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1	Introduction
At RAN4#98-e, transient period capability EVM requirements for NR operation in FR1 were agreed upon in Change Request [1]. It was agreed to adopt transient periods that are asymmetrically centered relative to the slot/symbol boundaries to account for gNb demodulation considerations, including UE timing error and the effect of RF multipaths. The start of the transient period is specified by parameter “tpstart,” a concept we proposed during e-mail thread discussions at RAN4#96-e [2]. At RAN4#98, we asked to place ‘tpstart’ values in brackets due to concerns that some values may lead to EVM degradation induced by WOLA effect. In this contribution, we present measurement results which confirm these concerns. We therefore propose minor ‘tpstart’ adjustments to eliminate or minimize the WOLA induced EVM degradations. We also propose a typo correction for the definition of “EVMafter” for 7s capable UEs.
[bookmark: _Toc42512456][bookmark: _Toc46352949][bookmark: _Toc49772668]2	Discussion
[bookmark: _Toc46352950]2.1	EVM Definition for Reported Transient Period [1]
Table 1 below summarizes the agreed EVM definitions to verify the reported transient period capability. We highlight in yellow what we believe is a typo in the EVMafter definition for a 7s capable UE and we make proposal 1 to replace “min” operator with “max” operator.
Table 1: EVM definition for reported transient period
	Reported transient capability (us)
	EVM definition
	tpstart (µs)
	SCS4

	2
	

	[-0.5]
	15kHz or 30kHz5


	4
	

	[-1]
	15kHz


	7
	

	[-2]
	15kHz


	NOTE 1:    ,,and  are defined in Annex F
NOTE 2:    is the EVM for a symbol right after a transition;  is the EVM for a symbol right before a transition
NOTE 3: tpstart denotes the start position of the EVM exclusion window as shown in Annex F.4
NOTE 4: SCS denotes the SCS that can be used in the conformance test
NOTE 5: 30kHz shall be used in the conformance test unless the UE signals in supportedSubCarrierSpacingUL in FeatureSetPerCC that it only supports 15kHz in the corresponding band



[bookmark: _Toc46352951]Proposal 1: For 7s reported transient period capability, adopt  for verification at SCS 15kHz.
2.2	CR [1] EVM Exclusion Period Evaluation Results
The PA calibration procedure is identical to what was previously presented in [3]. We summarize here the most important parameters.
2.2.1 Test Waveforms, Power Amplifier calibration and Transient Test Conditions
Tested waveforms:
· 20MHz CP-OFDM, SCS 15kHz and SCS 30kHz.
· Uplink RB configurations: Fully allocated waveforms, i.e. 106RB0 at SCS1 5kHz and 51RB0at SCS 30kHz.
· Modulation scheme: 64 QAM and 256QAM.
· Sub-carrier filtering: impulse response duration set to test equipment default settings, i.e. the waveform generator makes full use of the 25%-75% CP length.
· Slot structure: 
· 14 symbols / slot. We denote:
· OFDM Symbol 0 “OS#0” and OFDM Symbol 13 “OS#13” are the first and the last symbols of each slot;
· Pre-event slot: the slot that starts before the transient starts, i.e. before ‘tpstart’; and
· Post-event slot: the slot that starts after the transient starts, i.e. after ‘tpstart.’ 
· DM-RS: CDM groups 2, Type A position 2, 2 additional DMRS positions, i.e. a total of 3 DMRS symbols per slot.
· PUSCH symbols: type A mapping.
Uplink RF transient:
· An alternating slot-rate 20dB step-up/step-down power change pattern is applied
· Transmit power level settings:
· Low level: PA output power level reached in pre-event slot – OS#13
· 5dBm for 256QAM
· 8.6dBm for 64QAM
· High level: PA output power level reached in post-event slot – OS#0
· 25dBm for 256QAM,
· 28.6dBm for 64QAM
· Transient “rise-time”: 10ns
· Transient start time step size: 100ns
Power Amplifier (PA) EVM calibration:
· Low level EVM floor calibration: PA is calibrated to deliver <=1% rms EVM for 256QAM and 64QAM
· High level EVM floor calibration: PA is calibrated to deliver EVM levels of approximately:
· 256QAM: 2% rms EVM floor
· 64QAM:  5.1% rms EVM floor
2.2.2 Test Result Summary
We report in this document the measured rms EVM during the step-up transient, i.e. that correspond to a Low-Level to High-Level transient response. The rms-EVM performance is calculated and measured according to EVM definitions in Table 2 below. The results focus on EVM degradation due to WOLA effect, highlighting:
· In yellow, cases where EVM degradation due to WOLA is observed, leading to EVM levels exceeding the calibrated PA EVM baseline; and
· In green, cases where no EVM degradation due to WOLA effect is observed/expected.
[bookmark: _Ref47736820]Table 2 Evaluation Results of CR [1] EVM definitions specified to verify UE 'tp' declaration
	CR [1] agreement
	Evaluation Results of rmsEVM in symbols where transient occurs – Calculated vs Measured

	
	‘Before’/ Pre-event symbol #13 
EVM floor calibration = 1% rms
	‘After’ / Post-event symbol #0 EVM (%)
EVM floor calibration:
2% for 256QAM, 5.1% for 64QAM

	Reported transient capability (s)
	EVM definitions
	tpstart (µs)
	SCS
(kHz)
	Calculated
	Measured
	Calculated
	Measured

	
	
	
	
	64QAM
	256QAM
	64QAM
	256QAM
	64QAM
	256QAM
	64QAM
	256QAM

	2
	

	[-0.5]
	15
	 2.8 %
	 2.8 %
	 2.6 %
	 5.1 %
(no WOLA)
	 2.0 %
(no
WOLA)
	 5.1 %
	 2.0 %

	
	
	[-0.5]
	30
	 1.3 %
	 1.3 %
	 1.3 %
	
	
	 5.3 %
	 2.1 %

	4
	

	[-1]
	30
	 1.3 %
	 1.4 %
	 1.4 %
	
	
	 5.1 %
	 2.0 %

	7
	

	[-2]
	15
	 1.0 % (no WOLA)
	0.9%
	1.0%
	 7.1 %
	 5.3 %
	 7.5 %
	 5.0 %

	
	rms PA EVM floor level

	
	1% 
	1% 
	1% 
	1% 
	 5.1 %
	 2 %
	 5.1 %
	 2 %

	NOTE 1:  ,,and  are defined in Annex F
NOTE 2:  is the EVM for a symbol right after a transition;  is the EVM for a symbol right before a transition
NOTE 3: tpstart denotes the start position of the EVM exclusion window as shown in Annex F.4
NOTE 4: SCS denotes the SCS that can be used in the conformance test



We make the following observation.
Observation 1: By order of EVM degradation severity,
· Significant EVM degradation for 7s capable UE, verified using tpstart = [-2] s, with post-event symbol #0 EVM reaching
· 64QAM: 	7.5% rms vs 5.1% rms EVM floor
· 256QAM: 	5.0% rms vs 2.0% rms EVM floor,
· Moderate EVM degradation for 2s capable UE, verified at SCS 15kHz using tpstart = [-0.5] s, with pre-event symbol #13 EVM reaching:
· 64QAM:	2.6% rms vs 1% rms EVM floor,
· 256QAM:	2.8% rms vs 1% rms EVM floor,
· Minor EVM degradation:
· For a 2s capable UE, verified at SCS 30kHz using tpstart = [-0.5] s: 
· Pre-event symbol #13: EVM reaching 1.3% rms vs 1% rms EVM floor
· Post-event symbol #0, EVM reaching:
· 64QAM:   5.3% rms vs 5.1% EVM floor
· 256QAM: 2.1% vs 2.0% EVM floor
· For a 4s capable UE, verified using tpstart = [-1] s, with pre-event symbol #13, EVM reaching 1.4% rms vs EVM floor of 1% rms EVM floor.
It is worth reiterating here that the observed EVM degradation has nothing to do with PA non-linearities: EVM is degraded solely due to the WOLA effect. WOLA is the result of ‘late tpstart’ values. Therefore, a UE calibrated to deliver the 2% rms 256QAM EVM and 5.1% rms EVM for 64QAM at Pcmax under static output power level test conditions, would exhibit EVM performance degradation solely due to ‘aggressive tpstart values’ when tested for transient period capability.
We have also observed some test equipment instabilities when attempting to demodulate a 256QAM waveform at a level of distortion leading to rms EVM >6%. In particular, it was difficult to interpret EVM results for the agreed [8]% rms EVM level for 256 QAM. We have not encountered any issue for 64QAM at the agreed rms EVM of [10]%.
Observation 2:
On some test equipment, it may not be feasible to measure [8]% rms EVM for 256QAM. For 256QAM, our measurements have shown that rmsEVM levels of up to 6% can be measured. This is in line with our previous EVM budget analysis where it was recommended to adopt 5.5% rms EVM for 256 QAM [4].
In the following, we analyze by order of severity, each case of EVM degradation and make proposals to minimize or completely eliminate WOLA by adjusting ‘tpstart.’ 
2.3	Proposals to eliminate or minimize EVM Degradation
2.2.1	Case of 7s UE capability, verified at SCS 15kHz
Figure 1 shows the measured EVM due transient in blue, theoretical EVM in orange, pre-event PA EVM floor level in dashed grey, and post-event PA EVM floor level in dashed red lines. Significant EVM degradation due to WOLA reported in Table 2 are highlighted in Figure 1 A& B for which ‘tpstart’ is set to the agreed value of [-2.0]s. To entirely eliminate EVM degradation, we present in Figure 1 C and D results obtained with ‘tpstart’ of -2.7s. This value still represents a significant asymmetrical start position. Any ‘tpstart’ value between -2.7s can be further discussed online, the end-result being a discussion on trading transient period asymmetry vs. EVM floor degradation.


[image: ]
[bookmark: _Ref67919113]Figure 1: 7s UE capability verification measurement results at SCS 15kHz: A&B: using tpstart=-2.0 s, C and D: using tpstart=-2.7s.
Observation 3: 
For verification of 7s reported UE transient period capability at SCS 15kHz, adopting tpstart = [-2.7]s ensures WOLA free EVM degradation – cf. Figure 1 C and D.
[bookmark: _Toc46352953]2.2.2	Case of 2s UE capability, verified at SCS 15kHz
Figure 2 A and B show the measured EVM due transient in blue, theoretical EVM in orange, pre-event PA EVM floor level in dashed grey, and post-event PA EVM floor level in dashed red lines. The moderate reported EVM degradation in Table 2 are highlighted in Figure 2 A and B for which ‘tpstart’ is set to the agreed value of [-0.5]s. Figure 2 C plots the calculated 256QAM composite rms EVM of pre-event symbol 13 and post-event symbol 0 vs ‘tpstart.’ Figure 2 D plots the calculated relative 256QAM rmsEVM degradation vs ‘tpstart.’ It shows that it is not possible to eliminate completely EVM degradation due to WOLA. Decreasing ‘tpstart’ minimizes the EVM degradation on the pre-event symbol 13 EVM at the expense of an increase of the post-event symbol 0 EVM performance. Figure 2 D indicates that the estimated ‘shared pain’ point, i.e. the tpstart value at which EVM degradation is equally shared between pre-event and post-event symbols is reached at tpstart approximately equal to -0.85s.
Observation 4:
For verification of 2s reported UE transient period capability at SCS 15kHz, EVM degradation at tpstart=-0.5s is asymmetric, with nearly no impact on post-event EVM and all EVM degradation being absorbed by the pre-event symbol 13. It is possible to equally share the EVM degradation across each symbol by adopting tpstart = -0.85s.
[image: ]
[bookmark: _Ref67922421]Figure 2: A-B: 2s UE capability verification measurement results at SCS 15kHz using tpstart= -0.5 s. C and D: Trading pre-event symbol #13 vs post-event symbol #0 EVM degradation due to WOLA vs ‘tpstart’.
Transient start position of -0.85s is equivalent to specifying a near symmetrically centered transient period. It may not be beneficial to uplink demodulation performance. A trade-off must be made between minimizing the UE EVM performance degradation and gNb demodulation performance. We present in Figure 3 the EVM performance using ‘tpstart’ = -0.7 s.
Figure 3-A shows that 256QAM EVM degradation is improved from 2.8% (tpstart=-0.5s) down to 2% (tpstart= -0.7s) in the pre-event symbol #13 and 64QAM from 2.7% to 2%, while the post-event symbol #0 EVM experiences a 0.1% EVM rise. Since EVM degradation cannot be entirely removed, one alternative option may consist in verifying 2s capable UEs only at SCS 30kHz, SCS at which no or minor EVM degradation is observed. Adopting SCS30kHz only for 2s capable UEs may be further justified that one the benefits of shorter transient period capability is to deliver low latency, a feature which has more relevance at SCS30kHz than at SCS15kHz. It seems however that it is possible for a UE to declare no support of SCS30kHz for certain bands of operation as stated in footnote 5 of Table 6.4.2.1a-1. Therefore restricting the verification of 2s capable UEs only at SCS30kHz is not an option.
[image: ]
[bookmark: _Ref67924785]Figure 3: A-B: 2s UE capability verification measurement results at SCS 15kHz using tpstart= -0.7 s.
2.2.1 Case of 2s UE capability, verified at SCS 30kHz
Figure 4 shows the measured EVM due transient in blue, theoretical EVM in orange, pre-event PA EVM floor level in dashed grey, and post-event PA EVM floor level in dashed red lines. Minor EVM degradation due to WOLA reported in Table 2 are highlighted in Figure 4 A& B for which ‘tpstart’ is set to the agreed value of [-0.5]s. To eliminate entirely the EVM degradation, we present in Figure 4 C&D the results obtained with ‘tpstart’ of -0.7s. This optimization is needed to ensure a common ‘tpstart’ is specified for 2s capable UE independently of the SCS at which the capability is verified.
[image: ]
[bookmark: _Ref67928573]Figure 4: 2s UE capability verification measurement results at SCS 30kHz: A&B: using tpstart= -0.5 s, C and D: using tpstart= -0.7s.
A similar optimization can be reached for 4s reported UE transient period capability verification by adopting                 ‘tpstart’=-1.2s. Considering the small EVM degradation, these measurements results are not presented and the correction is not proposed.
Observation 5:
· For verification of 2s reported UE transient period capability at SCS 30kHz, EVM degradation can be eliminated by adopting tpstart= -0.7s.
· For verification of 4s reported UE transient period capability, EVM degradation can be eliminated by adopting tpstart= -1.2s.

We summarize all observations in Proposal 2 below:
Proposal 2: For verification of the reported UE transient period capability, adopt Table 3 EVM definition for reported transient period, where:
· 2s UE transient period capability is verified using tpstart = [-0.7]s at SCS 15kHz and SCS30kHz.
· 7s UE transient period capability is verified using tpstart = [-2.7]s at SCS 15kHz.

[bookmark: _Ref71205858][bookmark: _Ref71205831]Table 3 EVM definition for reported transient period
	Reported transient capability (us)
	EVM definition
	tpstart (µs)
	SCS4

	2
	

	[-0.7]
	15kHz or 30kHz5


	4
	

	[-1]
	15kHz


	7
	

	[-2.7]
	15kHz


	NOTE 1:    ,,and  are defined in Annex F
NOTE 2:    is the EVM for a symbol right after a transition;  is the EVM for a symbol right before a transition
NOTE 3: tpstart denotes the start position of the EVM exclusion window as shown in Annex F.4
NOTE 4: SCS denotes the SCS that can be used in the conformance test
NOTE 5: 30kHz shall be used in the conformance test unless the UE signals in supportedSubCarrierSpacingUL in FeatureSetPerCC that it only supports 15kHz in the corresponding band


3	Conclusion
This paper presents experimental results in good agreement with theoretical estimations using CP-OFDM waveforms that make full use of the EVM FFT window filtering budget. The results indicate:
Observation 1: By order of EVM degradation severity,
· Significant EVM degradation for 7s capable UE, verified using tpstart = [-2] s, with post-event symbol #0 EVM reaching
· 64QAM: 	7.5% rms vs 5.1% rms EVM floor;
· 256QAM: 	5.0% rms vs 2.0% rms EVM floor.
· Moderate EVM degradation for 2s capable UE, verified at SCS 15kHz using tpstart = [-0.5] s, with pre-event symbol #13 EVM reaching:
· 64QAM:	2.6% rms vs 1% rms EVM floor;
· 256QAM:	2.8% rms vs 1% rms EVM floor.
· Minor EVM degradation:
· For a 2s capable UE, verified at SCS 30kHz using tpstart = [-0.5] s: 
· Pre-event symbol #13: EVM reaching 1.3% rms vs 1% rms EVM floor
· Post-event symbol #0, EVM reaching:
· 64QAM:   5.3% rms vs 5.1% EVM floor
· 256QAM: 2.1% vs 2.0% EVM floor
· For a 4s capable UE, verified using tpstart = [-1] s, with pre-event symbol #13, EVM reaching 1.4% rms vs EVM floor of 1% rms EVM floor.
Observation 2:
On some test equipment, it may not be feasible to measure [8]% rms EVM for 256QAM. For 256QAM, our measurements have shown that rms levels of up to 6% can be measured. This is in line with our previous EVM budget analysis where it was recommended to adopt 5.5% rms EVM for 256 QAM [4].

Observation 3: 
For verification of 7s reported UE transient period capability at SCS 15kHz, adopting tpstart = [-2.7]s ensures WOLA free EVM degradation – cf. Figure 1 C and D.

Observation 4:
For verification of 2s reported UE transient period capability at SCS 15kHz, EVM degradation at tpstart=-0.5s is asymmetric, with nearly no impact on post-event EVM and all EVM degradation being absorbed by the pre-event symbol 13. It is possible to equally share the EVM degradation across each symbol by adopting tpstart = -0.85s.

Observation 5:
· For verification of 2s reported UE transient period capability at SCS 30kHz, EVM degradation can be eliminated by adopting tpstart= -0.7s.
· For verification of 4s reported UE transient period capability, EVM degradation can be eliminated by adopting tpstart= -1.2s.
We make the following proposals:
Proposal 1: For 7s reported transient period capability, adopt  for verification at SCS 15kHz.
Proposal 2: For verification of the reported UE transient period capability, adopt Table 3 EVM definition for reported transient period, where:
· 2s UE transient period capability is verified using tpstart = [-0.7]s at SCS 15kHz and SCS30kHz.
· 7s UE transient period capability is verified using tpstart = [-2.7]s at SCS 15kHz.

Table 3 EVM definition for reported transient period
	Reported transient capability (us)
	EVM definition
	tpstart (µs)
	SCS4

	2
	

	[-0.7]
	15kHz or 30kHz5


	4
	

	[-1]
	15kHz


	7
	

	[-2.7]
	15kHz


	NOTE 1:    ,,and  are defined in Annex F
NOTE 2:    is the EVM for a symbol right after a transition;  is the EVM for a symbol right before a transition
NOTE 3: tpstart denotes the start position of the EVM exclusion window as shown in Annex F.4
NOTE 4: SCS denotes the SCS that can be used in the conformance test
NOTE 5: 30kHz shall be used in the conformance test unless the UE signals in supportedSubCarrierSpacingUL in FeatureSetPerCC that it only supports 15kHz in the corresponding band
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