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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 and has not been provided. 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 this contribution, the proposal is modified for the case that the correlation coefficient of the transmitter noise is either bounded or entirely unknown.
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 single layer MIMO, the same complex valued weights are used for a set of consecutive RB’s. Alternatively, 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 for each subcarrier 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 [3], 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 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.

[image: ]

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 unbiased linear 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.
From [2], the unbiased linear MMSE estimate for  is given by

where

and .  The estimate is unbiased so that 

The noise at the output of the receiver is given by

In the Appendix of [2], it was shown that the noise variance can be simplified further as
 				(1)
The port EVM at the output of the linear unbiased MMSE receiver is then given by
					
From expression (1), it is apparent that the port EVM definition is independent of the channel  between the UE transmitter and the gNB receiver.  So even though this EVM definition depends on the number of receive antennas and the type of receiver used by the gNB, the EVM definition does not depend on the channel  between the UE transmitter and the gNB receiver as long as the channel  is invertible.
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Figure 2: EVM Measurement for an Antenna Port
3. Measuring the Antenna Port EVM
A method for measuring the port 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 symbols  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, so that

Given estimates of  and , the EVM for the antenna port can be computed as

where  is given by

and

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

where 

If the transmitter noise on the two antennas is uncorrelated so that  is diagonal, 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 uncorrelated noise adds in power.
What if the test equipment cannot measure the transmitter noise covariance?
In the near future, it seems certain that the test equipment will be able to measure the correlation of the transmitter noise and/or implement an unbiased linear MMSE receiver.  However, in the interim, we consider the case that correlation of the transmitter noise is either bounded or unknown.  We define the correlation coefficient as

and note that because the covariance matrix for the transmitter noise is positive definite, it must be that

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

where

Since

it is always true for any ,  that

Why does setting the port EVM requirement correctly matter?
[bookmark: _Hlk54302282][bookmark: _Hlk54302255]For larger signal constellations, the EVM requirement is the primary driver of MPR.  In Figure 3, we show the NR MPR for an inner allocation as a function of the modulation order and the EVM.  From this figure, it can be observed that a relaxation of the per antenna EVM by  corresponds to approximately 1 dB MPR reduction for 64-QAM and 256-QAM.  Thus, there is some benefit in defining a port EVM as it allows a reduction in MPR while still meeting the required lower bound on the link signal quality.
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Figure 3: MPR for CP-OFDM as a function of EVM
4. Defining the EVM Requirement for an Antenna Port
Based on the above analysis, we propose the following:
[bookmark: _Hlk54302205]Proposal 1:  	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  is given by

and

Alternatively, the EVM can be calculated as 

where 

[bookmark: _Hlk54305995][bookmark: _Hlk54306750]Observation 1:	If the transmitter noise  at the two antenna connectors is independent so that the covariance matrix  is diagonal, then the port EVM can be computed as 

where and  are the EVM values for the first and second antenna connectors.
Observation 2:	If the cross-correlation of the transmitter noise is unknown, then the port EVM can always be bounded by (see Appendix)

This result should not be surprising since, as long as the channel  has full rank, the receiver can invert the channel and select the signal from the antenna with the better EVM.  It should be noted that if the channel  is not invertible, then the link quality cannot be guaranteed, regardless of the tightness of the requirements on  and , because the signals from the two antennas can add out of phase.  This problem has already been demonstrated in [3].
Proposal 2:  	If the test equipment cannot measure the covariance of transmitter noise  at the two antenna connectors, then  is measured as

It should be noted that even if the test equipment cannot measure the covariance of the transmitter noise, Proposal 2 does allow some relaxation of the per antenna EVM requirement in that only one of the antennas is required to meet the EVM requirement in order to meet the port EVM requirement.
[bookmark: _Hlk54308010]Observation 3:	In the case that the correlation coefficient is not known but is bounded by , so that , the port EVM can be bounded by (see Appendix)

where

4.1. Defining an EVM Requirement per Antenna
If the EVM requirement is defined for the antenna port, then it is not strictly necessary to have an EVM requirement for each antenna corresponding to an antenna port.  However, it may be beneficial to consider how to define a per antenna EVM requirement (and corresponding MPR) that ensures that the antenna port EVM requirement is satisfied.
From Observation 1 above, if the covariance matrix  is diagonal, then the port EVM can be computed as

If a per antenna EVM requirement is defined as

where  is the link EVM requirement for modulation , then it is apparent that if the per antenna EVM requirements are satisfied, then

As noted above, if the per antenna EVM requirement is relaxed by , then the MPR needed to meet the requirement can be reduced by approximately 1 dB.
Alternatively, if we can consider the case that the correlation coefficient is bounded by , so that .   For this case, if we set the per antenna EVM requirements as

then it is shown in the Appendix that

Thus, so long as , we have

It can be noted, that so long as  is reasonably small, the per antenna EVM relaxation is still significant.  For example, if , then 

which is almost the same EVM relaxation, , that can be allowed when the transmitter noise is uncorrelated and 
5. Summary
In this contribution, we have extended the analysis in [2] and to the case that the cross-correlation of the transmitter noise is either bounded or unknown.  Based on this analysis, we have the following two proposals.
Proposal 1:  	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  is given by

and

Alternatively, the EVM can be calculated as 

where 

Proposal 2:  	If the test equipment cannot measure the covariance of transmitter noise  at the two antenna connectors, then  is measured as



References	
[1] R4-2008465, ‘WF on Enabling Transparent TxD in Rel-16’, Qualcomm, 3GPP TSG-RAN WG4 Meeting #95-e.
[2] R4-2011519, ‘Further Considerations on the EVM Definition for Antenna Ports Including Transparent Transmit Diversity’, Lenovo, Motorola Mobility,3GPP TSG-RAN WG4 Meeting #96-e.
[3] R4-2008276, ‘Considerations on the EVM Definition for an Antenna Port or a Single MIMO Layer’, Motorola, 3GPP TSG-RAN WG4 Meeting #95-e.




Appendix: Worst-Case EVM when Transmitter Noise Correlation is Bounded or Unknown

In order to see how the worst case EVM can be determined in the case that the transmitter noise is correlated, let  be denoted as

where 

and
The inverse of  is given by

From this, we have


where the denominator is maximized for a given magnitude of  when  is real and positive. From this, the port EVM can be bounded as


Because the matrix  is a covariance matrix, it must be positive definite and therefor

We define the correlation coefficient , , as .
Using the fact that

the EVM as a function of the correlation coefficient  can now be expressed as


If we define
[bookmark: _Hlk54265182]
[bookmark: _Hlk54265323]then , and the port EVM can be expressed as


[bookmark: _Hlk54265408]For the second term, subtraction of the numerator from the denominator yields

[bookmark: _Hlk54266047]Since the numerator is less than or equal to the denominator, it follows that

and thus

regardless of the correlation coefficient  and the ratio .  
[bookmark: _Hlk54266229]In the special case that  so that , we have


[bookmark: _Hlk54266329]In the case that the correlation coefficient is not known but is bounded by , we consider the worst case EVM for  given by

In order to find the worst case EVM, it is necessary to find the maximum

Squaring, taking the derivative and simplifying yields

The denominator is positive for .  The numerator is equal to 0 for  , and is positive for .  Thus, we have

where, as above,

Per Antenna EVM Relaxation
One of the benefits of defining the EVM on a port basis, is that the MPR can be reduced relative to when the EVM is defined on a per antenna basis.
Case 1:  Transmitter noise uncorrelated
If the transmitter noise is uncorrelated, then the port EVM is given by

If the EVM requirement for modulation type  is given by , then let the per antenna EVM requirements be given by

with the result that

By relaxing the per antenna EVM requirement by , the MPR for 64-QAM and 256-QAM can be reduced by approximately 1 dB.
Case 2: Transmitter noise correlation coefficient  is bounded by  (where )
We now consider the case of two transmit antennas where the transmitter correlation is not known but is bounded by  (where ).  As before, we assume that the EVM requirement for the antenna port is given by  where  is the modulation type.  Let the per antenna EVM requirements be given by

Note that if  is reasonably small, so that , then

and that the impact of the correlation on the EVM relaxation is reasonably small. From equation (A1) above, we have





[bookmark: _GoBack]Thus, as long as  , we have that
 .
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