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1. Introduction
A new work item on further RF requirements enhancements for NR frequency range 1 was agreed in [1] and includes the following objective:
Specify the UE RF requirements to support 4Tx
· First priority: 4x4 UL MIMO
· 
In this contribution, we consider how the EVM requirements are applied for 4x4 UL MIMO.  This issue was previously addressed in [2].
2. EVM for 4x4 UL MIMO 
In TS 38.101-1 [2], the EVM for closed loop spatial multiplexing is defined in 6.4D.2.1 as follows:
For UE with two transmit antenna connectors in closed-loop spatial multiplexing scheme, the Error Vector Magnitude requirements specified in clause 6.4.2.1 apply per layer.
However, the details of how the per-layer EVM should be measured have not been specified. 
For 4x4 UL MIMO, the following agreements were made in the way forward [3].
· Define the EVM for 4 Tx UL MIMO transmission on a per layer basis. 
· For full-rank transmission, measure the EVM using a zero-forcing MIMO receiver.
As a result of the first agreement, the EVM requirement for UL MIMO is defined per layer for both 2 Tx and 4 Tx.
From the second agreement, a zero-forcing MIMO receiver will be used to define EVM for 4x4 UL MIMO.  Because the zero-forcing receiver is uniquely defined for full-rank transmission, it follows that the zero-forcing MIMO receiver is given by (as in [4])

where  is the 4x4 effective channel matrix given by ,  is the 4x4 channel matrix, and  is the 4x4 precoding matrix. 
There is a fundamental difference between the EVM measurement for FR1 and FR2 in that for FR2 measurements are radiated while conductive measurements are used for FR1. The effects of antenna coupling and reverse intermodulation are included in radiated EVM measurement while these aspects are not included in conductive measurements taken at the antenna connectors.  As a result, the conductive EVM measurement may underestimate the magnitude of the transmitter noise and may also reflect a combining gain over the transmitter noise that is not achievable if the transmitter noise is highly correlated.
The EVM definition for 2 Tx transmit diversity explicitly removes the combining gain that results if the transmitter noise is uncorrelated by assuming worst case correlation of the transmitter noise [5].  The same approach has been proposed for 4 Tx transmit diversity in [6].  We now consider if this same approach can be considered when defining EVM for 4x4 UL MIMO as well one-, two-, and three-layer transmission.
For 4x4 UL MIMO, the signal at the antenna connectors is given by

where  is the 4x1 data vector,  is the 4x4 precoding matrix,  is the 4x4 channel matrix, and  is the 4x1 vector of transmitter noise at the antenna connectors.  If the zero-forcing receiver is used, then the data estimate is given by

where  is an estimate of  based on reference symbols. If , then 


where . The covariance of the per-layer transmitter noise is then given by 


where we have defined   and used the fact that for a unitary matrix .
If the transmitter noise at the antenna connectors is uncorrelated so that the covariance matrix can be represented by the diagonal matrix , then the resulting noise variance for the i-th layer is given by

For a radiated measurement or in the case that directional couplers are introduced between the PA outputs for MPR/A-MPR measurements in order to emulate antenna coupling, the transmitter noise will be correlated.  In this case, the noise covariance for the i-th layer is given by

In the Appendix, it is shown that 

where .  
If coupling between the antennas leads to significant correlation of the transmitter noise, and if the transmitter noise is uncorrelated in the absence of antenna coupling, then the combining gain for the i-th layer can be as large as the ratio

This maximum combining gain represents the maximum increase of the layer signal-to-noise ratio that can result if the conducted transmitter noise is independent while the radiated transmitter noise has worst-case correlation due to antenna coupling.
In order to estimate the covariance of the transmitter noise , it would be necessary to form the estimate

where  is an estimate of the channel and  is either reference symbols or demodulated data.  Alternatively, if the variance of the transmitter noise at each of the antenna connectors is assumed to be equal so that  for all i, then the maximum combining gain for the i-th layer is given by

To avoid underestimating the radiated EVM with a conductive measurement, the maximum combining gain can be removed from the EVM measurement. If  denotes the conductive EVM of the i-th layer, then the signal-to-noise ratio of the i-th layer is given by

The SNR of the i-th layer with the maximum combining gain removed is then given by

where .  Thus, the maximum combining gain  can be removed from the conductive EVM measurement  by multiplying by the square root of  so that
.
Alternatively, since the correlation of the radiated transmitter noise may not be worst case, it may be better to scale the conductive EVM measurement by a fraction f of the maximum combining gain so that 
,
where f is in the interval (0, 1].
For 4x4 UL MIMO, the agreed precoder is given by

so that the maximum combining gain is

Thus, for this 4-layer precoder there is no combining gain over the transmitter noise for any of the MIMO layers, and at least from this perspective, the conductive EVM measurement should be similar to the radiated EVM measurement. 
It can be noted that if the following 4x4 UL precoder were to be used (TPMI 3)

then the maximum combining gain for the i-th layer is given by

for all i. If this maximum combining gain is removed from the conductive EVM measurement , then the adjusted EVM is given by

3. EVM for M-layer transmission from N-antenna ports
In the case that the number of transmission layers is less than the number of antenna ports, the received signal is given by 

where  is the Mx1 data vector,  is the NxM precoding matrix,  is the NxN channel matrix, and  is the Nx1 vector of transmitter noise at the antenna connectors. At least two unbiased linear receivers can be used to separate the layers, and these are the unbiased linear MMSE receiver and the pseudo-inverse receiver. The pseudo-inverse receiver  is given by 

When the pseudo-inverse receiver is applied to the M-layer transmission, the result is

 			  	           
 			  	          
where the covariance of the per layer transmitter noise  is given by

and the MxN matrix  is defined as

If the transmitter noise is uncorrelated so that , then the noise variance of the i-th layer is given by

If the transmitter noise is correlated the covariance matrix is not diagonal, then the noise variance for the i-th layer is given by 

From the result in the Appendix, it follows that

where .  Thus, if coupling between the antennas leads to significant correlation of the transmitter noise, and if the transmitter noise is uncorrelated in the absence of antenna coupling, then the maximum combining gain for the i-th layer is given by

As before, if it is assumed that  for all i, then the maximum combining gain is given by

To avoid underestimating the radiated EVM with the conductive measurement, the maximum combining gain can be removed from the conductive EVM measurement by multiplying by the square root of  so that

Alternatively, since the correlation of the radiated transmitter noise may not be worst case, it may be better to scale the conductive EVM measurement by a fraction f of the maximum combining gain so that 
,
where f is in the interval (0, 1].
If we consider the example two-layer precoder given by

and consider the case that , then 

For this example, we have

for all i, and


4. EVM adjustment based on the MPR/A-MPR increase allowed for multi-antenna transmission
In some cases, increased MPR or increased A-MPR is allowed for multi-antenna transmission.  These increased values are typically based on PA measurements taken using conductive measurements but with directional couplers used between the PA’s to emulate the coupling that occurs between antennas with limited isolation.  An example can be seen in Table 6.2.2-2 and 6.2D.2-1 below from [2].
Table 6.2.2-2 Maximum power reduction (MPR) for power class 2
	Modulation
	MPR (dB)

	
	Edge RB allocations
	Outer RB allocations
	Inner RB allocations

	DFT-s-OFDM
	Pi/2 BPSK
	≤ 3.5
	≤ 0.5
	0

	
	QPSK
	≤ 3.5
	≤ 1
	0

	
	16 QAM
	≤ 3.5
	≤ 2
	≤ 1

	
	64 QAM
	≤ 3.5
	≤ 2.5

	
	256 QAM
	≤ 4.5

	CP-OFDM
	QPSK
	≤ 3.5
	≤ 3
	≤ 1.5

	
	16 QAM
	≤ 3.5
	≤ 3
	≤ 2

	
	64 QAM
	≤ 3.5

	
	256 QAM
	≤ 6.5



Table 6.2D.2-1 Maximum power reduction (MPR) for power class 2 with dual Tx
	Modulation
	MPR (dB)

	
	Edge RB allocations
	Outer RB allocations
	Inner RB allocations

	DFT-s-OFDM 
	Pi/2 BPSK
	≤ 3.5
	≤ 1
	0

	
	QPSK
	≤ 3.5
	≤ 2
	0.5

	
	16 QAM
	≤ 3.5
	≤ 2.5
	≤ 1.5

	
	64 QAM
	≤ 3.5
	≤ 3

	
	256 QAM
	≤ 5.5

	CP-OFDM 
	QPSK
	≤ 4.0
	≤ 3.5
	≤ 2

	
	16 QAM
	≤ 4.0
	≤ 3.5
	≤ 2.5

	
	64 QAM
	≤ 4.5

	
	256 QAM
	≤ 8.0



Instead of using the maximum combining gain to estimate the radiated EVM from the conducted EVM, an alternative is to use the MPR increase allowed for multi-antenna transmission to estimate the EVM increase due to radiative coupling.  To adjust the conducted EVM measurement to reflect the increased MPR, there must be a mapping between the need for increased MPR and the increased EVM due to antenna coupling. The EVM that is allowed for each modulation type is shown in the Table 6.4.2.1-1 from [2] below.
Table 6.4.2.1-1: Requirements for Error Vector Magnitude
	
Parameter
	Unit
	Average EVM Level

	Pi/2-BPSK 
	%
	30

	QPSK
	%
	17.5

	16 QAM 
	%
	12.5

	64 QAM 
	%
	8

	256 QAM
	%
	3.5



The relationship between EVM and MPR for single antenna transmission can be seen in the Figure 1 below.
[image: ]
Figure 1: MPR vs. EVM for CP-OFDM Inner Allocation
From this Figure, it can be observed that as the MPR is increased by 1 dB, the EVM is decreased by approximately .  This relationship can be expressed as 

where  and  are the EVM values before and after the power reduction by . 
If it is assumed that this same relationship holds with respect to EVM and the increased MPR due to antenna coupling and reverse intermodulation, the relationship between the conducted EVM measurement and the radiated EVM measurement can be expressed as 

where  is the increased MPR allowed for dual Tx for the given modulation type.  In some cases, it may be better to adjust the radiated EVM by only a fraction f of this increase so that

where f is in the interval (0, 1].
5. Summary
Based on the discussion and analysis above, we have the following proposals:
Proposal 1:  For less than full-rank transmission, measure the EVM for less than four-layer 4x4 UL MIMO 
	  using the pseudo-inverse receiver.
Proposal 2: To account for antenna correlation not observed in conductive measurements, increase the conductive EVM measurement by some fraction of the square root of the maximum combining gain so that

                      where f is in the interval (0, 1] and apply this increased EVM against the EVM requirement in Table 6.4.2.1-1 [4].
Proposal 3: Alternatively, in the case that increased MPR is defined for multi-antenna transmission, account for antenna correlation not observed in conductive measurements by increasing the conductive EVM measurement by 

                      where f is in the interval (0, 1] and apply this increased EVM against the EVM requirement in Table 6.4.2.1-1 [4].
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Appendix: Maximum Per-Layer Noise Variance with Correlated Transmitter Noise
For 4x4 UL MIMO, the variance of the transmitter noise at the output of the zero-forcing receiver is given by

 						
where

and .
The noise variance for the i-th layer is given by 

Expanding and using the fact that , this gives




Let  and note that , so that
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