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1. Introduction
As discussed in [1, 2], the current definition of EVM only applies for a physical antenna, where for the purposes of FR1 a physical antenna corresponds to an antenna connector. As a result, there is currently no EVM definition for transmission on an antenna port that is not limited to a single physical antenna or for a single MIMO layer transmitted from multiple antennas. In [3], a proposal was made for defining and measuring the EVM for antenna ports and for a single MIMO layer transmitted from multiple antennas, since these two types of transmissions are fundamentally the same.

The purpose of the EVM requirement on the UE transmitter is to limit the noise/error floor at the at the gNB receiver due to the transmitter impairments.  For single antenna transmission, the EVM at the antenna connector and the EVM at the single antenna gNB receiver are the same (excluding impairments after the UE antenna connector).  However, the relationship between the EVM at the UE antenna connectors and the noise/error floor at the gNB receiver is less clear for transmission on an antenna port or MIMO layer corresponding to multiple antennas and should be investigated.

In this contribution, we evaluate the relationship between the EVM at the UE antenna connectors and the EVM at the gNB receiver and show that this relationship is a function of the number of receive antennas at the gNB and the type of receiver that is used.
2. EVM Definition for an Antenna Port or a Single MIMO Layer
Figure 1 below shows the UE implementation of an antenna port or MIMO layer 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.

Fundamentally, the EVM that will be observed at the gNB receiver (without noise) depends on the number of receive antennas at the gNB and the type of receiver that his used. Since a single layer transmission can be received with a single receive antenna, we evaluate the EVM at a gNB with both one and two receive antennas. 
Single Receive Antenna
For a single layer transmission, the transmitted signal is given by
,
where w is the 2x1 rank-1 precoding vector, x is the data symbol, and n is the transmitter noise at the two antenna connectors given by .  For a single receive antenna at the gNB, the received signal is given by 
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Figure 1: UE implementation of antenna port or single MIMO layer
where h = [h1 h2] and hi denotes the channel from the i-th UE transmit antenna to the single gNB receive antenna. In order to correctly evaluate EVM, an unbiased receiver must be used.  Since there is only a single output and h w is a scalar, the unbiased estimate of x is given by


 
 
where the received transmitter noise
  
  
is a function of both the precoding vector w and the channel h. As a result, even for a noiseless receiver, the transmitter EVM observed at the gNB is a function of the channel and not just the transmitter quality. We also have that 

since the precoder w has unit norm. As a result, the norm of the transmitter noise combining vector is
 .
Since the received transmitter noise is , it follows that 

and the transmit EVM observed at a noiseless gNB receiver will be no less than minimum of the EVM at the two UE antenna connectors, and in general, the EVM observed at the gNB can be much larger.

Observation 1:	When transmitting from an antenna port comprised of multiple antennas or when transmitting a single MIMO layer from multiple antennas, the EVM observed at a noiseless gNB receiver with a single antenna will be no less than the minimum of the EVM’s at the UE antenna connectors, and in general may be much larger.


Two Receive Antennas
For the case of two receive antennas, the signal received by the gNB is given by
,
where, as above, w is the rank-1 precoding vector, x is the data symbol, and  is the transmitter noise at the two antenna connectors. Because H w has rank 1, its inverse is not uniquely defined. So, in the first case, we first choose the minimum norm linear unbiased receiver which is also the normalized maximum-ratio combiner in the case that the noise at the receive antennas is equal in variance and uncorrelated.  If H has full rank or if , then the estimate  of the data symbol is given by
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is the transmitter noise at the output of receiver. The resulting magnitude of the noise combining vector c is given by

from which it is not immediately clear whether  or if  can be greater than 1. As a result, it is also not clear whether it can be said that 

[bookmark: _GoBack]Observation 2:	For the minimum-norm linear unbiased receiver, the transmitter noise observed at a noiseless gNB receiver for a single layer transmission depends on the channel H and the precoding vector w. It is not immediately clear if it can be said that 

or, alternatively, if the observed transmitter noise can be larger than this.
MIMO Receiver for Single Layer Transmission
[bookmark: _Hlk40354553]For clarity, we consider an alternative method for evaluating EVM for the antenna port or single layer transmission in which we use a MIMO receiver even though the second layer is not present. With this approach, we choose the matrix precoder W given by

where the 1x2 precoding vector  is used to transmit the single layer of data and the 1x2 matrix  has unit norm and is orthogonal to . If the channel H has full rank, the data can be estimated as 



where , and where the second outputs of  and  can be ignored. 

With this receiver, the EVM measured at the first output of the receiver is given by 

Since  has unit norm, we have

so long as the noise n1 and n2 at the transmitter connectors is uncorrelated, and thus it may be sufficient to specify the EVM at the antenna connectors.  However, it is not certain that the noise n1 and n2 is uncorrelated, nor is it certain that the noise variances  and  are independent of the precoding matrix W.
3. Possible Methods Setting EVM Requirements
From the above discussion, there are several possible methods for setting and measuring the EVM requirement, and these are the following.
Method 1: Set and measure the EVM requirement at the UE antenna connectors in accordance with the 
desired noise/error floor for the modulation type.

The advantage of this method is that it is simple. The disadvantage of this method is that it is not clear how the EVM at the transmitter maps to the transmitter noise observed at the output of a noiseless gNB receiver. Also, this method does not address the possibility that the noise at the antenna connectors may be correlated and/or depend on the precoder w.

Method 2:  Set and measure the EVM requirement at the at the output of the minimum norm linear 
unbiased receiver.

The advantage of this method is that it measures the EVM at the output of the receiver and thus addresses any correlation or precoder dependence of the transmitter noise at the antenna connectors.  The disadvantage of this method is that the result depends on the propagation channel H. 

Method 3:  Set and measure the EVM requirement at the at the output of the linear zero-forcing MIMO 
receiver.

The advantage of this method is that it measures the EVM at the output of the receiver and thus addresses any correlation or precoder dependence of the transmitter noise at the antenna connectors.  Additionally, with this method, the result is independent of the propagation channel so long as the matrix has full rank.  The disadvantages of this method are that i) the precoding vector w must be known by the test equipment in order to compute the orthogonal basis vector, and (ii) it will be necessary to send some reference symbols with the orthogonal precoder in order to measure the corresponding channel.
4. Summary
For antenna ports not limited to a single physical antenna or MIMO layer transmitted from multiple antennas, the mapping between the EVM at the UE antenna connectors and the EVM observed at the output of a noiseless gNB receiver is quite complicated.  In this contribution, we have investigated this relationship for several different receivers.  
As a result of this investigation, there are several possible methods that can be further considered for setting and measuring the EVM requirement, and these are the following.
 
Method 1: Set and measure the EVM requirement at the UE antenna connectors in accordance with the 
desired noise/error floor for the modulation type.

Method 2:  Set and measure the EVM requirement at the at the output of the minimum norm linear 
unbiased receiver.

Method 3:  Set and measure the EVM requirement at the at the output of the linear zero-forcing 
receiver.
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