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Introduction
In RAN4#93 meeting, several contributions [1-6] addressed testability of FR1 UE transient period (‘tp’) capability. After several ad-hoc sessions, a way forward [7] summarized the key aspects to further align and required analysis to refine testability aspects. The resulting compromises reached between contributing companies were captured and presented at RAN plenary #86 [8]. It was agreed that the company CR [8] will not be further discussed in RAN4, only testability aspects are to be addressed. In this contribution, we provide a set of measurement results to confirm company CR contents and testability feasibility. Measurements confirm that the initial proposal in [2] to adopt new EVM calculation method based on EVM=min(EVM_l,EVM_h) for the symbols where the RF transient occurs effectively creates an EVM measurement exclusion period equal to 150% of the Cyclic Prefix (CP) length.
Discussion
This contribution brings measurement data to confirm that Company CR [8] testability is feasible. As such, the measurement pass/fail are based on values proposed in brackets in [8], namely:
· In symbols where the transient occurs, EVM is calculated using EVM=min(EVM_l,EVM_h),
· In all other symbols, EVM is calculated using EVM=max(EVM_l,EVM_h)
· UE must pass two EVM requirements: EVM of [5%] and [15%] in symbols where the transient occurs, and a slot average EVM of 8% and 3.5% 64QAM and 256 QAM respectively.
· When UE transient period ‘tp’ > 150% CP length:
· CP-OFDM waveforms: symbols where the transient occurs are excluded from EVM calculation
· DFT-s-OFDM waveforms: FFT sample exclusion technique proven in LTE is used to measure the UE EVM with transients,
· When UE ‘tp’ <150%, an EVM measurement exclusion period is created by calculating EVM using EVM=min(EVM_l,EVM_h).
Measurement Plan Objectives
1. Demonstrate that adopting new EVM=min(EVM_l, EVM_h) formula proposed in [2] for the symbols in which the transient occurs effectively creates an exclusion period of 150% CP length,
2. Demonstrate that even if UE tp=10s, the EVM of a CP-OFDM waveform remains test-able. This is to follow up on several questions raised during RAN4#93 numerous ad-hoc and offline discussions,
3. Verify if the UE transient period capability values of 1,2,4,7 derived by rounding-up the 150% CP length allows a UE to pass the EVM conformance values of [5%] and [15%] for 64QAM/256QAM respectively for the symbols in which the transient occurs.
4. Check if the transient period declared by the UE can be verified using new EVM=min(EVM_l, EVM_h) formula and proposed EVM relaxation budget in symbols where transient occurs.
Measurement Plan and Definitions
Channel Combinations and Waveforms
As proposed in [2-3], 20MHz Cell Bandwidth, fully allocated waveforms are throughout all measurements. Only CP-OFDM waveforms are tested since, contrary to DFT-s-OFDM, CP-OFDM waveforms cannot benefit from FFT sample exclusion, ie, it is not possible to tailor the exclusion period with fine granularity. Therefore, verifying if a the UE declared “tp” is truly met remains a challenging testability topic for CP-OFDM waveforms.
Waveform properties:
· CP-OFDM, SCS 15,30 and 60kHz
· 20MHz CBW, fully allocated, ie 106RB0, 51RB0, and 24RB0 at SCS15,30 and 60kHz respectively.
· Modulation schemes: 64QAM and 256QAM
· 14 symbols / slot. We denote symbol 0 and 13 the first and last symbol of each slot respectively, and “OS” to refer to an OFDM Symbol.
· DMRS: CDM groups 2, Type A position 2, 2 additional DMRS positions, ie a total of 3 DMRS symbols per slot
· PUSCH mapping type A.
RF Transient Characteristics and EVM Measurement Procedure
As proposed in [2-3], the RF transient is generated with a 20dB step-up power change emulating a 1:100 RB allocation change at slot boundaries. All measurements are performed on a 2600MHz modulated carrier. 

The transient profile characteristics are:
· 20dB step-up power change,
· Exponential rise profile as shown in Figure 2,
· RF Transient start position or Timing Advance: programmable in 10ns steps
· RF Transient duration: programmable in 10ns steps.
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[bookmark: _Ref32486482]Figure 2: Exponential RF transient profile example used for measurements: measured PA RF transient vs digital IQ input stimulus (green - bottom right)

For EVM measurements:
· For every symbol, an RF Vector Signal Analyzer is used to capture both FFT_low and FFT_high EVM measurement reports. The EVM values are averaged over 10ms,
· Once captured, each EVM data is post-processed to evaluate both EVM=max(EVM_l,EVM_h) and EVM=min(EVM_l,EVM_h), symbol per symbol across all slots.

PA Intrinsic EVM Floor Calibration
Throughout this document we use “Pre-event” to refer to the slot prior to the start of RF transient event, and “Post-event” to refer to the slot where the transient settles/ends. We calibrate the modulated carrier EVM floor by adjusting the RF transient “high power level” to reach the following EVM levels using EVM=max(EVM_l, EVM_h): 
· 256QAM: Post-event or high power level rmsEVM floor: 2% , Pre-event, or ‘Low power level rmsEVM’ <1%
· 64QAM: Post-event or high power level rmsEVM floor: 6%. Pre-event, or ‘Low power level rmsEVM’ <1%

Calibration results of the Pre and Post-event slot rmsEVM per symbol are reported in Figure 3 below.
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[bookmark: _Ref32486470]Figure 3: rmsEVM per symbol in Pre-event and Post-event slots for 20dB step-up power change, 10ns RF transient period centered at slot boundaries. Left: 64QAM (transition from <1% to 5.9% rms EVM), Right: 256QAM (transition from <1% to 2% rms EVM). The vertical red dashed line represents the RF transient location.

The high power level calibration is performed with a near instantaneous RF transient period (tp=10ns) centered at slot boundaries as shown in Figure 4. It can be seen that the resulting PA high power levels are 25.1 dBm for 64QAM and 20.3 dBm for 256QAM.
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[bookmark: _Ref32510706]Figure 4: PA output power profile for 20dB step-up power change to achieve 64QAM 0.8% to 6% EVM transition (left) and 256QAM 0.8% to 2% rms EVM transition (right) . The vertical red dashed line represents the RF transient location.
EVM Measurements
150% CP Length Exclusion Period using EVM=min(EVM_l,EVM_h)
To demonstrate that the adoption of EVM formula EVM=min(EVM_l,EVM_h) in symbols where the transient occurs ensures that an exclusion period of 150% CP length is effectively created, we sweep the RF “tp”, from 0.5s to 20s in 500ns steps, adjusting for each transient the Timing Advance (TA) to equal to –tp/2 so that the RF transient is always symmetrically centered at the boundaries between Pre-event symbol 13 / Post-event Symbol 0. An illustration of test measurement conditions is shown in Figure 5 below and is representative of the 38.101-1 ON to ON, PUSCH/PUCCH to PUSCH/PUCCH transient conditions triggered in the case of either a power change, modulation or RB change. The transient profiles sketched in Figure 5 are presented for the sake of illustration and are not representative of the exponential transient profile used for testing.
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[bookmark: _Ref32486514]Figure 5: Test conditions to verify EVM=min(EVM_l, EVM_h) creates an EVM exclusion period of 150%CP length. Transient period duration ‘tp’ is swept from 0.5s to 20s in 500ns steps, and timing advanced set to –tp/2.
For each ‘tp’ duration, both EVM=max(EVM_l, EVM_h) and EVM=min(EVM_l,EVM_h) are evaluated for 64QAM and 256 QAM at SCS15,30,60kHz. CP-OFDM 64QAM results can be found in Figure 6 below. CP-OFDM 256QAM results can be found in in the Annex of this document, where measurements have been captured using a coarser 1s step size. Therefore, the 256 QAM measurements do not provide the same time domain accuracy as those performed for 64QAM.
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[bookmark: _Ref32482121]Figure 6: Pre-event and Post-event rmsEVM=min(EVM_l,EVM_h) and EVM=max(EVM_l,EVM_h) CP-OFDM 64QAM measurements vs transient period duration vs SCS. A,C,E: Pre-event symbol#13 rmsEVM for SCS15,30,60kHz. B,D,F Post-event symbol#0 rmsEVM.
Figure 5 A,C,E shows that the Pre-event symbol 13 rmsEVM calculated using EVM=min(EVM_l,EVM_h) remains close to the calibrated rmsEVM noise floor of <1% for RF transient period duration of:
· tp  7s for SCS15kHz.
· tp  3.5s for SCS30kHz.
· tp  1.75s for SCS60kHz.
These values are in close agreement with the theoretical transient period budget presented in [3] and reproduced in Table 1.
Table 1: Transient Period Budget [3]
	
SCS [kHz]
	150 % CP length
[s]

	15
	7.03

	30
	3.51

	60
	1.75

	120
	0.87



Observation 1: Adopting the new EVM formula proposed in [3] of EVM=min(EVM_l,EVM_h) in symbols where the transient occurs effectively creates an EVM measurement exclusion period of 150% CP length, i.e., approximately 7, 3.5 and 1.75s for SCS 15,30,60 kHz respectively. 
Measurements show that even in the case when tp 150% CP length, the CP-OFDM EVM in symbols where the transient occurs remains always test-able. However, for a given tp value, the rmsEVM measurement will depend heavily on the transient profile (here only exponential profile measurements are presented). Considering this dependency, reaching a consensus on deriving an acceptable CP-OFDM EVM degradation budget for tp>150% CP length may be difficult, we therefore confirm that the approach taken in RAN4#93 [7] which consists in excluding the entire symbols impacted by transient from EVM calculation is the best compromise.
Observation 2: CP-OFDM rmsEVM in symbols where the transient occurs remains always test-able, even when tp exceeds 150% of CP length. Since EVM rise will be transient profile dependent, it is reasonable to exclude symbols in which the transient occurs from EVM calculation for the case of CP-OFDM waveforms when tp >150% CP length.
Impact of Rounded ‘tp’ Values Instead of Exact 150% CP Length Values.
For the case of a transient period symmetrically shared across symbol boundaries, and for the particular example of an exponential transient profile, it is worth noting in Figure 6 that the sharp rise of the EVM vs ‘tp’ duration is a good metric to detect if the UE ‘tp’ exceeds its declared value. Table 2 below summarizes the maximum ‘tp’ value to meet the proposed EVM relaxation budgets of [5%] and [15%] for 64QAM/256QAM respectively in symbols where transient occurs (cf. section 2.1).
[bookmark: _Ref32582582]Table 2: Maximum allowed symmetrically shared across symbol boundaries Transient Period ‘tp’ to meet the rmsEVM budget of [5%] for 64QAM and [15%] for 256QAM in symbols where transient occurs.
	
SCS
[kHz]
	64 QAM
	256 QAM

	
	Max EVM
[15%]
	Max EVM
[5%]

	15 
	 9.2 s
	 7.5 s

	30
	 4.7 s
	 3.8 s

	60
	 2.4 s
	 1.8 s



These results indicate that the rounded ‘tp’ signaling values proposed in [3,7] of 7,4,2s have an impact on the calibrated EVM floor but the EVM rise does not prevent a UE from passing the EVM with exclusion period conformance test for 64QAM. However, if RF transient timing advance is always centered on slot/symbol boundaries, EVM may exceed the [5%] target for 256QAM in the Pre-event symbol#13. This is due to the fact that in these test conditions, the transient timing advance is far from being the optimal value. We also observe there is ample margin on the Post-event Symbol #0 EVM result which remains at EVM floor even at very large ‘tp” values (Figure 6-B-D-F). As shown in the next section, the 150% CP exclusion period provided by EVM=min(EVM_l,EVM_h) gives plenty of freedom to UE vendors to adjust the timing advance so as to pass the conformance tests even when the UE is tested against the worst case scenario of highest SCS 60kHz and 2s transient period capability. 

Verification of UE Declared ‘tp’ Using EVM=min(EVM_l,EVM_h) for CP-OFDM
The goal of these measurements is to check if using EVM=min(EVM_l,EVM_h) in symbols where the transient occurs can be used to measure the exact UE ‘tp’ for CP-OFDM. For this test, the transient timing advance is set constant to -75%CP length for each SCS, and the transient duration ‘tp’ is increased from 1s to 20s by 500ns steps. In other words, timing advance is set so as to ensure the UE benefits from the maximum exclusion period. This test case is illustrated in Figure 7 in which transient profiles are presented for the sake of illustration and are not representative of the exponential transient profile used for testing.
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[bookmark: _Ref32523390]Figure 7: Test configuration to verify UE ‘tp’ duration using min(EVM_l,EVM_h) for CP-OFDM waveforms.
Both rmsEVM using both max(EVM_l,EVM_h) and min(EVM_l,EVM_h) are evaluated in the Pre-event symbol #13 and Post-event symbol #0 for 64QAM CP-OFDM in figures [A,C,E] and [B,D,F] respectively. The results are reported for SCS15kHz (Fig. A,B), 30kHz (Fig C,D) and 60kHz (Fig. E,F) in Figure 8. 
Figures A,C,E in another demonstration that the use of EVM=min(EVM_l,EVM_h) ensures a -75%CP EVM with transient exclusion period is created for all SCS since the reported EVM is that of the calibrated EVM floor of 0.8% (blue curves).
Figure B,D,F show that for the tested exponential transient profile, and transient timing advance constant set to -75%CP length, UE may pass the 64QAM [15%] EVM budget in these symbols with ‘tp’ >10s for all SCS. This demonstrates that use of TA gives plenty of freedom to UE vendors to fully exploit the 150%CP length exclusion period.
Observation 3: Setting the RF transient Timing Advance to -75% CP length gives UE vendors sufficient margin to pass EVM with transient conformance test, even for the worst case of SCS60 kHz and UE tp capability of 2 s.
We therefore conclude that for CP-OFDM waveforms, the EVM=min(EVM_l,EVM_h) metric cannot be used to verify the exact UE transient period. This observation can be explained by the exponential nature of the tested RF transient. Even when transient duration is large, during the last few microseconds of the transients, the amplitude distortion does not degrade sufficiently the error vector magnitude. Note that the slope of the EVM rise in symbol #0 is again heavily dependent on RF transient profile type. 
This confirms the approach taken in CR [8] for which, in the case when tp exceeds 150% CP length, the only reliable tool to check the UE declared ‘tp’ is the use of FFT sample exclusion signal processing steps available with DFT-s-OFDM waveforms, for which the concept has been proven with LTE conformance tests.
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[bookmark: _Ref32501223]Figure 8: Pre-event OS#13 (A,C,E) and Post-event OS#0 (B,D,F) rmsEVM=min(EVM_l,EVM_h) and EVM=max(EVM_l,EVM_h) vs ‘tp’ duration for transient timing advance set constant equal to -75%CP length, ie. beginning of the exclusion period for 64QAM CP-OFDM and SCS15,30,60kHz.

Observation 4: For CP-OFDM, it is not possible to verify the exact UE transient period duration for exponential transient profiles when transient timing advance is set constant and equal to -75%CP length using only EVM=min(EVM_l,EVM_h) as a metric. Using EVM=max(EVM_l,EVM_h) in the Post-event symbol #0 provides a slightly better performance, but not sufficiently discriminant to pretend verifying the exact ‘tp’ duration.
Detecting ‘tp’ with Timing Advance Violating the EVM Exclusion Period using EVM=min(EVM_l,EVM_h) for CP-OFDM.
This last set of measurements aims at investigating if EVM=min(EVM_l,EVM_h) can be used to detect a UE whose transient timing advance would set be prior to -75% CP length. For this test, only SCS 30 kHz is used to capture how Pre-event symbol #13 and Post-event symbol#0 EVM varies vs ‘tp’ duration when the ‘tp’ timing advance is set constant and equal to -85% CP length, i.e. approximately 250ns prior the beginning of the exclusion period for this SCS. The transient duration ‘tp’ is increased from 1 s to 20 s in 500 ns steps for CP-OFDM 64QAM. This test case is illustrated in Figure 9 in which transient profiles are presented for the sake of illustration and are not representative of the exponential transient profile used for testing.
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[bookmark: _Ref32523284]Figure 9: Test configuration concept to check if a transient timing advance is set 250ns prior to start of the 150%CP exclusion period.
EVM results are presented in Figure 10-C,D and compared with the case of timing advance (TA) set exactly to -75% CP length in Figure 10 A,B. As previously reported, when TA=-75% CP length, the RF transient is entirely excluded from the Pre-event symbol #13 EVM measurements (when EVM=min(EVM_l,EVM_h is used) – blue curve Figure 10-A. The impact of a 250ns violation of the exclusion period is clearly seen in the blue curve of Figure 10-C (Pre-event symbol #13 EVM), where the TA is 250ns ahead of the start of the -75%CP exclusion period. In Figure 10-C, the proposed [15%] EVM budget is violated for ‘tp’  1.8s. The observed EVM surge is due to the exponential nature of the tested RF transient.
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[bookmark: _Ref32524439]Figure 10 Pre-event and Post-event EVM performance for CP-OFDM 64QAM SCS30kHz vs 'tp' duration. A,B: timing advance = -75%CP length, C,D: timing advance=85% CP length.
These measurements clearly demonstrate the high sensitivity of EVM=min(EVM_l,EVM_h) to verify if the transient period timing advance violates the start of the exclusion period. This is particularly useful in the case of exponential like RF transients. 
 
Observation 5: It is possible to verify transient period whose timing advance would violate the start of the -75% CP length exclusion period using EVM=min(EVM_l, EVM_h).

Further Testability Considerations
This section summarizes previous contribution proposals for the power step size and frame structure recommended for conformance testing.
Proposal 1 for operation in FR1:
· 20 MHz Channel Bandwidth,
· Highest supported modulation scheme,
· Power change triggered by a 1:100 RB allocation change,
· Initial PUSCH RB allocation is 1 RB,
· Initial PUSCH power class 3 transmit power of [-3dBm] ± [3.2] dB for carrier frequency f ≤ [3.0] GHz or [-3dBm] ± [3.5] dB for carrier frequency [3.0] GHz < f ≤ 7.125 GHz,
· Slot type: 14 OFDM symbols / slot,
· PUSCH mapping type A 
· rmsEVM to be averaged over 10 subframes for the symbols that are not impacted by the RF transient,
· [bookmark: _GoBack]rmsEVM to be averaged over [70] subframes for the symbols where the transient occurs,
· Test pattern: Alternating 1 subframe modulating 1RB at offset position 0, 1 subframe modulating 100 RB at offset position 0.
The EVM calculation method captured in company CR [8] remains unchanged.
On EVM Budget for Symbols where the Transient Occurs
In this section, we evaluate the maximum permissible EVM budget to meet a maximum 5% throughput loss on the PUSCH symbols affected by the RF transient (ie Pre-event OS#13 and Post-event OS#1). The analysis consists in collecting uplink SNR results from link level simulation results [10] at %5 throughput loss for PUSCH 64QAM and 256QAM to derive the corresponding EVM budget. Results are plotted in Figure 10 for which we have assumed:
· PUSCH Type A symbols.
· Minimum 256QAM uplink SINR:20.5 dB, approximately
· Minimum 64QAM uplink SINR:11.8 dB, approximately
[image: ]
[bookmark: _Ref32486362]Figure 10: 5% throughput loss PUSCH 64QAM (left) and PUSCH 256QAM (right) EVM budget for the symbols in which the transient occurs.
The EVM budget for 5% throughput loss is approximately 10.5% and 4.7% for 64QAM/256QAM approximately. We therefore support the 5% EVM derating for 256QAM, and for 64 QAM we believe 10-11% EVM budget could be justified.
Proposal 2: We invite interested companies to provide their views on the maximum EVM budget of [5%] and [15%] for 256QAM and 64QAM respectively, for the symbols where the transient occurs.
Conclusions
In this contribution, we present our measurement results for EVM due RF transients triggered by a power change. We show that our proposition to adopt EVM=min(EVM_l,EVM_h) is not only the best way to create an EVM exclusion period for all waveform types, but also creates an effective exclusion period of 150% CP length with good discrimination. This metric also provides an excellent detection mechanism for UEs whose timing advance would be set too aggressively below the -75% CP exclusion period boundaries. For tp>150% CP length, the use of DFT-s-OFDM FFT sample exclusion technique inherited from LTE remains a good method to verify the UE transient period declaration.

Proposal 1 for operation in FR1:
· 20 MHz Channel Bandwidth,
· Highest supported modulation scheme,
· Power change triggered by a 1:100 RB allocation change,
· Initial PUSCH RB allocation is 1 RB,
· Initial PUSCH power class 3 transmit power of [-3dBm] ± [3.2] dB for carrier frequency f ≤ [3.0] GHz or [-3dBm] ± [3.5] dB for carrier frequency [3.0] GHz < f ≤ 7.125 GHz,
· Slot type: 14 OFDM symbols / slot,
· PUSCH mapping type A 
· rmsEVM to be averaged over 10 subframes for the symbols that are not impacted by the RF transient,
· rmsEVM to be averaged over [70] subframes for the symbols where the transient occurs,
· Test pattern: Alternating 1 subframe modulating 1RB at offset position 0, 1 subframe modulating 100 RB at offset position 0.

Proposal 2: We invite interested companies to provide their views on the maximum EVM budget of [5%] and [15%] for 256QAM and 64QAM respectively, for the symbols where the transient occurs.
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Annex: 256QAM measurements
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