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1. Introduction
In RAN4#83 meeting NR ACLR for above 24GHz UE and BS were agreed in [1], this agreement is an important step to understand the power class definition and MPR for different NR waveforms. This contribution provides early simulation results of ACLR vs Pout at mm-waves and discusses relevance of some ACLR specification.
2. Discussion
This contribution provides early simulation results of ACLR vs Pout at mm-waves. It uses ACLR agreements in [1] and further ACLR and EVM definitions from [2].
2.1. AM/AM and AM/PM model of 28GHz NR PA
Due to the difficulty of making precise measurements with large dynamic range at 28GHz we extracted our NR 28GHz UE PA AM/AM and AM/PM model from transistor level simulations including thorough EM simulation of the passives. Although it is not perfectly matching all measurements it provides a fair representation of the mm-Wave PA non linearity and can be trusted for relative measurement assessment (like MPR) for signal BW up to 100MHz.

Extracted AM/AM and AM/PM PA behavior are plotted on Figure 1 in the form of magnitude (dB) and phase (degree) of the PA gain versus input power (dBm).
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Figure 1: AM/AM (left) and AM/PM (left) behaviour of 28GHz NR PA
Form the plot on the left one can read that this PA achieves about 21dBm saturated power and around 18dBm 1dB compression point. This enables DFT-s-OFDM QPSK support with high linearity for about 12dBm and relaxed linearity for about 16dBm making it suitable for both EU and small cell BS 28GHz NR transmit paths.
2.2. Evaluated Waveforms
Since our goal was to make preliminary assessment of the linearity requirements for the relaxed above 24GHz ACLR when compared to sub-6GHZ LTE UE ACLR, our focus was first to evaluate waveforms for which MPR would be dominated by ACLR requirements. The following waveforms were simulated:
· 7dB PAPR 100MHz DFT-s-OFDM QPSK 135RB0 60kHz SCS (reference 0dB MPR waveform for UE)

· 5.5dB PAPR 100MHz DFT-s-OFDM Pi/2 BPSK shaped 135RB0 60kHz SCS (to evaluate low PAPR)
· 10.5dB PAPR 100MHz CP-OFDM QPSK 135RB0 60kHz SCS (lowest order BS and UE CP-OFDM waveform)

· 8dB PAPR clipped 100MHz CP-OFDM QPSK 135RB0 60kHz SCS (to evaluate clipping on CP-OFDM)
The different PAPR of the waveform is displayed on figure 2.
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Figure 2: PAPR for DFT-s-OFDM QPSK (red), PI/2 BPSK (blue) and CP-OFDM QPSK (purple, clipped: green)
It must be clarified that Pi/2 BPSK waveforms with even lower PAPR are feasible and were already presented in [3,4] but at this time it is difficult to conclude on those waveforms since a lower PAPR may be also associated with an SNR degradation at the BS demodulation. The chosen Pi/2 BPSK waveform at least shows PAPR improvement vs QPSK.

Finally we chose to evaluate 100MHz waveforms since these relatively low fractional BW is well modelled by simple AM/AM and AM/PM PA model.
2.3. Simulation Results

Using the PA model extracted from section 2.1 simulation of ACLR versus output power was run for the different waveforms from 2.2. Figure 3 shows the simulated results for the 4 types of waveforms.
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Figure 3: ACLR vs Pout for DFT-s-OFDM QPSK (top left), PI/2 BPSK (top right) and CP-OFDM QPSK (bottom, with clipped waveform on the right)

As can be seen from Figure 3 simulations covering pout up to 20dBm were performed. That power range is only 1dB away from saturated output power capability of PA. It can be observed that ACLR seems to be limited to 25dBc, this can be explained by the fact that the PA model range is limited and thus many samples starts to exceed the maximum PA model range. This is illustrated in Figure 4 for the CP-OFDM QPSK waveform where model can be trusted only up to around 17dBm (less than 5% samples exceeding PA model range)
[image: image5.emf]0 2 4 6 8 10 12 14 16 18 20

0

5

10

15

20

25

POUT  (dBm)

PECENTAGE OF SAMPLES > MAX AM/AM


Figure 4: Percentage of samples exceeding model range for CP-OFDM QPSK waveform
Observation1: PA model valid range is only up to 25dB ACLR, above 24GHz NR UE ACLR level cannot be attained. 

Using the above restriction it can still be seen that small cell BS mm-Wave ACLR agreed in [2] can be achieved for lower linearity operation than LTE [-30dBc] UE ACLR:

· 30GHz BS 28dBc ACLR is obtained at 1dB lower PA linearity, clipped waveform allows 0.5dB higher power
· 45GHz BS 26dBc ACLR is obtained at 2.5dB lower PA linearity, clipped waveform has little benefit

Observation 2: 30GHz and 45GHz small cell BS PA can operate at 1dB and 2.5dB lower linearity respectively when compared to a current LTE UE PA. Waveform clipping may not provide significant benefit.

To try to obtain some information from this simulations in term of UE PA operating point, some extrapolation can be explored before more accurate results can be obtained (most probably by measurement). It can be observed for example that DFT-s-QPSK enables 2dB higher power than CP-OFDM QPSK, and Pi/2 BPSK allows potentially up to 6dB higher.
Looking now at the ACLR slope in Figure 3, it can be noticed that a 2dB ACLR/1dB Pout slope is fairly valid across waveforms, using such slope one could anticipate the 30GHz UE ACLR of 17dBc could be achieved for:
· 20.5dBm for CP-OFDM QPSK

· 21dBm for clipped CP-OFDM QPSK

· 22.5dBm for DFT-s-OFDM QPSK

· >25dBm for PI/2 BPSK

This is obviously not the case since the PA has already 3dB compression at 21dBm output power. 
To obtain further insights some sub-6GHz measurement were conducted with further compression as illustrated in Figure 5. As seen for this 20MHz CP-OFDM QPSK waveform case, as high as 4dB compression is needed to reach close to the 16dBc foreseen for NR UE ACLR at mm-waves. Considering the input PAPR of the waveform being 10.5dB PAPR it means that the peaks are heavily clipped.
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Figure 5: 20MHz CP-OFDM QPSK waveform sub-6GHz PA gain and ACLR versus 
Observation 3: NR mm-Wave ACLRs of 16-17dBc cannot be achieved without significantly compressing the PA potentially resulting in significantly degraded EVM due to severe AM/PM. Further evaluation using measurements at mm-Wave is needed to gage if such ACLR targets are meaningful in terms of transmitted signal quality.
3. Conclusion

This contribution provides early simulations for ACLR performance of a 28GHz PA using different NR waveforms. Although the intention was to provide insights on power amplifier performance for both above 24GHz small cell BS and UE, it was found that it is difficult to reach much beyond 25dBc ACLR. Nevertheless it allowed a number of observations that would hopefully help RAN4 understanding of PA behaviour for NR mm-Wave. The most significant ones are copied here bellow:

Observation 2: 30GHz and 45GHz small cell BS PA can operate at 1dB and 2.5dB lower linearity respectively when compared to a current LTE UE PA. Waveform clipping may not provide significant benefit.

Observation 3: NR mm-Wave ACLRs of 16-17dBc cannot be achieved without significantly compressing the PA potentially resulting in significantly degraded EVM due to severe AM/PM. Further evaluation using measurements at mm-Wave is needed to gage if such ACLR targets are meaningful in terms of transmitted signal quality.
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