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Introduction
This contribution presents validation results of FR2 MIMO OTA test setup. Statistical characteristics to be validated are Power Delay Profile (PDP), Temporal Correlation Function (TCF), and PAS Similarity Percentage (PSP). Both theoretical reference values and initial measurement results at 28 GHz are provided.
Theoretical reference values
[bookmark: _Ref101774009]Power Delay Profile (PDP) 
The following table defines theoretical PDPs for UMi CDL-C. Base station beam number 1 is used, i.e., strongest transmitting beam as outlined in Clause 7.3 of TR38.827 [1]. The right-most columns contain normalized cluster powers. The normalization is done such that the maximum gain equals 0 dB. The power is the sum of channel gains from two base station sub-arrays with orthogonal ±45° linear polarizations to vertically polarized omni-directional UE antenna. In the validation measurement this corresponds to using two base station streams to the direction of beam 1 and using vertically polarized omni-directional measurement antenna within the test zone. 
More detailed definition of the normalized theoretical cluster power values is as follows. Rays of each cluster are weighted by the base station beam pattern. The weight is determined by the direction of each ray. Fixed initial 2x2 phase matrices and fixed coupling of ray angels are applied, as defined in [1]. Resulting ray gains from two orthogonally polarized base station sub-arrays are summed up to constitute a cluster power. The summation is done for squared magnitudes to the provide average value, irrespective of scalar initial phases. Finally, the power values are normalized to maximum of 0 dB.
[bookmark: _Ref101798042]

Table 1. Theoretical reference PDP of UMi CDL-C with BS beam 1.
	Cluster #
	Delay [ns]
	Power [dB]

	1
	0
	-25.0

	2
	13
	-18.0

	3
	13
	-29.6

	4
	13
	-21.0

	5
	14
	-25.2

	6
	38
	0.0

	7
	39
	-2.6

	8
	39
	-4.0

	9
	40
	-38.8

	10
	48
	-35.2

	11
	49
	-34.4

	12
	56
	-40.2

	13
	74
	-29.2

	14
	78
	-35.8

	15
	130
	-38.2

	16
	163
	-38.6

	17
	256
	-40.4

	18
	276
	-42.0

	19
	329
	-46.7

	20
	336
	-50.5

	21
	378
	-50.3

	22
	398
	-43.1

	23
	423
	-51.5

	24
	519
	-58.8
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Figure 1. Theoretical reference PDP of UMi CDL-C with BS beam 1.


Table 2. Theoretical reference PDP of InO CDL-A with BS beam 1.
	Cluster #
	Delay [ns]
	Power [dB]

	1
	0
	-93.3

	2
	11
	0.0

	3
	12
	-5.9

	4
	14
	-58.0

	5
	16
	-57.2

	6
	17
	-72.6

	7
	18
	-5.3

	8
	20
	-67.2

	9
	23
	-60.2

	10
	46
	-94.6

	11
	57
	-60.3

	12
	65
	-76.8

	13
	67
	-79.6

	14
	75
	-94.2

	15
	75
	-71.5

	16
	92
	-72.6

	17
	122
	-77.6

	18
	134
	-94.9

	19
	137
	-83.7

	20
	144
	-91.1

	21
	150
	-85.2

	22
	159
	-81.1

	23
	290
	-69.9
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Figure 2. Theoretical reference PDP of InO CDL-A with BS beam 1.

[bookmark: _Ref101793587]Temporal Correlation Function (TCF)
TCF is Fourier transform pair with Doppler power spectrum. Theoretical reference ray powers are determined as described in Section 1.1. Doppler frequencies of rays are determined by using their angles of arrival, the center frequency, speed, and the direction of travel. The resulting TCF is defined on distance lag instead of time lag, since in the case of constant velocity the time is interchangeable with travelled distance. Hence, the correlation is given as the function of distance in wavelengths.
[bookmark: _Ref101798093]Table 3. Theoretical reference TCF of UMi CDL-C with BS beam 1.
	Distance [l]
	Corr.
	Distance [l]
	Corr.
	Distance [l]
	Corr.
	Distance [l]
	Corr.
	Distance [l]
	Corr.

	0
	1.000
	1
	0.540
	2
	0.200
	3
	0.133
	4
	0.009

	0.05
	0.998
	1.05
	0.511
	2.05
	0.196
	3.05
	0.126
	4.05
	0.009

	0.1
	0.993
	1.1
	0.483
	2.1
	0.193
	3.1
	0.118
	4.1
	0.007

	0.15
	0.984
	1.15
	0.456
	2.15
	0.191
	3.15
	0.110
	4.15
	0.005

	0.2
	0.972
	1.2
	0.430
	2.2
	0.189
	3.2
	0.102
	4.2
	0.002

	0.25
	0.956
	1.25
	0.405
	2.25
	0.187
	3.25
	0.093
	4.25
	0.005

	0.3
	0.938
	1.3
	0.381
	2.3
	0.185
	3.3
	0.084
	4.3
	0.010

	0.35
	0.917
	1.35
	0.359
	2.35
	0.183
	3.35
	0.074
	4.35
	0.017

	0.4
	0.894
	1.4
	0.338
	2.4
	0.182
	3.4
	0.065
	4.4
	0.024

	0.45
	0.869
	1.45
	0.318
	2.45
	0.180
	3.45
	0.055
	4.45
	0.032

	0.5
	0.842
	1.5
	0.300
	2.5
	0.177
	3.5
	0.046
	4.5
	0.040

	0.55
	0.813
	1.55
	0.283
	2.55
	0.175
	3.55
	0.037
	4.55
	0.049

	0.6
	0.784
	1.6
	0.268
	2.6
	0.172
	3.6
	0.028
	4.6
	0.058

	0.65
	0.754
	1.65
	0.255
	2.65
	0.169
	3.65
	0.020
	4.65
	0.066

	0.7
	0.723
	1.7
	0.243
	2.7
	0.165
	3.7
	0.013
	4.7
	0.074

	0.75
	0.692
	1.75
	0.232
	2.75
	0.161
	3.75
	0.007
	4.75
	0.082

	0.8
	0.661
	1.8
	0.223
	2.8
	0.157
	3.8
	0.003
	4.8
	0.089

	0.85
	0.630
	1.85
	0.216
	2.85
	0.152
	3.85
	0.004
	4.85
	0.096

	0.9
	0.600
	1.9
	0.209
	2.9
	0.146
	3.9
	0.007
	4.9
	0.102

	0.95
	0.569
	1.95
	0.204
	2.95
	0.140
	3.95
	0.009
	4.95
	0.107

	
	
	
	
	
	
	
	
	5
	0.111
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[bookmark: _Ref102743468]Figure 3. Theoretical reference TCF of UMi CDL-C with BS beam 1.



[bookmark: _Ref102739184]

[bookmark: _Ref102741831]Table 4. Theoretical reference TCF of InO CDL-A with BS beam 1.
	Distance [l]
	Corr.
	Distance [l]
	Corr.
	Distance [l]
	Corr.
	Distance [l]
	Corr.
	Distance [l]
	Corr.

	0.00
	1.000
	1.00
	0.784
	2.00
	0.368
	3.00
	0.155
	4.00
	0.108

	0.05
	0.999
	1.05
	0.764
	2.05
	0.349
	3.05
	0.152
	4.05
	0.105

	0.10
	0.998
	1.10
	0.744
	2.10
	0.332
	3.10
	0.149
	4.10
	0.102

	0.15
	0.995
	1.15
	0.723
	2.15
	0.315
	3.15
	0.147
	4.15
	0.099

	0.20
	0.990
	1.20
	0.702
	2.20
	0.299
	3.20
	0.145
	4.20
	0.096

	0.25
	0.985
	1.25
	0.681
	2.25
	0.284
	3.25
	0.143
	4.25
	0.093

	0.30
	0.979
	1.30
	0.660
	2.30
	0.269
	3.30
	0.142
	4.30
	0.091

	0.35
	0.971
	1.35
	0.638
	2.35
	0.255
	3.35
	0.140
	4.35
	0.089

	0.40
	0.962
	1.40
	0.616
	2.40
	0.242
	3.40
	0.138
	4.40
	0.087

	0.45
	0.952
	1.45
	0.595
	2.45
	0.230
	3.45
	0.137
	4.45
	0.086

	0.50
	0.941
	1.50
	0.573
	2.50
	0.219
	3.50
	0.135
	4.50
	0.086

	0.55
	0.930
	1.55
	0.551
	2.55
	0.209
	3.55
	0.133
	4.55
	0.086

	0.60
	0.917
	1.60
	0.530
	2.60
	0.200
	3.60
	0.131
	4.60
	0.087

	0.65
	0.903
	1.65
	0.508
	2.65
	0.191
	3.65
	0.128
	4.65
	0.089

	0.70
	0.888
	1.70
	0.487
	2.70
	0.184
	3.70
	0.126
	4.70
	0.091

	0.75
	0.872
	1.75
	0.466
	2.75
	0.177
	3.75
	0.123
	4.75
	0.094

	0.80
	0.856
	1.80
	0.445
	2.80
	0.171
	3.80
	0.121
	4.80
	0.097

	0.85
	0.839
	1.85
	0.425
	2.85
	0.166
	3.85
	0.118
	4.85
	0.101

	0.90
	0.821
	1.90
	0.405
	2.90
	0.162
	3.90
	0.115
	4.90
	0.105

	0.95
	0.803
	1.95
	0.386
	2.95
	0.158
	3.95
	0.112
	4.95
	0.110

	
	
	
	
	
	
	
	
	5.00
	0.115
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Figure 4. Theoretical reference TCF of InO CDL-A with BS beam 1.

[bookmark: _Ref102720791]Proposal 1: Adopt the temporal correlation function reference values for CDL-C UMi model according to Table 3 as reference data for TCF validation measurement.
[bookmark: _Ref102720792]Proposal 2: Adopt the temporal correlation function reference values for CDL-A InO model according to Table 4 as reference data for TCF validation measurement.
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Figure 8. Reference PAS for PSP evaluation of CDL-C UMi. 

Initial/example validation results
Power Delay Profile (PDP) 
An example measurement of UMi CDL-C model, measured by VNA in MIMO OTA MPAC setup, is shown in Figure 5. The measurement is conducted through the probe system and Propsim fading emulator operating at 160 MHz bandwidth. Measured frequency responses are windowed, transformed to delay domain, and averaged to a PDP. The measured PDP is drawn with blue line. The theoretical discrete PDP, defined in Section 1.1 is drawn with red markers. Bandwidth limited version of the discrete theoretical PDP is plotted with yellow line. It is obtained by transforming the discrete PDP to frequency domain, limiting the bandwidth to 200 MHz, and then transforming back to the delay domain [2].
Delays are normalized such that the first cluster has zero delay, and the peak of continuous PDPs coincides with the highest cluster delay. Power values are normalized such that the measured and the bandwidth limited PDP have maximum of zero dB. 
 [image: ]
[bookmark: _Ref101788994]Figure 5. Measured example PDP, discrete theoretical PDP, and 200 MHz bandwidth limited theoretical PDP of UMi CDL-C model at 28 GHz.
Target delay and power values of measured PDP are picked from Figure 5 and collected to the following table. Only clusters within 40 dB dynamic range from the peak cluster are considered. Therefore, clusters 17-24 from 255 ns excess delay and onwards are omitted. 


[bookmark: _Ref101798173]Table 5. Target delay and power values for the measured CDL-C UMi PDP.
	Original clusters 
	Delay [ns] 
	Power [dB] 

	2-5 
	15
	-18.4

	6-9
	40
	0.0 

	13-14
	75
	-31.6

	15
	130
	-41.1

	16 
	165
	-41.5



[bookmark: _Ref92705815]Proposal 3: Adopt the 200 MHz filter with Hanning window for 5 ns quantized reference PDP for generating the filtered reference PDP data.
[bookmark: _Ref92690689][bookmark: _Hlk101797995]Proposal 4: Adopt the delay and power sample values for CDL-C UMi model according to Table 5 as reference data for PDP validation measurement.

[image: ]
Figure 6. Measured example PDP, discrete theoretical PDP, and 200 MHz bandwidth limited theoretical PDP of CDL-A InO model at 28 GHz.

Table 6. Target delay and power values for the measured CDL-A InO PDP.
	Original clusters 
	Delay [ns] 
	Power [dB] 

	2-4 
	10
	0

	5-7
	20
	-6.3



[bookmark: _Ref102720793]Proposal 5: Adopt the delay and power sample values for CDL-A InO model according to Table 7 as reference data for PDP validation measurement.

Temporal Correlation Function (TCF)
TCF validation measurement is performed using both base station polarizations, as specified in Section 1.2. However, Figure 7 shows an example measurement that was performed considering only the channel from +45° to V polarized signal. The theoretical curve of Figure 7 characterizes the channel from +45° slanted linearly polarized base station antenna to vertically polarized omnidirectional UE antenna. 
[image: ]
[bookmark: _Ref101793622]Figure 7. Measured example TCF and theoretical TCF of UMi CDL-C model at 28 GHz. The measurement is performed from +45° to V polarized probes only while the theoretical reference in curve in Figure 3 for the pass/fail acceptance is from +45° to V polarized component, i.e, the X2V.
PAS Similarity Percentage (PSP)
Discrete PAS was first measured and then the PAS seen by DUT, i.e., the Bartlett PAS, was calculated as specified in [1]. The reference PAS was calculated similarly using the ray powers, ray directions, and 4x4 Bartlett beamforming as defined in [1]. They are both illustrated in Figure 8. The resulting PSP was 90.9% in this example measurement at 28 GHz and with UMi CDL-C model. 
[image: ]
[bookmark: _Ref101795490]Figure 8. Reference and measured PAS for PSP evaluation. PASs are constructed using Bartlett beamforming for PAS estimation with an ideal 4x4 uniform rectangular array.

Acceptance limits
Power Delay Profile (PDP) 
Adopt the following PDP pass/fail limits for FR2 CDL-C UMi channel model validation  
[bookmark: _Ref101765478]Table 7. Pass/fail acceptance limits for PDP validation specified as path categories with respect to the power of a delay bin relative to the maximum power of the PDP.
	 
	Power Tolerance 
	Delay Tolerance 

	Paths from 0 dB to 10 dB below the peak
	[±1 dB]
	[±6 ns] 

	Paths from 10 dB to 30 dB below the peak
	[±5 dB]
	[±6 ns] 


[bookmark: _Ref101765750]Proposal 6: Adopt the PDP pass/fail limits from Table 7.
Temporal Correlation Function (TCF)
Adopt the same Temporal Correlation pass/fail limits as agreed for FR1, i.e., Pass/Fail limits for theoretical TCF above [0.3] are formed as bands of [±10]% of correlation capped at 1 at the high end. Additionally, when the theoretical TCF drops below [0.3], the limits are formed at bands of [±30]% of correlation capped at 0 at the low end. 
[bookmark: _Ref101765751]Proposal 7: Pass/Fail limits for theoretical TCF above [0.3] are formed as bands of [±10]% of correlation capped at 1 at the high end. Additionally, when the theoretical TCF drops below [0.3], the limits are formed at bands of [±30]% of correlation capped at 0 at the low end
PAS Similarity Percentage (PSP)
The measurement data for 28 GHz shows good accuracy for PSP measurement and 90% PSP can be achieved. However, higher frequency ranges may introduce additional degradations and it is therefore proposed to set the minimum acceptable PSP value to 84%.
[bookmark: _Ref101765752][bookmark: _Ref102720794]Proposal 8: Set the minimum acceptable PSP value to [84%].
[bookmark: _Ref101765753]Proposal 9: Further refine the CM validation limits when more practical/empirical data is available. 
Proposals
The following observations and proposals were made in this contribution. 
Proposal 1: Adopt the temporal correlation function reference values for CDL-C UMi model according to Table 3 as reference data for TCF validation measurement.
Proposal 2: Adopt the temporal correlation function reference values for CDL-A InO model according to Table 4 as reference data for TCF validation measurement.
Proposal 3: Adopt the 200 MHz filter with Hanning window for 5 ns quantized reference PDP for generating the filtered reference PDP data.
Proposal 4: Adopt the delay and power sample values for CDL-C UMi model according to Table 5 as reference data for PDP validation measurement.
Proposal 5: Adopt the delay and power sample values for CDL-A InO model according to Table 7 as reference data for PDP validation measurement.
Proposal 6: Adopt the PDP pass/fail limits from Table 7.
Proposal 7: Pass/Fail limits for theoretical TCF above [0.3] are formed as bands of [±10]% of correlation capped at 1 at the high end. Additionally, when the theoretical TCF drops below [0.3], the limits are formed at bands of [±30]% of correlation capped at 0 at the low end
Proposal 8: Set the minimum acceptable PSP value to [84%].
Proposal 9: Further refine the CM validation limits when more practical/empirical data is available.
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