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Introduction
The EVM requirement for single layer UL is stable and is based on established practice in LTE. The requirement for 2-layer UL is however not adequately thought through [1,2]. This contribution is a proposal for an EVM requirement for 2L UL while simultaneously introducing consistency with RAN1 design and maintaining continuity with the single layer UL requirement. We also re-evaluate other transmit modulation quality requirements in context of the proposal to offer complete treatment for those requirements.
Discussion
UL MIMO 2L EVM 
The validity of the existing EVM requirement for 2L UL MIMO EVM (EVM is measured at each connector) has previously been called into question in [1,2]. The specific concern was that the current requirement imposed a requirement that the UE implement a 1:1 relationship between its antenna connectors and its SRS ports, while RAN1 design intends for the relationship to be a UE degree of freedom. Consequently, it is correctly observed in [2], ‘RAN4 should not impose a new requirement that an antenna port map to an antenna connector’. 
Based on references listed in [2], an appropriate choice for computing EVM for 2L UL MIMO test cases is the zero-forcing (‘ZF’) equalizer, which offers clear diagonalization of the channel and an easily quantified noise accompanying the signal in each layer, thereby facilitating easy EVM calculation. The diagonalization step effectively absorbs any legal UE port mapping implementation. From the perspective of isolating the correct parameter, there are no significant downsides to using a ZF equalizer in this high SNR use case with no known frequency selectivity in the channel outside the UE. There is however a TE complexity impact which we expand on further.
Recall that the existing test set up calls for a wired connection between each of the UE’s antenna connectors and the TE ports. A revised test set up that correctly accommodates RAN1 design is shown in figure 2.1-1. It differs from existing set up in mandating a second cable (to allow for simultaneous measurement) and increased complexity in the TE (2L ZF equalizer block to diagonalize the channel for all legal UE implementations).
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Figure 2.1-1: Test set up and high level TE implementation for 2L UL MIMO EVM testcase
For the 2L UL MIMO EVM test case, the system can be framed as [2]:

Here, W is the PUSCH layer to SRS port mapping matrix configured by the network (TPMI), G is the matrix that governs UE implementation flexibility in connecting ports to antenna connectors and H is the channel downstream from the UE. G is unregulated by the standard, and it behoves the TE to ‘straighten’ (i.e diagonalize) the channel even when W is identity, as is the case for the UL MIMO test case. 
In the 2L UL MIMO EVM test case with 2 UE connectors and 2 TE ports, the effective channel (HGW) can be represented by a 2x2 matrix for each subcarrier. An estimate ‘F’ of the effective channel matrix is required for the equalization process. Fortunately, each layer can be configured with a unique DMRS, allowing for straightforward generation of a preliminary 4 term channel estimate for each sub carrier. The remainder of the channel estimation process for EVM calculation can be extended from the single layer case: Data demodulated using the preliminary channel estimate (derived from DMRS) can be used to recover the transmitted symbols for each layer using hard decision decoding. The recovered symbols and the received symbols are jointly used to estimate the static channel HGW as F, by minimizing the LSE over all the symbols considered, typically over one slot. This minimization procedure is detailed further:
i.e First we define the LSE for any subcarrier as being summed over all the UL symbols ‘k’ recovered in a slot.

Where, F is 2x2 and in the case of the 2-port TE receiver, the kth received symbol:

To simplify the effort to minimize LSE, the LSE at each receiver port can be individually minimized. Framing F as a row vector:

The problem of minimizing LSE reduces to minimizing the two individual scalar LSEs (m =1,2):

Differentiating with respect to Fm and setting to 0 to find a minimum, it can be shown that: 

Reassembling to form F:

Note the strong resemblance to the expression for channel estimate for the single layer case. The process of equalization is implemented by multiplying data collected simultaneously at the TE receiver ports by an equalization matrix ‘A’:

Where A for the ZF case in the 2x2 test case is intended as the inverse channel.  A is generated from the channel estimate ‘F’ as:

Once the channel is diagonalized, the data can be resolved into 2 separate scalar equations corresponding to the two layers:


Where, x̂m represents equalized layer data ‘m’, xm represents reconstructed (ideal) layer ‘m’ data, and vm represents noise accompanying ideal layer data ‘m’ after equalization. EVM is merely the SNR of each layer. 
Proposal 1: The reference receiver for the 2L UL MIMO EVM test case shall simultaneously measure the UE’s UL at both antenna connectors and implement a zero-forcing equalizer to diagonalize the channel.
Figure 2.1-2 shows the EVM calculation process in block diagram form, with EVM output blocks highlighted.

Figure 2.1-2: 2L EVM calculation block diagram
	EVM equalizer spectrum flatness
In the single layer UL case, the channel estimate for each SC was a (complex) scalar, so it was straightforward to evaluate equalizer flatness. In the 2L test case however, the channel equalizer ‘A’ consists of 4 elements, 2 for each layer. Framing A as a row vector:

The equalization can be rewritten as:

For layer ‘m’, recall that the ZF equalization coefficients for each layer AmT are scaled to diagonalize the channel. There is no realistic bound on the relative ratios of the coefficients, but the coefficients together preserve any frequency domain shape of the channel. Therefore, a composite parameter cm for each layer ‘m’ can be used to evaluate the equalizer spectrum flatness, given by:

Or

Proposal 2: For 2L UL, EVM equalizer spectrum flatness shall be evaluated per layer, based on the RMS value of all equalizer coefficients per SC for that layer. 
		IBE
In the single layer UL case, IBE is measured post FFT but without any equalization, as captured in figure F.1-1 excerpted from TS38.101-1.
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Figure 2.3-1: Existing single layer UL measurement block diagram.
The IBE requirement intends to establish a measure of UE to UE co-existence, so transmitted power in non-allocated RBs is the relevant parameter for this requirement. Therefore, it is appropriate to continue to monitor per connector emissions rather than determine IBE post equalization. For 2L UL, IBE can be derived at a location analogous to the single layer case, immediately following the FFT in the receiver, as shown in the block diagram of 2.1-2.
Observation 1: IBE requirement should retain per connector applicability for the 2L UL case.
Carrier leakage
Even if PUSCH layers get redistributed by a particular UE implementation amongst its Tx chains, it is still reasonable to expect that each connector output retains one LO leakage component. The process of LO carrier leakage estimation in the TE consequently is best treated in the RF correction block prior to the FFT stage. It follows that no change is required to the applicability of the carrier leakage requirement for 2L UL case.
Observation 2: Carrier leakage requirement should retain per connector applicability for the 2L UL case.
Backward compatibility to the existing requirement
One possible concern is if the new requirement causes complications to UEs designed to the existing requirement. Note that the old requirement (EVM is measured per connector) forces the channel equalization matrix A to be proportional to the identity matrix. Consequently, any legacy UE designed to the old requirement would also have to ensure that the port mapping matric G is limited to the identity matrix. The new requirement can be viewed as building upon the old requirement in a way to accommodate a non-identity port-mapping matrix. Legacy UEs would therefore automatically meet the new requirement, because compliant legacy UEs represent a special case of allowable G in the proposed requirement.
Observation 3: Legacy UEs that meet the old 2L EVM requirement will also meet the new requirement. 
A CR capturing the proposals and supporting changes is in [3]
Conclusion
The existing 2L UL MIMO EVM requirement is invalid. A RAN1 design compatible requirement is proposed:
Proposal 1: The reference receiver for the 2L UL MIMO EVM test case shall simultaneously measure the UE’s UL at both antenna connectors and implement a zero-forcing equalizer to diagonalize the channel.
The more sophisticated receiver needs one to revisit the EVM equalizer spectrum flatness requirement.
Proposal 2: For 2L UL, EVM equalizer spectrum flatness shall be evaluated per layer, based on the RMS value of all equalizer coefficients per SC for that layer. 
Observation 1: IBE requirement should retain per connector applicability for the 2L UL case.
Observation 2: Carrier leakage requirement should retain per connector applicability for the 2L UL case.
We then evaluated the impact of the new EVM proposal and established that it was fully backward compatible.
Observation 3: Legacy UEs that meet the old 2L EVM requirement will also meet the new requirement.
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