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1. Introduction
In the way forward agreement [1] from RAN4#95-e, there was agreement on the EVM definition for transparent transmit diversity.  However, the technical justification for the agreement is not clear. In particular, the relationship between the proposed EVM definition and the resulting noise floor at the gNB receiver is not clear. Since the purpose of the EVM requirement is to set a lower bound on the link performance due to transmitter impairments, this relationship must be understood.
For single antenna transmission and reception, the EVM at the transmit antenna connector and the EVM at the output of the single antenna gNB receiver are the same since the gNB receiver can simply invert the channel.  However, the relationship between the EVM at the UE antenna connectors and the noise floor at the gNB receiver is not clear for an antenna port comprised of multiple transmit antennas.
In this contribution, we evaluate the relationship between the noise at the UE antenna connectors and the resulting noise floor at the gNB for an unbiased MMSE receiver.  Based on this relationship, we propose a simple EVM definition for antenna ports when the number of receive antennas is assumed to be equal to the number of transmit antennas.
2. EVM Definition for an Antenna Port
Figure 1 below shows the UE implementation of an antenna port corresponding to two physical antennas. With this implementation, the same complex-valued antenna weights can be applied to all subcarriers, or alternatively, different complex-valued antenna weights can be applied to each subcarrier or to each RB. In the case of small delay cyclic diversity, the phase of the complex weight on the second antenna varies linearly with frequency.

Fundamentally, the EVM that will be observed at the gNB receiver (without self-noise) depends on the number of receive antennas at the gNB and the type of receiver that is used. While the single antenna receiver was considered in [2], it will not be considered further here because it is not possible to define EVM for the UE transmitter in a way that limits the noise floor at the output of the single antenna gNB receiver.  The reason for this is that the signals transmitted from the two antennas can cancel in the channel while the transmitter noise received from the two antennas will add in power if uncorrelated.
In this contribution, we only consider the case in which the number of gNB receive antennas is equal to the number of UE antennas used to transmit (with non-zero power) the signal corresponding to the antenna port. For a single layer transmission, the frequency-domain signal at the transmitter antenna connectors is given by
,
where x is the data symbol, n is the transmitter noise at the two antenna connectors given by given by .  Here  is a 2x1 vector given by 

where  is the 2x1 rank 1 precoder applied at baseband, and  and  are the complex gains of the transmitter front ends for the first and second antennas.
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Figure 1: UE implementation of antenna port
For the case of two receive antennas, the frequency-domain signal received by the gNB is given by
,
where H is the 2x2 channel matrix between the UE transmitter and the gNB receiver.  We now consider the noise variance at the output of a linear unbiased MMSE receiver.  In general, the MMSE receiver is biased in that the expected value of the output is not equal to the true value.  However, in order to correctly measure the EVM, the estimate of the received symbol must be unbiased so that the expected value of  is equal to x.
The linear MMSE receiver is given as the product of the matrix  and the received vector y

where it can be shown the matrix  is given by
.
and .  The expected value of the MMSE estimate  is then given by

 ,
where it has been assumed that the matrix H is invertible.  In the case that
,
the MMSE estimator is biased and

The unbiased MMSE estimate is given by normalizing the MMSE estimator by the mean so that

where

Expanding, we have

so that 

and the noise at the output of the receiver is given by

The variance of the noise is given by

The corresponding port EVM at the output of the linear unbiased MMSE receiver is then given by

Is the unbiased linear MMSE receiver implementable for an antenna port?
An important issue to consider is whether the linear unbiased MMSE receiver can be implemented by the gNB for an antenna port given the gNB cannot measure the channel H because there are no per-antenna reference symbols. However, in examining the linear unbiased MMSE receiver

it is apparent that the receiver only needs to measure and estimate two quantities, and these are the composite channel  and the covariance of the received transmitter noise before equalization . Now the vector  can be measured using the port-based reference symbols. Using the channel estimate and 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 unbiased linear MMSE receiver is implementable for an antenna port.
Does the proposed port EVM definition depend on the propagation channel between the UE transmitter and the gNB receiver?
The proposed port EVM definition given above is

where 

However, if the propagation channel  between the UE is invertible, we have

and the noise covariance is independent of the propagation channel.  Thus, the EVM at the gNB receiver due to the noise at the UE transmitter is independent of the propagation channel  so long as the channel  is invertible.
In the Appendix A1, it is shown that the variance of  can be further simplified as

so that the corresponding port EVM is given by
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Figure 2: EVM Measurement for an Antenna Port
3. Measuring the Antenna Port EVM
A method for computing this EVM is shown in Figure 2.  In the case of transparent transmit diversity (or for antenna ports in general), neither , the baseband precoder, nor , the precoder modified by the transmitter impairment, is known to the test equipment. However, an estimate  of  can be formed by correlating the output of the FFT’s with either the known reference symbols or with the data  if the data is known to the test equipment.  The outputs of the FFT’s are then multiplied by the inverse of the estimate , after which the scaled noise  given by  

is estimated by subtracting the reference symbols or the data symbol , if known. The values  and  are the errors that are used to measure the per antenna connector EVM’s.
Given estimates of  and , the EVM for the antenna port can be computed as

where  has been estimated and  can be computed as

and

[bookmark: _Hlk47097904]Alternatively, the EVM can be calculated as 



where 

If the transmitter noise on the two antennas is uncorrelated, the EVM becomes






It is interesting to consider the case in which  is equal to , as in this case, we have

which makes sense intuitively since the signals can be added in phase while the noise adds in power.
As a result of the above, we have the following proposal which reflects the noise floor at the gNB receiver resulting from the transmitter impairments in the case that the gNB receiver has two receive antennas and implements the unbiased linear MMSE receiver.
Proposal:	If the transmitter noise  at the two antenna connectors is observed to be independent so that the observed covariance matrix  is diagonal, then the port EVM is given as 

where and  are the EVM values for the first and second antenna connectors.  If the transmitter noise is correlated so that  is not diagonal, then the EVM for the port or layer can be computed either as

or equivalently as 

where , , and  are defined above.
4. Summary
[bookmark: _Hlk47652318]In the way forward agreement [1] from RAN4#95-e, there was agreement on the EVM definition for transparent transmit diversity.  However, the technical justification for the agreement is not clear. In particular, the relationship between the proposed EVM definition and the resulting noise floor at the gNB receiver is not clear. Since the purpose of the EVM requirement is to set a lower bound on the link performance due to transmitter impairments, this relationship must be understood.
In this contribution, the relationship between the UE transmitter impairments and noise and the EVM at the output of the gNB receiver have been evaluated for the case that the number of gNB receive antennas is equal to the number of UE transmit antennas and with the assumption that a linear unbiased MMSE receiver is used by the gNB. Based on this analysis, we have the following proposal.
Proposal:	If the transmitter noise  at the two antenna connectors is observed to be independent so that the observed covariance matrix  is diagonal, then the port EVM is given as 

where and  are the EVM values for the first and second antenna connectors.  If the transmitter noise is correlated so that  is not diagonal, then the EVM for the port or layer can be computed either as

or equivalently as 

where , , and  are defined above.
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Appendix	

A1: 	Evaluation of the Noise Variance at the Output of the Unbiased MMSE Receiver

As shown in Section 2, the noise variance at the output of the linear unbiased MMSE receiver is given by


Using the Sherman-Morrison Formula given by

the denominator of the variance can be simplified as




Again using the Sherman-Morrison Formula, the numerator can be simplified as







Combining these expressions for the numerator and the denominator, we have the variance of the noise at the output of the unbiased MMSE receiver is given by





A2: 	Example Computation of the Antenna Port EVM
In order to demonstrate the problem with the EVM definition in the Way Forward [1], we consider the example shown in Figure 3. 
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Figure 2: Definition of EVM for an Antenna Port
For this example

and it can be shown that

The expected value of  at output of the receiver is then 

and the variance of of  is given by

As a result, the EVM at the output of the receiver is given by

The EVM values for the first and second antenna connectors are given by

so that



In the Way Forward R4-2008465, EVM is defined as

If P1 and P2 are calculated as 

then

which is not equal to the EVM at the output of the unbiased MMSE receiver. 
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