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Introduction
During the last meeting [1], a WF was agreed on NR MIMO OTA [2]. 
	 Next actions

· RMS error vs UE throughput or MIMO capacity performance should be studied 
· Upper limit of RMS error will be decided in next RAN4 meeting
· Typical gNodeB emulator setting for FR1 2x2 and 4x4 MIMO shall be studied next meeting   



In this contribution, we first focus on correlation error vs capacity in a 2x2 MIMO channel. Thereafter, we briefly discuss how the upper limit of RMS error can be decided based on these results.
System Setup
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Figure 1: 2x2 MIMO. Bell Labs Layered System Architecture (BLAST) [3]
Figure 1 shows a 2x2 MIMO channel. We assume that the transmitter and receiver are communicating through the BLAST architecture. A detailed description of BLAST architecture in a MIMO environment is provided in [3].
The classical equation of Shannon’s capacity in a SISO channel can be expressed as:
   …. (1)
Where  is the reference SNR. Similarly, the capacity of a N x N MIMO channel can be written as:
   …. (2)
Where H is the channel matrix.
[3] focuses on a 2x2 MIMO channel where cross-channel coefficients are correlated and the transmitter and receive use BLAST architecture to achieve Shannon capacity. [3] define the capacity in the following way:
 …. (3)
Where,  denotes the channel correlation coefficients and can be defined as:
 … (4)
Where, hij denotes the channel coefficient between transmit antenna i and receive antenna j.
[3] shows how the standard capacity equation of (2) can be used to derive (3) based on the assumption of (4). Equation (2) is derived based on Shannon’s capacity. However, practical adaptive modulation and coding (AMC) schemes cannot achieve the same rate as Shannon’s capacity. Appendix 7.2 shows that by scaling Shannon’s capacity equation by a factor of 0.75, one can mimic the AMC curve. 
Observation 1: By scaling Shannon’s capacity equation curve with a factor of 0.75, one can make it overlap with the achievable rates through adaptive modulation and coding scheme of [4].
Hence, we use the following equation to model the capacity in a SISO and correlated 2x2 MIMO channel that uses AMC.
   …. (5)
 …. (6)
In this contribution, we use equation (6) as a reference to investigate the impact of correlation error r in 2x2 MIMO performance.
Reference SNR to Investigate Impact of Correlation Error in MIMO Performance
Equation (4) shows the well-known notion that capacity depends on SNR. Hence, a reference SNR must be fixed to investigate the impact of correlation error in MIMO performance.
Appendix 7.1 shows that LTE MIMO OTA DL emulator used a 2x2 MIMO channel with 64 QAM and 0.4 coding rate. That means, LTE MIMO OTA emulated achieved 2.4 bps/Hz (= ) throughput for PDSCH in each of its stream. Hence, total achieved data rate was = 2.4 * 2 = 4.8 bps/Hz.
 By using 4.8 bps/Hz in equation (6) and assuming the ideal scenario of zero correlation, we get a SNR of 12.2 dB. Hence, we assume that LTE MIMO OTA 2x2 DL emulator operated in a 12.2 dB SNR environment to achieve 2.4 bps/Hz in each of its stream. 
Observation 2: LTE MIMO OTA DL emulator used a 2x2 MIMO channel with 64 QAM and 0.4 coding rate.
· 12.2 dB SNR is required to achieve this SNR through adaptive modulation and coding scheme.
A similar SNR value should be used in NR MIMO OTA to investigate the impact of correlation error in MIMO performance. We propose this value to be 13 dB.
Proposal 1: RAN4 uses 13 dB as the reference SNR to investigate the impact of correlation error in 2x2 MIMO capacity performance.
Impact of Correlation Error in MIMO Performance
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Figure 2: Capacity degradation due to correlation error
Figure 2 shows capacity degradation, in terms of bps/Hz, due to different correlation errors. X axis has the actual correlation values and Y axis shows the corresponding capacity degradation due to different correlation errors. For example, the marked point corresponds to ‘correlation error = 0.1’ curve and points to 0.5 actual correlation and roughly 0.1 bps/Hz capacity degradation. This means that, at 13 dB SNR, the capacity of a 2x2 DL MIMO channel with 0.5 cross-link correlation gets degraded by an additional 0.1 bps/Hz if the correlation value gets wrongly modelled as 0.6, instead of 0.5 Appendix 7.3 shows the exact equation that we used to generate Figure 2.
Observation 3: At 13 dB SNR, the capacity of a 2x2 DL MIMO channel with 0.5 cross-link correlation gets degraded by an additional 0.1 bps/Hz if the correlation value gets wrongly modelled as 0.6, instead of 0.5.
In Figure 2, the capacity of different X axis points, corresponding to different actual correlation values, are different. Hence, a more illustrative example would be to see how correlation error impacts the SNR required to achieve the same capacity. We show that in Figure 3.
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Figure 3: Increase in required SNR due to correlation error in achieving same capacity
Figure 3 shows how much required SNR increases due to correlation error to achieve the same amount of capacity. In order to generate these curves, we first use a reference SNR of 13 dB and use equation (6) to find SNR for different values of correlations in the X axis. We then assume an additional correlation increase of 0.025/0.5/0.1/0.2/0.3 (as shown by the different curves of Figure 3) and find the SNR that’s required to achieve the same capacity as the scenario without additional correlation error had achieved. For example, the point pair of (0.65, 0.4972) corresponds to the following example: Assuming 13 dB reference SNR, if the original correlation value is 0.65 and if this gets modelled as 0.75 (= 0.65 + 0.1), roughly 0.5 dB additional SNR is needed to mitigate the impact of correlation mismatch and obtain the same capacity as the one of 0.65. Similarly, the point pair of (0.4, 0.51565) corresponds to the following example; : assuming 13 dB reference SNR, if the original correlation value is 0.4 and if this gets modelled as 0.6 (= 0.4 + 0.2), roughly 0.5 dB additional SNR is needed to mitigate the impact of correlation mismatch and obtain the same capacity as the one of 0.4.
Figure 3 shows that the impact of correlation error is higher for higher values of actual correlation. Assuming 13 dB reference SNR and 0.5 dB SNR degradation as the limit, a correlation error value of 0.3, 0.2 and 0.1 are tolerable for actual correlation values of 0.3, 0.4 and 0.65 respectively. Hence, in order to investigate how a weighted RMS correlation error impacts overall performance, one needs to consider how the overall weighted RMS correlation error gets distributed to individual correlation error values and how they impact SNR/capacity of individual correlation points. 
Observation 4: Assuming 13 dB reference SNR and 0.5 dB SNR degradation as the limit, a correlation error value of 0.3, 0.2 and 0.1 are tolerable for actual correlation values of 0.3, 0.4 and 0.65 respectively.
Observation 5: To investigate how a weighted RMS correlation error impacts overall performance, one needs to consider how the overall weighted RMS correlation error gets distributed to individual correlation error values and how they impact SNR/capacity of individual correlation points. 

Conclusion
Observation 1: By scaling Shannon’s capacity equation curve with a factor of 0.75, one can make it overlap with the achievable rates through adaptive modulation and coding scheme of [4].
Observation 2: LTE MIMO OTA DL emulator used a 2x2 MIMO channel with 64 QAM and 0.4 coding rate.
· 12.2 dB SNR is required to achieve this SNR through adaptive modulation and coding scheme.
Observation 3: At 13 dB SNR, the capacity of a 2x2 DL MIMO channel with 0.5 cross-link correlation gets degraded by an additional 0.1 bps/Hz if the correlation value gets wrongly modelled as 0.6, instead of 0.5.
Observation 4: Assuming 13 dB reference SNR and 0.5 dB SNR degradation as the limit, a correlation error value of 0.3, 0.2 and 0.1 are tolerable for actual correlation values of 0.3, 0.4 and 0.65 respectively.
Observation 5: To investigate how a weighted RMS correlation error impacts overall performance, one needs to consider how the overall weighted RMS correlation error gets distributed to individual correlation error values and how they impact SNR/capacity of individual correlation points. 
Proposal 1: RAN4 uses 13 dB as the reference SNR to investigate the impact of correlation error in 2x2 MIMO capacity performance.
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Appendix
eNB emulator settings of 37.977 [5]
The following three tables and the highlighted portions show that LTE MIMO OTA uses a 2x2 MIMO channel in DL MIMO. Note that, an RMC value of 18 corresponds to 0.4 target coding rate. So, for both FDD and TDD emulation, LTE MIMO OTA assumed 64 QAM and 0.4 target coding rate.
Table 7.1-1 of 37.977: Settings for FDD eNodeB emulator
	eNodeB settings (Note 1)
	Unit
	Value 

	Physical channel

	Connection mode of UE
	
	Connection established

	DL MIMO mode
	
	2 x 2 open loop spatial multiplexing

	Duplex mode
	
	FDD

	Operating band
(UL channel, 
DL channel)
	
	Band 7 (21100, 3100)
Band 20 (24300, 6300)

	Schedule type
	
	Reference Measurement Channel (RMC)

	Reference Channel
	
	R.35 (Note 2)

	Bandwidth DL
	MHz
	10

	Number of RBs DL
	
	50

	Start RB DL
	
	0

	Modulation DL
	
	64QAM

	Maximum Theoretical Throughput
	Mbps
	35.424

	TBS Idx DL
	
	18 (RMC defined, Note 2)

	Bandwidth UL
	MHz
	10

	Number of RBs UL
	
	50

	Start RB UL
	
	0

	Modulation UL
	
	QPSK

	TBS Idx UL
	
	6 (RMC defined)

	Transmit power control
	dBm
	-10/10 MHz, open loop (Note 3)

	PDSCH power offset relative to RS EPRE
	dB
	A = -3
B = -3

	Number of HARQ transmissions
	
	1 (no HARQ re-transmissions)

	AWGN
	
	OFF

	DL power level 
(RS EPRE)
	dBm / 15 kHz
	Set at eNodeB simulator 
with correction from calibration

	Number of subframes for FOM measurement
	
	2000 minimum for static channel
20000 minimum for faded channel
(Note 4)

	NOTE 1:	This set of parameters is aligned with R&S CMW500, Anritsu MTC8820C, AT4 S3110B, 
and Agilent E6621A (to be confirmed).
NOTE 2:	This RMC is defined in 3GPP TS 36.521-1 [12], Table A.3.3.2.1-1. R.35 subframes 1-4 and 6-9 
utilize DL TBS 18, while R.35 subframe 0 utilizes TBS 17 
(See Table A.3.3.2.1-1 Fixed Reference Channel two antenna ports in 3GPP TS 36.521-1 [12]).
NOTE 3:	No uplink power control.
NOTE 4:	These values might need to be increased for frequency and mobile speed reasons.




Table 7.1-2 of 37.977: Settings for TDD eNodeB emulator
	eNodeB settings 
	Unit
	Value 

	Physical channel

	Connection mode of UE
	
	Connection established

	DL MIMO mode
	
	2 x 2 open loop spatial multiplexing

	Duplex mode
	
	TDD

	Operating band
(UL / DL channel)
	
	Band 38 (38000)
Band 39 (38450)
Band 40 (39150)
Band 41 (40620)

	Schedule tyoe
	
	Reference Measurement Channel (RMC)

	Reference Channel
	
	Table 7.1-3

	Up/Downlink Frame Configuration
	
	1

	Special Frame configuration
	
	7

	Bandwidth DL
	MHz
	20

	Number of RBs DL
	
	100

	Start RB DL
	
	0

	Modulation DL
	
	64QAM

	TBS Idx DL
	
	16 (RMC defined, NOTE 1)

	Bandwidth UL
	MHz
	20

	Number of RBs UL
	
	100

	Start RB UL
	
	0

	Modulation UL
	
	QPSK

	TBS Idx UL
	
	6

	Transmit power control
	dBm
	-10/20 MHz, open loop (NOTE 2)

	PDSCH power offset relative to RS EPRE
	dB
	A = -3
B = -3

	Number of HARQ transmissions
	
	1 (no HARQ re-transmissions)

	AWGN
	
	OFF

	DL power level 
(RS EPRE)
	dBm / 15 kHz
	Set at eNodeB simulator 
with correction from calibration

	Number of subframes for FOM measurement
	
	2000 minimum for static channel
20000 minimum for faded channel
(NOTE 3)

	NOTE 1:	This RMC is defined in Table 7.1-3. Subframes 0, 1, 4, 6 and 9 utilize DL TBS 16, subframe 5 is unused for DL data transimission and other subframes are for UL.
NOTE 2:	No uplink power control.
NOTE 3:	These values might need to be increased for frequency and mobile speed reasons.




Table 7.1-3 of 37.977: Fixed Reference Channel two antenna ports for 20MHz TD-LTE
	Parameter
	Unit
	Value

	Channel bandwidth
	MHz
	20

	Allocated resource blocks (Note 3)
	
	100

	Uplink-Downlink Configuration (Note 1)
	
	1

	Allocated subframes per Radio Frame (D+S)
	
	4+2

	Modulation
	
	64QAM

	Target Coding Rate
	
	0.4

	Information Bit Payload (Note 3)
	
	

	  For Sub-Frames 4,9
	Bits
	32856

	  For Sub-Frames 1,6
	
	24496

	  For Sub-Frame 5
	Bits
	N/A

	  For Sub-Frame 0
	Bits
	32856

	Number of Code Blocks
(Notes 2 and 3)
	
	

	  For Sub-Frames 4,9 
	
	5

	  For Sub-Frames 1,6
	
	4

	  For Sub-Frame 5
	
	N/A

	  For Sub-Frame 0
	
	5

	Binary Channel Bits (Note 3)
	
	

	  For Sub-Frames 4,9 
	Bits
	82800

	  For Sub-Frames 1,6
	
	67968

	  For Sub-Frame 5
	Bits
	N/A

	  For Sub-Frame 0
	Bits
	80712

	Max. Throughput averaged over 1 frame (Note 3)
	Mbps
	14.756

	UE Category
	
	≥ 1

	NOTE 1:	As per Table 4.2-2 in TS 36.211 [4].
NOTE 2:	If more than one Code Block is present, an additional CRC sequence of L = 24 Bits is attached to each Code Block (otherwise L = 0 Bit).
NOTE 3:	Given per component carrier per codeword



Approximation of Adaptive Modulation and Coding through Shannon’s Equation
The following figure is obtained from [4]. It first shows the known phenomenon that the achievable rate through actual adaptive modulation and coding (AMC) is less than Shannon’s capacity bound. It then shows that, by scaling Shannon’s capacity equation by a factor of 0.75, we can mimic the AMC curve.
[image: ]
Figure: Approximating adaptive modulation and coding and with an attenuated and truncated form of the Shannon bound (figure and title collected from [4])
Calculation of Capacity Degradation due to Correlation Mismatch
Assume that the actual correlation value is r and the OTA chamber has emulated it as (r+r’), i.e the additional correlation error is r’.
The capacity degradation values of different points in figure 2 can be obtained as:
= 
Where,  = 13 dB based on proposal 1.
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