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1. Introduction
In the way forward [1], it was agreed to consider two different receiver types for defining EVM for multi-layer transmission and these were the linear zero-forcing MIMO equalizer and the linear MMSE MIMO equalizer.  In this contribution, we evaluate the application of these equalizers for defining EVM, and in addition, we evaluate the unbiased linear MMSE MIMO receiver.

In evaluating these receivers, we consider several aspects including if the EVM defined using this method can similarly be achieved at the gNB receiver, regardless of the propagation channel between the UE and the gNB.  If not, then using such a method for defining the transmitter EVM might be of questionable value since the transmitter EVM could not be mapped to a corresponding noise floor at the receiver.  However, in this contribution, it is shown that for each of the proposed receivers, the EVM is independent of the propagation channel between the UE and the gNB. 

For these receivers, we also consider if the mean of the data symbol estimate is unbiased, since the estimate must be unbiased in order to properly measure the error that is used to compute the EVM. In this contribution, it is shown that the linear zero-forcing MIMO receiver and the linear unbiased MMSE MIMO receiver, the data symbol estimate is unbiased. However, it is also shown that the data symbol estimate for the MMSE estimator is biased, so that the mean of the estimate is not equal to the true value, and a result, the error measurement used to compute the EVM has a non-zero mean.

Finally, we provide expressions for the EVM for both the linear zero-forcing MIMO receiver and the linear unbiased MMSE MIMO receiver and show that in the general case, the EVM will be dependent on both the precoding matrix and the layer.  Furthermore, this is true even in the case that the precoding matrix is equal to the identity matrix. 
2. EVM Evaluation for Multi-Layer MIMO
Figure 1 shows the UE implementation of a two-layer MIMO transmission.  The transmitted signal is given by
,
where  is the rank-2 precoder, the data vector x is comprised of two data symbols so that . The vector  is the transmitter noise at the two antenna connectors which has covariance given by . The matrix  is given by 
,
where  and  denote the complex gains of the first and second transmitters and  and  denotes any signal leakage between the first and second signal paths.

In order to demodulate a two-layer MIMO transmission, the gNB must have at least two receive antennas.  Since the UE transmitter noise also passes through the propagation channel, the signal received by the gNB is given by
,
where  is the channel matrix given by
,
and hij denotes the complex gain to the i-th receive antenna from the j-th transmit antenna.
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Figure 1: UE implementation of a two-layer MIMO transmission
In the Appendix, the EVM is evaluated for the following three receiver types:
· The linear zero-forcing MIMO receiver
· The linear MMSE MIMO receiver
· The linear unbiased MMSE MIMO receiver
Expressions are provided for both the mean and the variance of each of the receiver types.  Based on the evaluation in the Appendix, we have the following observations.

Linear zero-forcing MIMO receiver

Observation 1:  The receiver is unbiased so that
  
As a result, the error measurement use for the EVM calculation has zero mean and thus the mean-square error and the EVM reflect the expected link performance.
Observation 2: Because the EVM definition does not depend on the propagation channel H, the EVM can be achieved by the gNB regardless of the channel between the UE and the gNB so long as the channel H is invertible.
Observation 3:	Unless the covariance matrix  (see Appendix A1) is proportional to the identity matrix, the EVM will depend both on the precoding matrix and the layer.
Linear MMSE MIMO receiver

Observation 1:  The estimator is biased so that
   
As a result, the error measurement use for the EVM calculation has non-zero mean and thus the mean-square error cannot be mapped directly to link performance. Furthermore, the signal power is overestimated as typically the mean of the MMSE estimator is less than the true mean.
Based on this observation, the linear MMSE MIMO receiver is not suitable for measuring the transmitter EVM for multi-layer MIMO transmission.

Linear unbiased MMSE MIMO receiver

Observation 1:  The estimator is unbiased so that
   
As a result, the error measurement used for the EVM calculation has zero mean and the mean-square error reflects the expected link performance.
Observation 2: Because the EVM definition does not depend on the propagation channel H, the EVM can be achieved by the gNB regardless of the channel between the UE and the gNB so long as the channel H is invertible.
Observation 3:	Unless the covariance matrix (see Appendix)

is proportional to the identity matrix, the EVM will depend both on the precoding matrix and the layer.
.
Based on the above observations, both the linear zero-forcing MIMO receiver and the linear unbiased MMSE MIMO receiver are feasible candidates for use in defining UE transmitter EVM for multi-layer MIMO transmission.  The linear MMSE MIMO receiver should not be considered because the resulting data symbol estimates are always biased, and as a result, the error measurement that would be used for the EVM computation has non-zero mean and is incorrect.

A high-level block diagram of the MIMO receiver used for EVM measurement is shown in Figure 2.  It should be noted that it may be more correct to use a common RF correction block for both antenna connectors since the signals combine in the channel before they are received by the gNB receiver.
3. Summary
In the discussion above, three different receiver types were considered for defining the UE transmit EVM for multi-layer MIMO.  The linear zero-forcing MIMO receiver and the linear unbiased zero-forcing MIMO receivers have been shown to be feasible for defining EVM because they have the following two properties
i) The estimators are unbiased so that , and as a result, the error measurement used for the EVM calculation has zero mean and the mean-square error reflects the expected link performance.
ii) The resulting EVM definition does not depend on the propagation channel H, and thus the EVM can be achieved by the gNB regardless of the channel between the UE and the gNB.

Conversely, the MMSE estimator yields a biased estimate of the data symbol so that .  As a result, the error measurement use for the EVM calculation has non-zero mean and thus the mean-square error cannot be mapped directly to link performance. Furthermore, the signal power is overestimated as typically the mean of the MMSE estimator is less than the true mean.  For this reason, we do not consider the linear MMSE MIMO receiver to be a feasible solution for defining EVM for multi-layer MIMO transmission.  

Thus, we have the following proposals:

Proposal 1:	Use the linear zero-forcing MIMO equalizer to define and measure the transmit EVM for multi-layer MIMO transmission,
or
Proposal 2: 	Use the unbiased linear MMSE MIMO equalizer to define and measure the transmit EVM for the multi-layer MIMO transmission.
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Figure 2: Per Layer Tx EVM Measurement for Multi-Layer MIMO
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Appendix:  Evaluation of EVM for Multi-Layer MIMO Receivers

Appendix A1: Linear Zero-Forcing MIMO receiver 

From the model given in the main section, the signal observed by the gNB receiver is given by

The gNB receiver can measure the channel  directly if per-layer reference symbols are transmitted.  If per-antenna reference symbols are used, then the gNB measures the channel  and estimates  by multiplying by the precoding matrix .  Let  be defined as

Then the zero-forcing receiver is given by



where 

The zero-forcing receiver is unbiased since

The noise covariance is given by


where

and  is dependent on the transmitter front-end impairment G but is independent of the channel H. 
The vector EVM at the output of the linear zero-forcing MIMO receiver can be defined as 

If the precoder matrix is the identity matrix, then

[bookmark: _Hlk47700353]From the above, we can make the following observations with respect to the linear zero-forcing MIMO receiver.
Observation 1:  The estimator is unbiased so that


As a result, the error measurement use for the EVM calculation has zero mean and thus the mean-square error reflects the expected link performance.
Observation 2: Because the EVM definition does not depend on the propagation channel H, the EVM can be achieved by the gNB regardless of the channel between the UE and the gNB so long as the channel H is invertible.
This property is important because by connecting directly to the antenna connectors, the channel used by the test equipment to evaluate the EVM is the identity matrix, so that .  If the EVM definition were to be dependent on the propagation matrix , then the definition and requirement may not be of practical benefit in setting the lower bound on the channel quality due to transmitter impairments.
Observation 3:	Unless the covariance matrix  is proportional to the identity matrix, the EVM will depend both on the precoding matrix and the layer.

Appendix A2: Linear MMSE MIMO receiver

The linear MMSE MIMO receiver is given by

where it can be shown that 

Expanding the above, we have

where

In order to compute , the gNB only needs to measure and estimate two quantities, and these are the composite channel  and the covariance of the received transmitter noise before equalization .  As discussed above, the receiver can estimate the channel  using per-layer reference symbols or per-antenna reference symbols in combination with knowledge of the precoder W. Using the same reference symbols, the noise  can be estimated as

and from this,  can be estimated as

Since both quantities  and  can be estimated at the gNB receiver, the linear MMSE MIMO receiver is implementable.
The expected value of  given the vector data symbol  is given by

where 

and we have assumed that the channel matrix  is invertible. As a result, it is apparent that the estimate  is biased unless  is the identity matrix. If we instead consider the expected values of the data symbols while treating the symbol on the other layer as noise, then we have that


and the estimator is unbiased only if .  Since the MMSE estimator is always biased, the measured error for the two layers will have non-zero means given by  and , respectively, and the error measurements used to compute the EVM will be incorrect.
With the assumption that the channel  is invertible, the error  can be simplified as

Let P denote the error covariance given by

and note that the mean-square errors for the first and second layers are given by


It is useful to note that because the matrices Q and P are independent of , the mean-square error is independent of the channel.
Finally, if the precoding matrix is the identity matrix, then then the matrices Q and P can be further simplified as

and

From the above, we can make the following observations with respect to the linear MMSE MIMO receiver.
Observation 1:  The estimator is biased so that


As a result, the error measurement use for the EVM calculation has non-zero mean and thus the mean-square error cannot be mapped directly to link performance. Furthermore, the signal power is overestimated as typically the mean of the MMSE estimator is less than the true mean

Appendix A3: Unbiased linear MMSE MIMO receiver

An unbiased linear MMSE MIMO receiver can be obtained by scaling the MMSE receiver.  Specifically, let 

where 

and, as in the previous section,

For this receiver, 

and

The data symbol estimate is unbiased since


and the variance of the noise is given by

where, as in the previous section

Finally, the mean-square error of the linear unbiased MMSE estimator is given by



and as a result, the EVM of the first and second layers is given by


Since the matrices Q and P are independent of the channel matrix H, this EVM definition is independent of the propagation channel H and thus can be achieved regardless of the channel between the UE and the gNB so long as the channel H is invertible.
From the above, we can make the following observations with respect to the linear unbiased MMSE MIMO receiver.
Observation 1:  The estimator is unbiased so that


As a result, the error measurement used for the EVM calculation has zero mean and the mean-square error reflects the expected link performance.
Observation 2: Because the EVM definition does not depend on the propagation channel H, the EVM can be achieved by the gNB regardless of the channel between the UE and the gNB so long as the channel H is invertible.
Observation 3:	Unless the covariance matrix  is 

proportional to the identity matrix, the EVM will depend both on the precoding matrix and the layer.
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