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1. Introduction
During RAN WG4 #44bis there was further discussion on MIMO correlation matrices [1], [2]. The minutes of the MIMO ad hoc discussions are in [3]
10) MIMO correlation matrices
Numerology for medium and high correlation matrices

Application of correlation matrices

Agilent’s document R4-071757 was presented which shows that the capacity of the high correlation matrix is too close to the uncorrelated case. The agreement was for companies to present any contributions for the high correlation matrix into the November meeting based on some measurement campaign, simulations or design considerations rather than a purely pragmatic choice.

The medium correlation matrix can then be defined with respect to the high and low correlation matrices.
This document provides further analysis and proposals for the high and medium correlation matrices according to the above criteria.
2. Expected channel capacity and relationship between antenna spacing, correlation coefficient (, (, and 
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Channel capacity is calculated as follows. For each simulation, produce the random MIMO channel matrix H, which satisfies the correlation property requirement then calculate its capacity C according to equation (1) as:
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For each SNR point, 20000 samples are generated, the given ergodic capacity in this document is the ensemble average of these 20000 results.

Based ondiscussions at RAN WG4 #44bis it was agreed to analyze the high correlation and medium correlation using
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where:
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is the indication of the correlation
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is the channel capacity without correlation and
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is the channel capacity when the channel is totally correlated under the specified SNR. 

Given the antenna spacing d, the correlation coefficients(, ( can be calculated according to equation (2).  The detailed information for correlation coefficient calculation can be found in [4] Appendix B.
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Based on coefficients ( and(, the correlation matrix is defined and the correlated MIMO channel data can be produced, then the corresponding capacity
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can be obtained.
According to the relationship
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 can be derived as
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Figure 1 shows the expected channel capacity for different antenna spacings over the range -15db to 30 dB SNR. This is the expected SNR range from the MIMO simulation results.
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Figure 1.
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for different SNR and antenna spacings

Table 1 gives the 
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 values for some
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cases and Figure 2 plots these different cases. 
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=1 represents totally correlated condition, 
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=0 represents without correlation, 
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=0.9, 0.8, 0.7, 0.6, 0.5 represent the choices for high correlation or medium correlation. Maybe we can choose a proper one by discussion

Table 1.
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under different SNR values
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	0 dB
	5dB
	10dB
	15dB
	20dB
	25dB
	30dB

	1.0 
	1.3356
	2.3951
	3.7423
	5.2379
	6.8444
	8.4787
	10.1437

	0.9
	1.3711
	2.4867
	3.9250
	5.5381
	7.2898
	9.0781
	10.9066

	0.8
	1.4066
	2.5782
	4.1077
	5.8383
	7.7352
	9.6776
	11.6694

	0.7
	1.4421
	2.6697
	4.2905
	6.1385
	8.1806
	10.2771
	12.4323

	0.6
	1.4776
	2.7612
	4.4732
	6.4387
	8.6261
	10.8765
	13.1951

	0.5
	1.5131
	2.8528
	4.6559
	6.7388
	9.0715
	11.4760
	13.9580

	0
	1.6887
	3.3048
	5.5326
	8.2834
	11.2807
	14.4476
	17.7187
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Figure 2.
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 for SNR values 0 to 30 dB
Figure 2 shows that lambda varies with SNR for a fixed alpha and deviates more at higher SNRs >20dB. The region for optimising lambda is from 5dB to 20dB. Any lower SNR has little impact due to convergence of upper and lower curves and any higher SNR represents unrealistically high operating conditions.
3. Different antenna configuration and the corresponding channel capacity

In order to get the expected channel capacity given in Table 1, we should choose proper antenna configuration and corresponding correlation coefficients. We use here the prototype of high correlation antenna configuration in [5] given below in Figure 3 and Table 2 but change the antenna spacing at the eNB side. (AS on the eNB side is changed from 5 to 2, AS on the UE side is changed from 68 to 35). From Section.2 above, it can be seen that the correlation coefficients among multiple antennas depends on antenna configurations, AS, AOA/AOD, PAS, etc. Thus the antenna configurations in Figure 3 and Table 2 are not unique configurations to generate the specified correlation here. Other antenna configurations can generate similar spatial correlation and thus channel capacity. The given antenna configuration is provided as a reference configuration.

[image: image24]
Figure 3. Modified high correlation antenna configuration

Table 2. UE & eNB Configuration

	
	Antenna Spacing in wavelength
	AS
	AOA/AOD
	Correlation coefficient 

	UE
	0.5
	35
	67.5
	-0.6905 + 0.3419i (()

	eNB
	?
	2
	50
	?


Tables 3 to 6 list some eNB configuration information and correlation coefficients possible for selection. Figures 4 to 7 give the capacity comparison between the interpolation value from
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and the actual simulation value. The reference points are 0dB, 15dB, 20dB, 30dB respectively. 
For table 3, although the reference point is for SNR=0dB, from the comparison, we can also see the capacity values still match closely for SNR=5 dB.

Table 3. eNB Configuration, reference SNR=0 dB

	eNB Antenna Spacing in wavelength
	Correlation coefficient
(
	Corresponding 
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	Reference 
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(SNR=0 dB)
	Actual Capacity

(SNR=0 dB)
	Reference 
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(SNR=5 dB)
	Actual Capacity

(SNR=5 dB)

	0.1
	0.8864 + 0.4626i
	0.9
	1.3711
	1.3834
	2.4867
	2.5029

	2.5
	0.8083 - 0.4830i
	0.8
	1.4066
	1.4148
	2.5782
	2.5776

	5.0
	0.3854 - 0.7028i
	0.7
	1.4421
	1.4411
	2.6697
	2.7067

	6.5
	0.6993 - 0.0898i
	0.6
	1.4776
	1.4793
	2.7612
	2.7699

	10.0
	-0.2616 - 0.4286i
	0.5
	1.5131
	1.5155
	2.8528
	2.8748
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Figure 4. Capacity comparison, reference SNR=0 dB

Table 4. eNB Configuration, reference point SNR=15 dB
	eNB Antenna Spacing in wavelength
	
Correlation coefficient 
(
	Corresponding 
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	Reference 
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(SNR=15 dB)
	Actual Capacity
(SNR=15 dB)

	0.75
	-0.8883 - 0.4470i
	0.9
	5.5381
	5.5424

	2.0
	-0.9433 - 0.1881i
	0.8
	5.8383
	5.8421

	3.0
	-0.2687 + 0.8779i
	0.7
	6.1385
	6.0872

	4.5
	-0.7865 + 0.2742i
	0.6
	6.4387
	6.4439

	6.0
	-0.6061 - 0.4196i
	0.5
	6.7388
	6.7155
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Figure 5. Capacity comparison, reference SNR=15 dB

Table 5. eNB Configuration, reference SNR=20 dB
	eNB Antenna Spacing in wavelength
	
Correlation coefficient
(
	
Corresponding
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	Reference
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(SNR=20 dB)
	Actual Capacity
(SNR=20 dB)

	0.75
	-0.8883 - 0.4470i
	0.9
	7.2898
	7.3082

	1.75
	-0.5194 + 0.8198i
	0.8
	7.7352
	7.7664

	2.5
	0.8083 - 0.4830i
	0.7
	8.1806
	8.1613

	3.5
	-0.3780 - 0.8076i
	0.6
	8.6261
	8.6081

	5.0
	0.3854 - 0.7028i
	0.5
	9.0715
	9.0915
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Figure 6. Capacity comparison, reference SNR=20 dB

Table 6. eNB Configuration, reference SNR=30 dB
	eNB Antenna Spacing in wavelength
	
Correlation coefficient
(
	Corresponding 
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	Reference 
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(SNR=30 dB)
	Actual Capacity
(SNR=30 dB)

	0.5
	-0.7390 + 0.6700i
	0.9
	10.9066
	11.0068

	0.9
	-0.3708 - 0.9201i
	0.8
	11.6694
	11.7212

	1.5
	0.5827 + 0.7857i
	0.7
	12.4323
	12.5855

	2.0
	-0.9433 - 0.1881i
	0.6
	13.1951
	13.1840

	3.0
	-0.2687 + 0.8779i
	0.5
	13.9580
	14.0191
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    Figure 7. Capacity comparison, reference SNR=30 dB

4. 2x2 case analysis
Table 7 shows the relationship for the 2x2 case for eNB antenna spacing, ( and 
[image: image39.wmf]l

 under specified SNR values with values for high and medium correlation highlighted.
Table 7. Relationship between 2x2 ENB antenna spacing, ( and 
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 under specified SNR values

	eNB Antenna Spacing in wavelength
	correlation coefficient (
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 (0dB)
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 (5dB)
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 (10dB)
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 (15dB)
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 (20dB)

	0
	1.0000
	0.8431
	0.8871
	0.9060
	0.9348
	0.9445

	0.25
	0.3597+0.9324i
	0.8831
	0.8724
	0.9068
	0.9259
	0.9386

	0.5
	-0.7390+ 0.6700i
	0.8667
	0.8775
	0.9004
	0.9210
	0.9270

	0.75
	-0.8883 - 0.4470i
	0.8510
	0.8714
	0.8885
	0.9134
	0.9017

	1.0
	0.0969 - 0.9854i
	0.8563
	0.8746
	0.8921
	0.8883
	0.8806

	1.25
	0.9490 - 0.2627i
	0.8376
	0.8591
	0.8736
	0.8776
	0.8484

	1.5
	0.5827 + 0.7857i
	0.8298
	0.8661
	0.8543
	0.8532
	0.8189

	1.75
	-0.5194+ 0.8198i
	0.7916
	0.8446
	0.8477
	0.8286
	0.7881

	2.0
	-0.9433 - 0.1881i
	0.8037
	0.8429
	0.8252
	0.8099
	0.7598

	2.25
	-0.1620 - 0.9383i
	0.8092
	0.8147
	0.8091
	0.7871
	0.7325

	2.5
	0.8083 - 0.4830i
	0.7872
	0.7887
	0.7988
	0.7659
	0.7074

	2.75
	0.7323 + 0.5737i
	0.7846
	0.7909
	0.7775
	0.7461
	0.6774

	3.0
	-0.2687+ 0.8779i
	0.7533
	0.7789
	0.7591
	0.7237
	0.6542

	3.25
	-0.9030+ 0.0637i
	0.7570
	0.7644
	0.7462
	0.7063
	0.6271

	3.5
	-0.3780 - 0.8076i
	0.7177
	0.7396
	0.7209
	0.6813
	0.6039

	3.75
	0.6083 - 0.6327i
	0.7192
	0.7366
	0.7114
	0.6630
	0.5790

	4.0
	0.7955 + 0.3350i
	0.7261
	0.7240
	0.6958
	0.6414
	0.5636

	4.25
	-0.0268+ 0.8478i
	0.6897
	0.6940
	0.6811
	0.6238
	0.5478

	4.5
	-0.7865+ 0.2742i
	0.6909
	0.6802
	0.6645
	0.6041
	0.5241

	4.75
	-0.5280 - 0.6239i
	0.6795
	0.6743
	0.6554
	0.5878
	0.5110

	5.0
	0.3854 - 0.7028i
	0.6429
	0.6606
	0.6246
	0.5780
	0.4951

	5.25
	0.7784 + 0.1056i
	0.6391
	0.6392
	0.6124
	0.5583
	0.4744

	5.5
	0.1769 + 0.7489i
	0.5949
	0.6533
	0.6005
	0.5438
	0.4637

	5.75
	-0.6223+ 0.4245i
	0.6327
	0.6225
	0.5866
	0.5306
	0.4493

	6.0
	-0.6061 - 0.4196i
	0.5914
	0.6170
	0.5704
	0.5204
	0.4389

	6.25
	0.1706 - 0.7006i
	0.6071
	0.6078
	0.5714
	0.5078
	0.4272

	6.5
	0.6993 - 0.0898i
	0.5929
	0.5742
	0.5536
	0.4874
	0.4203

	6.75
	0.3269 + 0.6066i
	0.5816
	0.5909
	0.5475
	0.4829
	0.4025

	7.0
	-0.4388+ 0.5106i
	0.5642
	0.5683
	0.5232
	0.4699
	0.3971

	7.25
	-0.6192 - 0.2214i
	0.5629
	0.5603
	0.5143
	0.4605
	0.3814

	7.5
	-0.0149 - 0.6420i
	0.5754
	0.5415
	0.5159
	0.4484
	0.3787

	7.75
	0.5799 - 0.2382i
	0.5497
	0.5392
	0.4955
	0.4459
	0.3673

	8.0
	0.4200 + 0.4451i
	0.5534
	0.5204
	0.4961
	0.4407
	0.3631

	8.25
	-0.2586+ 0.5383i
	0.5294
	0.5145
	0.4896
	0.4294
	0.3554

	8.5
	-0.5809 - 0.0473i
	0.5246
	0.5110
	0.4818
	0.4146
	0.3432

	8.75
	-0.1601 - 0.5456i
	0.5163
	0.5130
	0.4757
	0.4135
	0.3463

	9.0
	0.4409 - 0.3366i
	0.4950
	0.4967
	0.4664
	0.4074
	0.3352

	9.25
	0.4607 + 0.2838i
	0.5171
	0.4979
	0.4634
	0.3990
	0.3302

	9.5
	-0.0973+ 0.5188i
	0.5068
	0.4912
	0.4559
	0.3955
	0.3250

	9.75
	-0.5064+ 0.0928i
	0.4916
	0.4875
	0.4446
	0.3919
	0.3243

	10.0
	-0.2616 - 0.4286i
	0.4967
	0.4754
	0.4437
	0.3842
	0.3147


From table 7, the alpha value -0.7390+ 0.6700i at antenna spacing 0.5 is proposed for high correlation and alpha value -0.4388+ 0.5106i at antenna spacing 7 is proposed for medium correlation. The capacity curves for these two choices are provided in figure 8.
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No correlation, alfa=0, beta=0

Totally Correlation, alfa=1,beta=1

BS Spacing=0.5, alfa=-0.7390+0.6700i,beta=-0.6905+0.3419i

BS Spacing=7.0, alfa=-0.4388+0.5106i,beta=-0.6905+0.3419i


Figure 8. Capacity against SNR for 2x2 case at proposed antenna spacings of 0.5 and 7
5. 1x2 case analysis
Table 8 provide the relationship between antenna spacing, ( and corresponding
[image: image47.wmf]l

 for different SNR for the 1x2 case with values for high and medium correlation highlighted.
Note: the lambda values larger than 1, such as 1.0073, 1.0255, are not calculation errors. It is because the provided capacity is the simulation result, not the theoretical result. There exists very little simulation error. For the 1x2 case, the departure between lower and upper results is no more than 0.5, and very small simulation errors will generate some lambda values larger than 1.

Table 8. Relationship between 1x2 case antenna spacing, ( and corresponding
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 for different SNR 

	eNB Antenna Spacing in wavelength
	correlation coefficient (
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 (10dB)
	
[image: image52.wmf]l

 (15dB)
	
[image: image53.wmf]l

 (20dB)

	0
	1.0000
	0.9649
	0.9531
	0.9831
	1.0015
	1.0055

	0.25
	0.3597+0.9324i
	0.9585
	1.0073
	1.0097
	1.0448
	0.9757

	0.5
	-0.7390+ 0.6700i
	0.9910
	0.9879
	1.0255
	1.0105
	0.9907

	0.75
	-0.8883 - 0.4470i
	0.8862
	0.9105
	0.9939
	0.9354
	1.0117

	1.0
	0.0969 - 0.9854i
	0.9476
	0.9322
	0.9414
	0.9611
	0.9453

	1.25
	0.9490 - 0.2627i
	0.9091
	0.9220
	0.9595
	0.9157
	0.9057

	1.5
	0.5827 + 0.7857i
	0.9214
	0.9445
	0.9260
	0.9274
	0.9400

	1.75
	-0.5194+ 0.8198i
	0.9075
	0.9152
	0.8747
	0.8433
	0.8790

	2.0
	-0.9433 - 0.1881i
	0.9063
	0.9235
	0.8475
	0.8723
	0.9310

	2.25
	-0.1620 - 0.9383i
	0.8345
	0.8536
	0.8617
	0.8341
	0.8670

	2.5
	0.8083 - 0.4830i
	0.7976
	0.8335
	0.8565
	0.7340
	0.7745

	2.75
	0.7323 + 0.5737i
	0.7683
	0.7487
	0.7232
	0.7608
	0.7637

	3.0
	-0.2687+ 0.8779i
	0.8079
	0.7220
	0.7344
	0.7640
	0.7255

	3.25
	-0.9030+ 0.0637i
	0.7020
	0.6574
	0.7179
	0.7202
	0.7316

	3.5
	-0.3780 - 0.8076i
	0.7584
	0.7339
	0.7070
	0.6442
	0.6718

	3.75
	0.6083 - 0.6327i
	0.6365
	0.6209
	0.6571
	0.6561
	0.5910

	4.0
	0.7955 + 0.3350i
	0.6753
	0.7350
	0.6439
	0.6223
	0.5278

	4.25
	-0.0268+ 0.8478i
	0.6026
	0.6378
	0.6339
	0.5479
	0.5250

	4.5
	-0.7865+ 0.2742i
	0.6375
	0.4882
	0.5464
	0.5560
	0.5616

	4.75
	-0.5280 - 0.6239i
	0.6686
	0.5900
	0.5165
	0.5216
	0.4491

	5.0
	0.3854 - 0.7028i
	0.5787
	0.5623
	0.5308
	0.5147
	0.4837

	5.25
	0.7784 + 0.1056i
	0.6388
	0.4852
	0.5364
	0.4609
	0.4033

	5.5
	0.1769 + 0.7489i
	0.5263
	0.4657
	0.4514
	0.4267
	0.4039

	5.75
	-0.6223+ 0.4245i
	0.4929
	0.4163
	0.4455
	0.4170
	0.3963

	6.0
	-0.6061 - 0.4196i
	0.4821
	0.4288
	0.4545
	0.3840
	0.3736

	6.25
	0.1706 - 0.7006i
	0.4732
	0.3799
	0.4028
	0.3934
	0.3522

	6.5
	0.6993 - 0.0898i
	0.5300
	0.3774
	0.3537
	0.3850
	0.3516

	6.75
	0.3269 + 0.6066i
	0.4523
	0.3524
	0.4087
	0.2825
	0.3235

	7.0
	-0.4388+ 0.5106i
	0.3865
	0.3256
	0.3294
	0.3773
	0.3145


From table 8, the alpha value -0.5194+ 0.8198i at antenna spacing 1.75 is proposed for high correlation and alpha value 0.3854 - 0.7028i at antenna spacing 5 is proposed for medium correlation. The capacity curves for these two choices are provided in figure 9.
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Figure 9. Capacity against SNR for 1x2 case at proposed antenna spacing 1.75 and 5

6. Proposal
Based on the above analysis we propose the following are chosen for high and medium cases:
	2x2 case

	eNB Antenna Spacing
	correlation coefficient (
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 (20dB)

	0.5 (high)
	-0.7390+ 0.6700i
	0.8667
	0.8775
	0.9004
	0.9210
	0.9270

	7.0 (medium)
	-0.4388+ 0.5106i
	0.5642
	0.5683
	0.5232
	0.4699
	0.3971


	1x2 case

	eNB Antenna Spacing
	correlation coefficient (
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[image: image64.wmf]l

 (20dB)

	1.75 (high)
	-0.5194+ 0.8198i
	0.9075
	0.9152
	0.8747
	0.8433
	0.8790

	5.0 (medium)
	0.3854 - 0.7028i
	0.5787
	0.5623
	0.5308
	0.5147
	0.4837


Based on [5], the correlation matrices for high correlation for 1x2 and 2x2 respectively are:
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The correlation matrices for medium correlation for 1x2 and 2x2 respectively are:
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A text proposal to 36.803 is provided in [6].
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