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1. Introduction
There is currently no agreement on how requirements on how transmit EVM should be specified for multi-layer MIMO.  In [1-4], it has been proposed that EVM be specified for each MIMO layer, while in [5], it has been proposed that EVM be specified for each antenna connector.

The purpose of the EVM requirement on the transmitter is to limit the noise floor at the receiver that is due to transmitter noise.  Presumably, for multi-layer MIMO transmissions, the objective of the EVM requirement is to limit the noise/error floor due to transmitter noise for each MIMO layer (if not, then what is the objective?). Thus, the relationship between the per antenna connector EVM at the UE antenna connectors and the per-layer EVM at the gNB should be investigated.

In this contribution, we evaluate the relationship between the EVM at the UE antenna connectors and the per-layer EVM at the gNB receiver in the case that the number of transmit and receive antennas are the same.  Based on this analysis, we make recommendations on how EVM should be defined and specified at the UE for multi-layer transmission.
2. EVM Evaluation for Multi-Layer MIMO
The fundamental question to consider when setting transmitter EVM requirements for multi-layer MIMO is the following:

How does the EVM measured at the two UE antenna connectors relate to the per-layer EVM measured at a gNB receiver without receiver noise?

Figure 1 shows the UE implementation of a two-layer MIMO transmission.  The transmitted signal is given by 
,
where W is the rank-2 precoder, the data vector x is comprised of two data symbols so that , and  is the transmitter noise at the two antenna connectors.

In order to receive a two-layer MIMO transmission, it is assumed that the gNB has two receive antennas (though it may have more).  Since the UE transmitter noise also passes through the propagation channel, the signal received by the gNB without receiver noise is given by
,
where H 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

It is understood that the linear MMSE MIMO receiver is biased except in the limit as the signal-to-noise ratio becomes infinite, and thus the linear MMSE receiver should not be used for the purpose of measuring the transmitter EVM.  

Observation 1:	The linear MMSE MIMO receiver is biased so that expected value of  is not equal to 
	x, and as a result, use of the linear MMSE MIMO receiver will result in an 
	underestimate of the true EVM.
To get a correct measurement, the linear zero-forcing MIMO receiver should be used since the resulting estimate  of the data vector x is unbiased so that the expected value of  is equal to x.

The minimum norm zero-forcing linear MIMO receiver for the product HW of the channel matrix H and the precoding matrix W is given by
 .
If the number of layers is equal to the number of transmit and receive antennas, then 



[bookmark: _GoBack]where the received transmitter noise is .  Since , the error vector v at the gNB receiver is given by 

and

 .

From the last result, we have the following two observations:

Observation 2:	The transmitter EVM observed for each MIMO layer at a gNB receiver without noise
	is independent of the channel between the UE and the gNB if the channel H has full
	rank.

Observation 3:	The transmitter EVM observed for each MIMO layer at a gNB receiver without noise is a function of the EVM at the antenna connectors and the precoder W used to generate the MIMO layers.
Because all of the precoding vectors are normalized to unit norm, it will be true that


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.  So, for it to be sufficient to specify EVM independently at the antenna connectors, the following two conditions should be met.
Condition 1: 	The variances of the noise processes n1 and n2 at the antenna connectors must be independent of the precoding matrix W.

Condition 2: 	The noise processes n1 and n2 must be uncorrelated regardless of which precoding matrix W is used.

With respect to Condition 1, due to in-device coupling and non-linearities in the transmit chains, it is not obvious that it can be assumed that the variance of n1 and n2 are independent of the precoder W, and as a result, this condition should be verified.  Similarly, for Condition 2, it should be verified that that the noise processes n1 and n2 are uncorrelated regardless of which precoding matrix W is used.

Observation 4:	Unless it can be verified that the noise processes at the antenna connectors are independent of each other and independent of the precoder W used to generate the MIMO layers, the linear zero-forcing MIMO receiver should be used to measure the EVM per layer.

The method for using the linear zero-forcing MIMO receiver to measure EVM per layer is shown in Figure 2.  With this approach, the outputs of the FFT’s are provided to both the channel estimator and to the linear zero-forcing MIMO receiver.  For each subcarrier output of each FFT, the channel estimator correlates with the corresponding (known) data symbols to form an estimate of the product HW of the channel matrix H and the precoder W.  Since correlation with the data measures the product HW, the test equipment does not need to know which precoder W is used in order to measure EVM.

As described above, the linear unbiased estimate  of the vector data symbol x for the first and second layers of the given subcarrier is given by

where y is the vector output of the two FFT’s for the given subcarrier. where   are the outputs of the first and second FFT for the given subcarrier.  The errors for the symbols on the first and second layer are computed as  and  and the square-root of the sum of the squares of these errors over frequency is normalized and used to compute the EVM for the first and second layers.
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Figure 2: Per Layer Tx EVM Measurement for Multi-Layer MIMO
3. Conclusion
Since the objective of the transmitter EVM requirement is to limit the noise/error floor due to transmitter noise for each MIMO layer, and since it is not certain that the noise at the UE antenna connectors is uncorrelated or that the variances are independent of the precoder matrix W, we propose the following:
Proposal:  	For multi-layer MIMO transmission, the EVM measurement should incorporate the use of a 
	linear zero-forcing MIMO receiver to estimate the modulation symbols for each layer and 
	measure EVM on a per-layer basis.
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