X-Pol
	16049
	1.82%
	604
	4.21%
	1317
	4.21%
	0.811

	ITU UMi, (2x2), Co-Pol
	16393
	6.32%
	529
	9.89%
	1248
	9.96%
	0.747

	ITU UMi, (2x2), X-Pol
	17200
	5.61%
	476
	14.76%
	1253
	12.81%
	0.753


Table 6. MU-CS/CB 57 cell CoMP (Gain compared to MU-MIMO System with CSIRS muting)
	Simulation
Configuration
	Sector Tput
[kbps]
	Gain[%]
	UE Tput
(5%)
[kbps]
	Gain[%]
	Harmonic
Mean UE Tput [kbps]
	Gain[%]
	Jain
Index

	Case1, (4x2), Co-Pol
	28845
	5.24%
	1270
	22.40%
	2402
	10.54%
	0.795

	Case1, (4x2), X-Pol
	21045
	3.26%
	933
	13.69%
	1791
	6.49%
	0.825

	ITU UMi, (4x2), Co-Pol
	24137
	7.03%
	878
	21.07%
	1895
	13.19%
	0.76

	ITU UMi, (4x2), X-Pol
	20246
	7.66%
	736
	24.81%
	1615
	15.27%
	0.781

	Case1, (2x2), Co-Pol
	19872
	5.66%
	818
	25.13%
	1614
	12.51%
	0.775

	Case1, (2x2), X-Pol
	16109
	2.20%
	655
	13.07%
	1353
	7.00%
	0.823

	ITU UMi, (2x2), Co-Pol
	16502
	7.03%
	595
	23.70%
	1306
	15.07%
	0.769

	ITU UMi, (2x2), X-Pol
	17539
	7.69%
	547
	32.02%
	1357
	22.11%
	0.782


Table 7. MU-JP 3 cell CoMP (Gain compared to MU-MIMO System with CSIRS muting)
	Simulation
Configuration
	Sector Tput
[kbps]
	Gain[%]
	UE Tput
(5%)
[kbps]
	Gain[%]
	Harmonic
Mean UE Tput [kbps]
	Gain[%]
	Jain
Index

	Case1, (4x2), Co-Pol
	27165
	-0.89%
	1199
	15.61%
	2277
	4.78%
	0.811

	Case1, (4x2), X-Pol
	20255
	-0.62%
	945
	15.12%
	1758
	4.48%
	0.852

	ITU UMi, (4x2), Co-Pol
	23691
	5.05%
	955
	31.75%
	1940
	15.93%
	0.802

	ITU UMi, (4x2), X-Pol
	19782
	5.20%
	785
	33.24%
	1633
	16.58%
	0.817

	Case1, (2x2), Co-Pol
	19728
	4.90%
	836
	27.90%
	1628
	13.47%
	0.794

	Case1, (2x2), X-Pol
	15683
	-0.50%
	677
	16.82%
	1349
	6.68%
	0.854

	ITU UMi, (2x2), Co-Pol
	16888
	9.54%
	662
	37.59%
	1396
	22.97%
	0.82

	ITU UMi, (2x2), X-Pol
	17464
	7.23%
	582
	40.45%
	1382
	24.38%
	0.807


Table 8. MU-JP 9 cell CoMP (Gain compared to MU-MIMO System with CSIRS muting)
	Simulation
Configuration
	Sector Tput
[kbps]
	Gain[%]
	UE Tput
(5%)
[kbps]
	Gain[%]
	Harmonic
Mean UE Tput [kbps]
	Gain[%]
	Jain
Index

	Case1, (4x2), Co-Pol
	26974
	-1.58%
	1280
	23.42%
	2299
	5.79%
	0.828

	Case1, (4x2), X-Pol
	20082
	-1.47%
	991
	20.75%
	1763
	4.83%
	0.862

	ITU UMi, (4x2), Co-Pol
	23600
	4.65%
	1023
	41.09%
	1965
	17.38%
	0.815

	ITU UMi, (4x2), X-Pol
	19691
	4.71%
	837
	42.06%
	1653
	18.00%
	0.828

	Case1, (2x2), Co-Pol
	19411
	3.21%
	898
	37.28%
	1645
	14.62%
	0.819

	Case1, (2x2), X-Pol
	15424
	-2.15%
	734
	26.79%
	1359
	7.48%
	0.872

	ITU UMi, (2x2), Co-Pol
	16682
	8.19%
	716
	48.81%
	1415
	24.60%
	0.837

	ITU UMi, (2x2), X-Pol
	17256
	5.95%
	638
	53.77%
	1411
	26.99%
	0.823


Table 9. SU/MU-CS/CB 3 cell CoMP (Gain compared to SU/MU-MIMO System with CSIRS muting )
	Simulation
Configuration
	Sector Tput
[kbps]
	Gain[%]
	UE Tput
(5%)
[kbps]
	Gain[%]
	Harmonic
Mean UE Tput [kbps]
	Gain[%]
	Jain
Index

	Case1, (4x2), Co-Pol
	29479
	4.15%
	1043
	7.75%
	2276
	6.45%
	0.74

	Case1, (4x2), X-Pol
	25742
	2.92%
	773
	5.15%
	1770
	4.78%
	0.653

	ITU UMi, (4x2), Co-Pol
	23880
	5.75%
	763
	7.72%
	1787
	7.94%
	0.735

	ITU UMi, (4x2), X-Pol
	20892
	6.99%
	607
	12.57%
	1481
	11.29%
	0.691

	Case1, (2x2), Co-Pol
	19839
	5.30%
	716
	8.60%
	1545
	7.80%
	0.744

	Case1, (2x2), X-Pol
	18412
	0.55%
	566
	3.47%
	1322
	4.03%
	0.667

	ITU UMi, (2x2), Co-Pol
	16340
	6.09%
	519
	9.07%
	1232
	8.77%
	0.741

	ITU UMi, (2x2), X-Pol
	17351
	6.63%
	438
	12.60%
	1205
	13.68%
	0.717


Table 10. SU/MU-CS/CB 9 cell CoMP (Gain compared to SU/MU-MIMO System with CSIRS muting) 
	Simulation
Configuration
	Sector Tput
[kbps]
	Gain[%]
	UE Tput
(5%)
[kbps]
	Gain[%]
	Harmonic
Mean UE Tput [kbps]
	Gain[%]
	Jain
Index

	Case1, (4x2), Co-Pol
	29561
	4.43%
	1091
	12.71%
	2317
	8.41%
	0.75

	Case1, (4x2), X-Pol
	25790
	3.11%
	797
	8.45%
	1794
	6.24%
	0.659

	ITU UMi, (4x2), Co-Pol
	23951
	6.07%
	781
	10.22%
	1808
	9.20%
	0.74

	ITU UMi, (4x2), X-Pol
	20973
	7.41%
	633
	17.26%
	1504
	13.02%
	0.697

	Case1, (2x2), Co-Pol
	19842
	5.32%
	737
	11.89%
	1568
	9.38%
	0.756

	Case1, (2x2), X-Pol
	18435
	0.67%
	585
	6.84%
	1340
	5.49%
	0.672

	ITU UMi, (2x2), Co-Pol
	16376
	6.32%
	532
	11.84%
	1247
	10.08%
	0.748

	ITU UMi, (2x2), X-Pol
	17415
	7.02%
	455
	16.84%
	1232
	16.27%
	0.727


Table 11. SU/MU-CS/CB 57 cell CoMP (Gain compared to SU/MU-MIMO System with CSIRS muting) 
	Simulation
Configuration
	Sector Tput
[kbps]
	Gain[%]
	UE Tput
(5%)
[kbps]
	Gain[%]
	Harmonic
Mean UE Tput [kbps]
	Gain[%]
	Jain
Index

	Case1, (4x2), Co-Pol
	29721
	5.00%
	1217
	25.71%
	2400
	12.28%
	0.77

	Case1, (4x2), X-Pol
	25817
	3.22%
	871
	18.47%
	1853
	9.69%
	0.673

	ITU UMi, (4x2), Co-Pol
	24217
	7.24%
	872
	22.98%
	1889
	14.14%
	0.759

	ITU UMi, (4x2), X-Pol
	21323
	9.20%
	710
	31.54%
	1597
	20.01%
	0.719

	Case1, (2x2), Co-Pol
	19878
	5.51%
	817
	23.89%
	1613
	12.54%
	0.775

	Case1, (2x2), X-Pol
	18395
	0.46%
	645
	17.79%
	1384
	8.91%
	0.692

	ITU UMi, (2x2), Co-Pol
	16484
	7.02%
	596
	25.25%
	1307
	15.39%
	0.771

	ITU UMi, (2x2), X-Pol
	17782
	9.28%
	540
	38.77%
	1343
	26.78%
	0.758


Table 12. MU-MIMO without CSI-RS Muting (Gain compared to MU-MIMO System with CSI-RS muting)
	Simulation
Configuration
	Sector Tput
[kbps]
	Gain[%]
	UE Tput
(5%)
[kbps]
	Gain[%]
	Harmonic 
Mean UE Tput [kbps]
	Gain[%]
	Jain
Index

	Case1, (4x2), Co-Pol 
	27273
	-0.49%
	979
	-5.65%
	2137
	-1.66%
	0.754

	Case1, (4x2), X-Pol 
	19883
	-2.44%
	724
	-11.82%
	1596
	-5.13%
	0.786


Based on Table 15 and CoMP feedback set statistics, average CSI feedback rate per UE for each transmission scheme can be calculated as shown in Table 13.

Table 13. Average CSI feedback rates per UE

	CoMP schemes
	Average CSI feedback rate per UE [kpbs]

	4Tx, Non-CoMP 
	14.8

	4Tx, 3 cells CS/CB
	14.8*(0.66)+29.2*(0.28)+43.6*(0.05) =20.12

	4Tx, 9 cells CS/CB
	14.8*(0.57)+29.2*(0.31)+43.6*(0.11) =22.28

	4Tx, 57 cells CS/CB
	14.8*(0.43)+29.2*(0.29)+43.6*(0.27) =26.60

	4Tx, 3 cells JT
	14.8*(0.66)+34.6*(0.28)+54.4*(0.05)= 22.17

	4Tx, 9 cells JT
	14.8*(0.57)+34.6*(0.31)+54.4*(0.11)= 25.14

	2Tx, Non-CoMP 
	11

	2Tx, 3 cells CS/CB
	11*(0.66)+21.8*(0.28)+32.6*(0.05)= 14.99

	2Tx, 9 cells CS/CB
	11*(0.57)+21.8*(0.31)+32.6*(0.11)= 16.61

	2Tx, 57 cells CS/CB
	11*(0.43)+21.8*(0.29)+32.6*(0.27)= 19.85

	2Tx, 3 cells JT
	11*(0.66)+27.2*(0.28)+34.4*(0.05)= 16.59

	2Tx, 9 cells JT
	11*(0.57)+27.2*(0.31)+34.4*(0.11)= 18.48


In this simulation, we have the following observation:

· In scenario 1 (homogeneous network with intra-site CoMP)
· 3 cells MU-CB achieves 2~10% more edge UE’s throughput compared with MU-MIMO.

· 3 cells SU/MU-CB achieves 4~13% more edge UE’s throughput compared with SU/MU-MIMO.

· 3 cells MU-JT achieves 15~40% more edge UE’s throughput compared with MU-MIMO.
· In scenario 2 (homogeneous network with high Tx power RRHs) 
· 9 cells MU-CB achieves 5~15% more edge UE’s throughput compared with MU-MIMO.

· 9 cells SU/MU-CB achieves 7~17% more edge UE’s throughput compared with SU/MU-MIMO.

· 9 cells MU-JT achieves 20~54% more edge UE’s throughput compared with MU-MIMO.

· 57 cells MU-CB achieves 13~32% more edge UE’s throughput compared with MU-MIMO.

· 57 cells SU/MU-CB achieves 18~39% more edge UE’s throughput compared with SU/MU-MIMO.
· On average, ITU UMi channel model is more favorable to CoMP because of more interference dominant environment.
· In 2Tx antenna configuration, more JT CoMP gain is observed.
· MU-JT gain over MU-MIMO increases 5~10% when the number of antennas changes from 4 to 2.
· In MU-MIMO, CSI-RS muting gain is not significant 

· Edge throughput of MU-MIMO w/o CSI-RS muting is 5~10% less than that of MU-MIMO w/ CSI-RS muting
3. Conclusion

In this contribution, we evaluate CoMP gain in various antenna configurations and channel models under practical channel impairments. Under the same downlink overhead, CoMP system, especially JT, shows significant edge UE throughput gain over non-CoMP system without reducing average cell throughput. The throughput enhancements for CoMP was seem even with CSI enhancements (CSI-RS muting) for the single cell operation. We expect that further optimization of channel feedback and CoMP feedback set will greatly help to achieve more CoMP gain.
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Appendix A. Simulation Assumptions
Details on simulation assumptions are described in Table 14.
Table 14. Simulation Assumptions

	Parameters 
	Assumption 

	Channel model (Scenario 2, CoMP cluster of 9 cells) 
	3GPP Case 1 with 3D antenna pattern
ITU UMi 

	System BW 
	FDD 10MHz 

	# of UEs, # of cells 
	(570, 57) 

	# of antennas at UE,  # of antennas at Transmission Point 
	(2, 4) 

	Maximum number of  feedback set,
TP selection RSRP threshold,
 TP selection CSI-RS quality threshold 
	(3, 10dB, -6dB) 

	Antenna configuration 
	eNB: co-polarized (0.5 spacing) or x-polarized (0.5 spacing) 

UE: co-polarized antennas or x-polarized 

	Transmission scheme 
	SU-MIMO
MU-MIMO
SU/MU-MIMO (SU-MU dynamic switching)

MU-CS/CB 3 cell CoMP (intra-site CoMP within 3 sectors)
MU-CS/CB 9 cell CoMP (CoMP clusters of 9 sectors)

MU-CS/CB 57 cell CoMP (CoMP clusters of 57 sectors)
SU/MU-CS/CB 3 cell CoMP 

SU/MU-CS/CB 9 cell CoMP 
SU/MU-CS/CB 57 cell CoMP
MU-JT 3 cell CoMP

MU-JT 9 cell CoMP

	Outer loop for target FER control 
	10% FER for 1st HARQ transmission 

	link adaptation 
	MCSs based on LTE transport formats according to TR 36.213 

	HARQ scheme 
	IR 

	DL overhead 
	3.8 OFDM symbols per RB for 4Tx, 3.7 for 2Tx with CSI-RS muting 

3.667 OFDM symbols per RB for 4Tx, 3.6333 for 2Tx w/o CSI-RS muting

 - PDCCH overhead : (4/10subframes * 3 symbol + 6/10subframes * 2 ) 

 - DRS overhead : 12RE/RB.   CRS overhead : 4/10subframes*6RE/RB

 - CSI-RS overhead : 2/10subframes * (#TxAnt) RE/RB * (Reuse Factor) 


	Handover Margin 
	1 dB 

	Maximum number of Retransmissions 
	4 

	Feedback & Control channel errors 
	No Error 

	Scheduler 
	Greedy search algorithm based on PF metric 

	Velocity of UEs 
	3km/hr 

	Scheduling granularity 
	Per RB 

	Traffic load 
	Full buffer

	Maximum Rank per UE 
	1 for MU-MIMO

1 or 2 for SU/MU-MIMO (only  rank 1 feedback for CoMP UE) 

	Maximum # of SDMA UE per cell 
	2 

	Receiver type 
	MMSE (option 1 of R1-110586) 

	Channel estimation (DM-RS) 
	Real 

	Channel estimation (CSI-RS) 
	Real 

	CQI quantization granularity 
	1.892 dB (4 bits) 

	Feedback periodicity 
	5ms 

	Processing delay (after reception of feedback) 
	6ms 

	CQI & CDI feedback granularity 
	6RB sub band 

	Codebook for CDI feedback 
	LTE codebook 

	Phase corrector among CoMP cell ( in JT case ) 
	3 bits (uniform sample of [0 2pi]) 


Table 15 shows various CSI feedback rates according to UE’s feedback assumptions. For example, in 4Tx system, if a UE is configured as JT CoMP UE and selects 3 cells as CoMP feedback set, its feedback rate is 54.4 kbps. Note that CSI is reported through PUCCH. 

Table 15. CSI Feedback rate

	Feedback assumptions
(# of Tx Ant., CoMP scheme, size of CoMP feedback set)
	CSI feedback rate [kpbs]

	4Tx, Non-CoMP
	(2 bits RI+ 9 sub bands*(4 bits PMI +4 bits CQI) ) / 5 ms FB period =14.8

	4Tx, CB, 2,
	(2 + 9*(4 +4)*2 )/(5) =29.2

	4Tx, CB, 3
	(2 + 9*(4 +4)*3 )/(5) =43.6

	4Tx, JT, 2
	(2 + 9*((4 +4)*2+3) )/(5) =34.6

	4Tx, JT, 3
	(2 + 9*((4 +4)*3+3*2) )/(5) =54.4

	2Tx, Non-CoMP
	(1 + 9*(2 +4) )/(5) =11

	2Tx, CB, 2
	(1 + 9*(2 +4)*2 )/(5) =21.8

	2Tx, CB, 3
	(1 + 9*(2 +4)*3 )/(5) =32.6

	2Tx, JT, 2
	(1 + 9*((2 +4)*2+3) )/(5) =27.2

	2Tx, JT, 3
	(1 + 9*((2 +4)*3+3*2) )/(5) =43.4


Appendix B. Setup for CoMP evaluation
Here, we explain CoMP feedback set and then CB channel feedback and CB scheduler. In JT case, the same procedure of feedback and scheduling is applied but the serving cell channel of each UE is replaced by the composite channel from JT cells. More detailed procedure in JT is described in [3].
B-1. CoMP Feedback Set Configuration
Here, we define CoMP feedback set as the set of cells whose channel information is fed back from a given UE. In our simulation, UE can select at most 3 cells as CoMP feedback set. There are two metrics for UE to determine CoMP feedback set: RSRP threshold and CSI-RS quality estimation.
First, UE selects candidate cells for CoMP feedback set based on RSRP threshold as described below.
UE measures RSRPs from all cells, sorts them in descending order, and selects the cell indicating highest RSRP as a serving cell. Then, among the cells whose CoMP cluster includes the serving cell and whose RSRP is not less than the serving cell’s RSRP by 10 dB, UE selects at most two cells indicating the second and the third highest RSRP, respectively. Now, candidate cells for CoMP feedback set consist of the serving cell and two neighboring cells in the same CoMP cluster.
Next, UE determines the CoMP feedback set among the candidate cells selected above.
UE obviously includes the serving cell into CoMP feedback set but includes remnant two candidate cells only if one more condition is satisfied. In order words, UE roughly estimates CSI-RS quality of each candidate cell other than the serving cell and add in CoMP feedback set the cell whose CSI-RS quality is larger than -6 dB as shown below.
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In the above inequality, to consider the effect of CSI-RS muting, the denominator does not include RSRP coming from the cells muting CSI-RS for the candidate cell. UE smartly does not feed back CoMP CSI when the estimated CSI-RS quality is expected to be poor. In other words, if UE expects high CSI-RS quality thanks to CSI-RS muting it reports CSI deriving from the CSI-RS, otherwise UE does not report. This is because UE knows that it could not be helpful to send CoMP CSI whose accuracy is probably low due to high CSI-RS interferences coming from other cells. We think that inaccurate CSI feedback not only wastes uplink resource but also deteriorates the CoMP performance by misleading the scheduler in determining the precoding and MCS. 
B-2. UE feedback

UE first measures each channels from CoMP cells and then feeds back the channel information in the form of RI, CQI, and CDI (Channel Direction Indicator). In simulations, the receive rank of each CoMP UE is restricted to 1. In addition, CQI for each CoMP cell is calculated in the same way as alternative 1 in [2]. That is, each CQI indicates SINR in which a desired signal power comes from one of CoMP cells and an interference power derives from non-CoMP cells. For CDI feedback, UE calculates an effective channel, which means a channel after applying receiver beamforming, and reports a quantized version of it. 

· Effective channel feedback

First, UE ‘j’ calculates a CDI 
[image: image2.wmf]ij
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 for serving cell ‘i’ and sets its received beamforming vector as follows.
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 means a right dominant singular vector of matrix 
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 is a quantization function, and 
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​ is a set of sub carriers corresponding to a  sub band. Also, 
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 are a receive beamforming matrix and a channel matrix from cell ‘i' to UE ‘j’, respectively and 
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 means a subcarrier. In simulation, 
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 is calculated based on MMSE method under the assumption that there is no interference from the cells in CoMP feedback set. In other words, when setting receive beamforming matrix to find the effective channel, the UE does not consider interference from the CoMP cells and only takes into account serving cell and uncontrollable interference from outside of CoMP cells. Note that CoMP cells are the cells in CoMP feedback set, not all cells in the same CoMP cluster.
For cooperative cells’ CDI 
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we introduce an effective channel defined as channel after post processing, i.e., receive beamforming, at UE side. Naturally, before computing the effective channel, UE first determines its receive beamforming matrix, which may be tuned toward the strongest channel direction from the serving cell as shown the above equation. Details on effective channel generation and feedback are explained below.
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where 
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 is the effective channel from cell ‘k' to UE ‘j’. 
· CQI feedback

CQI for each of CoMP cells is calculated in the same way as alternative 1 in [2]. When calculating CQIi, which stands for CQI for CoMP cell ‘i’, the UE assumes that the cell ‘i' is the serving cell and others in CoMP feedback  set do not cause any interference. CQI for a pair of UE ‘j’ and CoMP cell ‘i', 
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, is expressed below.
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where 
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 is a noise plus interference power from outside of CoMP feedback cell set, 
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 is PHY abstraction effective SINR mapping function and 
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 is a quantization function with 1.892 dB granularity.
Thus, if cell 1, cell 2 and cell3 are included in CoMP feedback set of UE 0, UE 0 feeds back 
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 for CDI and CQI. In the case of JT CoMP, phase correctors are additionally reported and the values of CDI and CQI are optimized to JT.
B-3. eNB scheduling procedure
When scheduling UEs at each cell, eNB considers not only UEs in serving cell but also other UEs in the same CoMP cluster that request coordinated beamforming to it in order to mitigate interference to the latter. The interference mitigation is implemented based on SLNR maximization beamforming scheme.
· Coordinated beamforming scheme

Based on SLNR maximization criterion, cell ‘i' sets its transmit beamforming vector for UE ‘j’, 
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, as follows.
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where 
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 is a set of scheduled UEs in CoMP cluster of cell i. Note that if UE j does not report 
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 and 
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, the corresponding CSI is assumed to be 0 in the above calculation. 

· CQI compensation

Obviously, CQI compensation is needed at the scheduler, because the CQI reported from UE is computed based on single cell SU-MIMO and does not reflect interference which will be added in the case of MU-MIMO and CoMP. So, the scheduler recalculates the CQI by
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where  
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 is a set of cells in CoMP cluster, 
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 is a set of scheduled UEs in cell ‘m’, 
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 is the number of scheduled UEs at cell ‘k', and 
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 means the Frobenius norm of A. Note that if UE ‘j’ does not report CSI feedback for cell ‘m’, then 
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 is assumed to be 0 in the above equation.
· Scheduling algorithm
We use a joint scheduling algorithm base on greedy UE search. First, joint scheduler selects a UE which has the highest PF-metric among all UEs in a CoMP cluster. We call this UE the first UE. And then, the scheduler selects the second UE which most increases the sum PF metric of the CoMP cluster. If the sum PF metric in the case where the second UE is scheduled with the first UE is less than that in the case where the first UE is scheduled alone, scheduling is terminated and only the first UE is served. In every addition of  UE for the co-scheduling, not only its transmit beam and capacity but also the already-existing co-scheduled UEs’ transmit beam and capacity should be updated. Until no UE increases sum PF-metric or the number of scheduled UEs reaches the limit, scheduler increases the number of scheduled UEs in CoMP cluster. The scheduling algorithm is described in Figure 1.
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Figure 1. Scheduling algorithm
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