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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 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 multi-antenna transmission, the EVM should be defined as 

where SNR is measured at the output of an ideal (noiseless) receiver.
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 must be evaluated for an antenna port comprised of multiple transmit antennas.
In [2], the signal-to-noise ratio at the output of the gNB receiver was evaluated for an antenna port comprised of two antennas for the case that the gNB receiver has two antennas and employs an unbiased linear MMSE receiver.  Based on this analysis, a proposal was made for defining EVM for an antenna port comprised of multiple antennas which depends on the cross-correlation of the transmitter noise for the two antennas. In [3], the proposal was modified for the case that the correlation coefficient of the transmitter noise is either bounded or entirely unknown.

In this contribution, we consider an alternative receiver for defining EVM using a type of zero-forcing receiver in a manner similar to the method to define EVM for single antenna transmission.  It should be noted, however, that the test equipment is not actually required to implement the receiver in order to evaluate the EVM. With this approach, the EVM definition is both traceable to a receiver implementation and independent of the channel between the transmitter and the receiver.  Finally, as this receiver is suboptimal in that the receiver is not required to estimate either the variance or the correlation of the noise at the two receive antennas, the resulting EVM is clearly a lower bound on what can be achieved by any reasonable receiver implementation.
2. EVM for Linear Unbiased MMSE Receiver
The linear unbiased MMSE receiver has been studied in [2] and [3].  With the assumption of no receiver noise, the linear unbiased MMSE receiver has the desirable property that the SNR (and thus the EVM) at the output of the unbiased linear MMSE receiver is independent of the channel between the transmitter and receiver so long as the channel is invertible. From [3], we have the following two proposals for defining and measuring the EVM using an unbiased linear MMSE receiver. 

Proposal 1a:  	The EVM requirement is applied to the antenna port.  The antenna port EVM is defined as the output of an unbiased linear MMSE receiver for which the EVM is given by

where 

		and  is shown in Figure 1.
Proposal 1b:  	If the test equipment cannot measure the covariance of transmitter noise , then  is measured as
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Figure 1: EVM Measurement for an Unbiased Linear MMSE Recevier
An interesting property of the above EVM definition is that it is independent of the power division between the two transmit antennas.  This property is a result of the assumption that the receiver is noiseless.  It should be noted that receiver noise is also not considered in the definition of EVM for a single antenna transmission.

Observation 1:  In Proposals 1 and 2 for defining and measuring EVM, receiver noise is not considered. This is the same approach that is used in the definition of EVM for single antenna transmission.

3. EVM for a Zero-Forcing Receiver
[bookmark: _GoBack]Several companies have expressed concern over Proposals 1a and 1b in the case that there is a large power imbalance between the two transmit antennas in real deployments where the receiver noise is not negligible with respect to the transmitter noise.  As a result, we considered alternative receiver types for defining EVM which address the power imbalance between the two transmit antennas. The problem of finding an alternative receiver for defining EVM is complicated by the fact that for some receiver types (e.g., the spatial matched filter, see [4]), the resulting EVM definition is dependent on the propagation channel H between the UE and the gNB.  Since the EVM definition cannot be dependent on the propagation channel, such receivers cannot be used to define the EVM for an antenna port.

For single antenna transmission, a linear zero-forcing equalizer is used to define and measure EVM.  Similarly, for uplink MIMO, it has been proposed that a linear zero-forcing MIMO receiver be used to define and measure EVM.  For this reason, it makes sense to consider using a zero-forcing receiver to define and measure EVM for an antenna port.  However, there are some technical problems with this approach because the zero-forcing receiver is not uniquely defined when two transmit and two receive antennas are used for single layer transmission and reception. For example, the receiver could throw away the output of the second receive antenna and use a zero-forcing equalizer on the first antenna, or alternatively, throw away the output of the first receive antenna and use a zero-forcing equalizer on the second antenna. Either of these approaches would yield an unbiased estimate of the data symbol and thus would technically be “zero-forcing.”

We consider a “zero-forcing” receiver in which the propagation channel  is inverted. For a two-layer MIMO transmission, the received signal is given by

where the 2x1 vector y denotes the received signal, the 2x2 matrix H denotes the propagation channel, the two columns of the 2x2 matrix W denote the precoding vectors for the two layers, the 2x1 vector x denotes the data symbols, and the 2x1 vector n denotes the transmitter noise. If per-layer reference symbols (DMRS) are transmitted along with the data, then the gNB uses these to estimate the product of the channel and the precoding matrix HW.  With the estimate , the zero-forcing MIMO receiver is given by


For single layer transmission, the transmitted signal is given by 

where w is the 2x1 precoding vector for the single layer, and x denotes the transmitted data symbol. If only per-layer DMRS are transmitted for channel estimation, then the receiver can only estimate the product Hw, and thus it is not possible for the receiver to “zero-force” by inverting the propagation channel H.  If we consider the case in which per antenna reference symbols are transmitted so that H can be estimated, then the receiver can estimate the data as 

where  can be estimated as

Since , we have

where the matrix

is used to scale from the transmitter noise  measured by the test equipment to the transmitter noise  at the input to the test equipment as shown in Figure 1. 

In order to evaluate , let

and note that
    and     .
Define the correlation coefficient

where , and let  and  denote the power measured by the test equipment on the first and second antenna.

From the Appendix, the port EVM as a function of the correlation coefficient  is given by


In the case that the test equipment cannot measure the correlation coefficient , we define the EVM for the antenna port using the worst-case correlation coefficient , so that


For comparison, the EVM definition in the way forward is given by


from which it can be shown that is always true that


In Figures 2-3 below, the ratio of  to  is shown as a function of the fraction of the total power transmitted from the first antenna, the correlation coefficient  of the transmitter noise, and the ratio  of the EVM for the second antenna to the EVM of the first antenna. From these Figures, it can be seen that the EVM defined using this zero-forcing receiver is slightly less than the than the EVM definition in the Way Forward.
 
Based on the fact that a zero-forcing equalizer has been used to define and measure EVM for single antenna transmission, and also that a zero-forcing MIMO equalizer has been proposed to measure and define EVM for uplink MIMO transmission, it seems reasonable to consider the use of a zero-forcing equalizer to define EVM for transmit diversity and single layer transmission.  Thus, we have the following proposals.

Proposal 2a:  	The EVM requirement is applied to the antenna port.  The antenna port EVM is defined as the output of a zero-forcing receiver and which can be upper bounded by

 and  denote the measured power on the first and second transmit antennas, and denotes the correlation coefficient  defined as .

Proposal 2a:  	If the test equipment cannot measure the correlation coefficient , then  is measured as
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Figure 2: Ratio (linear) of MIMO EVM to  for transmitter noise correlation 
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Figure 3: Ratio (linear) of MIMO EVM to  for transmitter noise correlation 
4. Summary
In this contribution, we have evaluated the port EVM for a zero-forcing MIMO equalizer, and have considered both the case where the test equipment can measure the covariance of the transmitter noise and for the case where the test equipment can only measure the EVM for each transmit port separately.  Adding these results to the previous results for the unbiased linear MMSE receiver, we have the following proposals.
If an unbiased linear MMSE receiver is used to define the port EVM for transmit diversity, then the EVM should be measured in accordance to Proposal 1a or 1b.
Proposal 1a:  	The EVM requirement is applied to the antenna port.  The antenna port EVM is defined as the output of an unbiased linear MMSE receiver for which the EVM is given by

where 

		and  is defined in Figure 1.
Proposal 1b:  	If the test equipment cannot measure the covariance of transmitter noise , then  is defined as

If there is a desire to follow the precedence of using a zero-forcing receiver to define EVM as is the case for single antenna transmission, then the port EVM for transmit diversity should be measured in accordance with Proposal 2a or 2b.

Proposal 2a:  	The EVM requirement is applied to the antenna port.  The antenna port EVM is defined as the output of a zero-forcing receiver and which the EVM can be upper bounded by

Where  and  denote the measured power on the first and second transmit antennas, and denotes the correlation coefficient  defined as .

Proposal 2a:  	If the test equipment cannot measure the correlation coefficient , then  is defined as
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Appendix:	EVM Evaluation for a Zero-Forcing Receiver

The correlation of the transmitter noise measured by the test equipment is given by 

where
    and     .
From the discussion above


                                                          ,
and the port EVM is given by

                                                                 

                                                                   .

If we define

where , then 

If the transmitter noise is completely correlated so that , then we have 


Noting that

and furthermore, that

we have

and
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