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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, and similarly, there is no EVM definition for transmission on a MIMO layer that is not limited to a single physical antenna.  Thus, there is a gap in the specification in that there is no fundamental transmit signal quality measure for transmission from an antenna port or for a MIMO layer mapping to multiple physical antennas.  In this contribution, we consider how such EVM requirements could be defined.
2. EVM Definition for an Antenna Port or a Single MIMO Layer
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Figure 1: EVM measurement points (Figure F.1-1 from TS 38.101-1)
Figure 1 above is Figure F.1-1 from Annex F of TS 38.101-1 and shows the UE transmitter and the EVM measurement points for transmission on a single physical antenna.  In contrast, Figure 2 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.  The antenna weighting can also be done after the IFFT, but in this case, the same complex weights are applied to all subcarriers.
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Figure 2: UE implementation of antenna port or single MIMO layer
A method for evaluating EVM for the antenna port or MIMO layer is shown in Figure 3 that corresponds to the minimum EVM that can be observed by a gNB receiver with two receive antennas.  Note that this EVM definition would not apply for a gNB with a single receive antenna.  The outputs of the FFT 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 data symbol for CP-OFDM and with the corresponding outputs of the DFT for DFT-s-OFDM to form the channel estimate

With this channel estimate, the linear unbiased estimate  of the modulation symbol x is given by

where   are the outputs of the first and second FFT’s for the given subcarrier. For CP-OFDM, the error for the given symbol is then computed as , 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 layer or port.  For DFT-s-OFDM, the error is measured as , where  = IDFT().
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Figure 3: EVM for an antenna port or a single MIMO Layer
In Figure 3, the channel estimator uses the known data to estimate the channel.  Thus, the test equipment does not require knowledge of the weighting vector w used by the UE to implement the port or layer mapping.  The only requirement is that the port is implemented such in a manner such that the weighting vector w is constant during the measurement. From this, it follows that the test equipment does not require knowledge of the weighting vector w used by the UE to implement the port or layer mapping in order to order to measure the EVM for the port. As a result, EVM can be measured for transmission modes such as transparent transmit diversity (if w is constant during the measurement) even though the test equipment does not know how transparent transmit diversity is implemented by the UE.
Proposal 1:  For transmissions on a single antenna port or on a single MIMO layer, the EVM definition should assume the use of a linear zero-forcing MIMO receiver to estimate the modulation symbols.
Proposal 2:  For transparent transmit diversity, the EVM definition should assume the use of a linear zero-forcing MIMO receiver to estimate the modulation symbols.
3. EVM Definition for Multi-Layer MIMO
Figure 4 shows the UE implementation of a two layer MIMO transmission.
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Figure 4: UE implementation of a two-layer MIMO transmission
The method for evaluating EVM for the two-layer MIMO transmission is shown in Figure 4.  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 data symbols to form the channel estimate

where the first column corresponds to channel estimates for the first layer and the second column corresponds to channel estimates for the second layer.
With this channel estimate, the linear unbiased estimate of the vector  of the vector data symbol x for the first and second layers is given as

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 5: EVM for Multi-Layer MIMO
As can be seen in Figure 5, the EVM measurement can in general be layer dependent.  Thus, there is a question as to whether the requirement should be based on the average of the EVM measurements, or on the maximum of the EVM measurements. Furthermore, depending on the size of the codebook that is used, there is a question as to whether the EVM should be measured for all precoders in the codebook, or for only a subset, and whether these EVM measurements should be averaged, or whether the maximum of the EVM measurements should be used.
Proposal 3:  For multi-layer MIMO transmission, the EVM definition should assume the use of a linear zero-forcing MIMO receiver to estimate the modulation symbols for each layer.
Proposal 4:  When setting the EVM requirements for multi-layer MIMO transmission, the EVM measurements should be averaged over the MIMO layers and over the set of precoders for which EVM is measured.
4. Conclusion
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, and similarly, there is no EVM definition for transmission on a MIMO layer that is not limited to a single physical antenna.  Thus, there is a gap in the specification in that there is no fundamental transmit signal quality measure for transmission from an antenna port or for a MIMO layer mapping to multiple physical antennas.  
In this contribution, we propose methods for defining and measuring EVM for transmission from an antenna port or for a MIMO layer mapping to multiple physical antennas and for multi-layer MIMO transmissions.
Proposal 1:  For transmissions on a single antenna port or on a single MIMO layer, the EVM definition should assume the use of a linear zero-forcing MIMO receiver to estimate the modulation symbols.
Proposal 2:  For transparent transmit diversity, the EVM definition should assume the use of a linear zero-forcing MIMO receiver to estimate the modulation symbols.
[bookmark: _GoBack]Proposal 3:  For multi-layer MIMO transmission, the EVM definition should assume the use of a linear zero-forcing MIMO receiver to estimate the modulation symbols for each layer.
Proposal 4:  When setting the EVM requirements for multi-layer MIMO transmission, the EVM measurements should be averaged over the MIMO layers and over the set of precoders for which EVM is measured.
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