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1.	Introduction
A previous WF [1] identified the criteria to evaluate the methods to calculate EVM. Two methods based on the dual receiver architecture have been proposed thus far and were captured in a previous contribution [2]. In this contribution we compare EVM calculation accuracy for the two methods. 
2. 	Discussion
Two demodulation schemes were proposed in RAN4#98-Bis-e, as captured in a previous contribution [2]. In this contribution, the focus of study is the primary metric: EVM calculation accuracy for a 2x2 UL MIMO case. The criteria for comparative evaluation per the previous WF [1] are listed below:
1. Calculated EVM accuracy for different SNR cases due to AWGN
2. Calculated EVM repeatability for above cases over 10 sub-frames average per standard for PUSCH
3. Sensitivity of calculated EVM to DMRS configuration 
4. Sensitivity of calculated EVM to frequency domain smoothing
5. Sensitivity of calculated EVM to scheduled number of PUSCH symbols
6. Handling of non-invertible matrix cases
7. The allowable EVM measurement error
8. Implementation challenges
Single layer operation is a simpler subset of 2L operation, and performance is expected to follow that of the 2x2 case. The other TSQ metrics like IBE and EVM equalizer flatness can be derived from either method, consequently they do not need explicit treatment in a comparison context. 
2.1	Methods under evaluation
Two methods proposed previously were evaluated per simulation assumptions agreed in [1]:
1. Test waveforms constructed with:
a. Flat signal PSD
b. Injected AWGN
2. Signal configuration:
a. [50] contiguous RBs
b. CP-OFDM (QPSK – 64 QAM) PUSCH, rank 2
c. UL RMC as defined in appendix of 38.101-2
3. AWGN noise sweep for SNR range of 10 dB to 30 dB over allocated RBs
4. Polarization basis mismatch:
a. (Evaluate for multiple unitary matrices not limited to identity matrix)

2.2.1	Method 1 
In Method 1, the received symbols are resolved into their constituent layers based on the inverse of the channel estimate derived from DMRS symbols alone. There is also a secondary, per layer refinement of the equalization process. The block diagram is reproduced below:
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Figure 2.2.1‑1: Method 1 EVM calculation block diagram for 2-Layer UL MIMO
2.2.1	Method 2 
In Method 2, the matrix used in the diagonalization stage is derived as the inverse of the 2x2 LSE channel estimate calculated from all OFDM symbols in the slot. This method is a direct extension of legacy methods for EVM calculation.

 
Figure 2.2.1‑2: Method 2 EVM calculation block diagram for 2-Layer UL MIMO

2.2	EVM accuracy for slot length signals
The reader is referred to our previous contribution [2] for background where we reported calculated EVM data, including standard deviation, for slot length PSUCH in the presence of AWGN, reproduced in Figure 2.2-1a. These results are still valid if, as stated in [2], ‘When multiple OFDM slots were used for DMRS, the channel estimate based on DMRS was achieved by simple averaging.’. We have since discovered that accuracy can be significantly improved in Method 1 if a 2x2 LSE method is used over all the DMRS symbols rather than simple averaging. The EVM results with the updated procedure for Method 1 is shown below in figure 2.2-1b. 
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	Figure 2.2-1a: Previous EVM accuracy results [2] (Method 1 uses simple averaging over DMRS symbols in channel estimation)
	Figure 2.2-1b: Revised EVM accuracy results (Method 1 updated with LSE channel estimation over DMRS symbols in channel estimation)


There results show that the fundamental problem of Method 1 we identified in [2] (accuracy for slot-length PUSCH per the RMCs in the standard) can be overcome with more sophisticated channel estimation from DMRS symbols. 
Observation 1: Method 1 has equivalent or superior accuracy compared to Method 2, provided channel extraction is performed by LSE, for slot length rank 2 UL.
2.3	EVM accuracy for sub-slot length signals
At the outset, it is useful to recognize what is required for the standard, and what is ‘nice to have’. As was argued in [2], there are two categories of sub-slot length signals: sequence based, and non-sequence based.
1. Physical signals like SRS, DMRS, some PUCCH formats etc are sequence based. The standard explicitly treats only DMRS: ‘The RMS average of the basic EVM measurements ….over 60 subframes for the reference signal EVM case, for….’. One could reasonably assume that the averaging directions apply to all sequence-based signals. We think both methods are equivalent for demodulating sequence-based signals, provided Method 1 uses the LSE method.
2. Some sub-slot-length signals (2/4/7 symbol PUSCH, PUCCH) are not sequence based. For FR2, the standard states: ‘The basic EVM measurement interval in the time domain is …. one slot for PUCCH and PUSCH in the time domain’. The standard therefore does not place an EVM requirement on sub-slot length non-sequence-based signals. 
Observation 2: Sub-slot-length non-sequence-based signals are merely ‘nice to have’ and must not be a primary consideration in choosing the EVM method.
With observation 2 in mind, we have moved detailed discussion of this topic to the Annex. 

2.4 Invertibility problems	
[image: ]Invertibility problems are unique to Method 2 because of its dependence on data symbols for creating the channel estimate. In figure 2.4-1, we reproduce our analysis from [2] to show the probability of inversion failure per SC for QPSK.
 QPSK was chosen here because it also has the highest probability of invertibility failure. The probability of inversion failure gets progressively lower for 16QAM and 64QAM. The inversion failure probability reduces exponentially with the number of symbols used for the LSE estimate. A simple workaround reduces this problem to insignificance: frequency domain interpolation from neighbouring SCs can be used for the rare SC that does show inversion failure. For standards test cases (slot length non-sequence-based signals), the inversion failure probability is insignificantly low, and for short duration symbols, the interpolation workaround can be used as necessary. 

Figure 2.4-1: Method 2, dependence on LSE interval length
Observation 3: Inversion failure is unique to Method 2 although it is easily overcome with frequency domain interpolation on affected sub carriers. 
2.5 Other considerations
We have successfully verified that both methods perform well for single layer UL. They can correctly demodulate any mix of polarization and frequency diversity as well as modulation types with non-uniform PSD like shaped pi/2 BPSK. We have also verified that both methods offer valid equalizer coefficients to verify against the flatness requirement. For single-layer UL therefore, we think both methods are equivalent.
In terms of PTRS readiness, both methods lend themselves to integration of procedures to track out UE phase noise. In our estimation however, Method 1 has a simpler signal flow. 
2.5	Summary of performance
The main concern with either method is EVM calculation accuracy for standards test cases. As captured in observation 1, we now recognize that Method 1 is indeed capable of making accurate EVM calculations without placing an undue burden on the UE for standards test cases.  We no longer have a preference between Method 1 and 2, but it would be useful as guidance to other WGs to adopt one as a ‘reference method’. 
3. 	Conclusion
Observation 1: Method 1 has equivalent or superior accuracy compared to Method 2, provided channel extraction is performed by LSE, for slot-length rank 2 UL.
As captured in observation 1, we now recognize that Method 1 is indeed capable of making accurate EVM calculations without placing an undue burden on the UE for standards test cases.  Further, it lends itself better to integration of PTRS processing, and unlike Method 2, it does not suffer from underestimation of EVM for non-standards test cases when evaluation interval is reduced.
Proposal: Adopt Method 1 as the reference EVM calculation method for 2L UL
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5. 	Annex – Continuation of section 2.3
In section 2.3, we concluded that:
Observation 2: Sub-slot-length non-sequence-based signals are merely ‘nice to have’ and must not be a primary consideration in choosing the EVM method.
For completeness of analysis, we evaluated the impact of non-standards test cases for EVM involving sub-slot length signals. Method 1 builds the channel estimate mainly based on DMRS symbols. Its accuracy therefore depends strongly on number of DMRS symbols in the evaluation period. Method 2 uses all the symbols in the measurement interval to form the channel estimate. It therefore has minimal dependence on DMRS configuration but can be sensitive to the total number of UL symbols. 
2.3.1	EVM accuracy sensitivity to DMRS configuration
The previous section demonstrates Method 1 has excellent accuracy with 3 DMRS symbols per slot (see figure 2.2-1b). Method 1 can work well with at least 2 DMRS symbols per evaluation period. Method 1 however cannot be relied upon for UL configurations with just one 1 DMRS symbol per evaluation period. Figure 2.3.1-1 shows accuracy results of Method 1 as a function of number of DMRS symbols.
It is also useful to note that when using 2 DMRS symbols per evaluation period, Method 1 needs to rely on frequency domain smoothing.
[image: ][image: ]
2.3.2	EVM accuracy sensitivity to number of UL symbols
As we reported in [2], Method 2 tends to provide optimistic results as the LSE averaging interval is reduced. Figure 2.4-1 captures the optimism factor of Method 2, for QPSK. Accuracy of method 1 remains mostly insensitive to number of UL slots in the evaluation interval, although dependency on number of DMRS symbols remains (see section 2.3.1).
In our view there is no one method that is better than the other for all conditions. For example, Method 1 is not appropriate for signals with only 1 DMRS symbol/evaluation period. On the other hand, Method 2 under-estimates the error significantly if evaluation period reduces in length. Since sub-slot signals are not standards test cases choice of EVM method can be left up to TE implementation.
Observation 4: The EVM method for sub-slot-length non-sequence-based signals can be left to TE implementation.
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