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Introduction 
In RAN4 #70, the discussion on mm-wave technologies including the mm-PA technologies was initiated [1]. In RAN4 #80, a comprehensive generalized memory polynomial PA model for both sub-6 GHz as well as mm-waves were presented [2].
As ACLR is one of the compatibility parameters towards ITU-R, it is essential to initiate discussion on achievable ACLR for mm-wave technologies. 
As ITU-R compatibility parameters are required for frequency ranges of up to 86 GHz, possibly different ACLR values would be needed for 30 GHz, 45 GHz and 70 GHz respectively but in this paper the discussion is focused on 30 GHz example frequency range. 
In addition, the achievable ACLR value for mm-wave frequencies discussed in this paper can also be seen as the typical performance that the mm-wave technology can provide which can in addition to ITU-R compatibility parameters consideration also in later stages be considered when specification work has progressed more.
Discussion
In [1], some detailed insight into power amplifier essential metrics such as output power and Power Added Efficiency (PAE) were presented. It was shown that, power amplifier performance generally degrades with increasing frequency e.g. power capability of power amplifiers for a given integrated circuit technology roughly degrades by 20 dB per decade as well as the frequency dependent decay in PAE (see figure 1). The PAE data refers to operation at saturated output power and this only serves as a reference point for comparison but is by no means indicative of the PAE that is achievable when operating on modulated signals. 
In addition, the compact and highly integrated building practice needed for mm-wave systems with many transceivers and antennas requires careful and often complex consideration regarding the power efficiency and heat dissipation in small area/volume. These considerations directly affect the achievable performance and possible compatibility parameter value towards ITU-R and later when 3GPP RAN4 requirement levels are discussed.
Considering the ongoing co-existence study related to ITU-R work, it is quite essential to consider the achievable ACLR as an important aspect to ensure that not only the potential and benefits but also the limitation of the technology is taken into account.  



Note that similar to other unwanted emission requirements, the TRP would be the proper metric for mm-ACLR. This has been extensively discussed in the previous meetings [3 & 4].
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[bookmark: _Ref449015269]Figure 1 Power amplifier output power (left) and Power Added Efficiency, PAE at saturated output power (Psat) (right) versus frequency for various semiconductor technologies. The dashed line (in left plot) illustrates the observed reduction in power capability versus frequency (-20 dB per decade). The data points are taken from an internal Ericsson survey of published microwave and mm-wave power amplifier circuits.
In chapter 2.1, the achievable ACLR for 30 GHz example frequency range considering the aspects mentioned above id further elaborated. The typical and achievable ACLR values for example frequencies of 45 GHz and 70 GHz will be further elaborated in the coming RAN4 meetings.
Mm-wave ACLR (30 GHz)
Two mm-Wave PA models were presented in [2] based on FD-SOI CMOS and GaN technology. The models were derived from advanced circuit level simulations of research prototype designs. The same power amplifier designs now have been characterized also to capture the power added efficiency (PAE) at each input signal level to exemplify the relations between PAE, ACLR, and output power using a modulated signal. The waveform used is CP-OFDM with some filtering that yields an ACLR of some 50dB before applying the nonlinearity of the PA. No linearization has been applied.
It is important to stress that the output power levels presented here refer to the PA only including losses from chip packaging but not losses due to PCB routing, TRX switch, or filter. A mm-Wave transceiver chip will host numerous transceivers including PA to support a set of antenna element and in such a design there may be additional thermal constraints potentially putting a cap on feasible PA output power that is lower than the power capability of the technology being used. 
Figure 2 shows the ACLR as function of the output power for the CMOS and GaN power amplifiers. Except from the difference in power capability the qualitative behaviors are similar for the two PAs.  For lower power levels the ACLR levels out around 50 dB due spectral properties of the CP-OFDM signal. Figure 2 clearly shows that for ACLR drops faster below 30-35 dB vs. output power. Thus, the benefit of having more stringent ACLR than 30-35 dB is less attractive and maybe not even feasible considering the thermal aspects in this regard.  For comparison the saturated output power (Psat) is 21.8 dBm and 33.8 dBm for the CMOS and the GaN power amplifier, respectively.

[image: ]Figure 2 ACLR vs output power for CMOS and GaN ~30 GHz power amplifiers using CP-OFDM input signal.
Figure 3 shows PAE as a function of ACLR. For comparison, the PAE at Psat is 21% and 32% for the CMOS and the GaN power amplifier, respectively. From Figure 3 it is readily seen that the PAE drops rapidly towards very low numbers as ACLR increases beyond 35 dB of ACLR. Around that same point (30-35dB) the PAE is 5-10% which should be considered as reasonable target for efficiency at this frequency.
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Figure 3 Power-added efficiency vs. ACLR for CMOS and GaN ~30 GHz power amplifiers using CP-OFDM input signal.
Considering the analysis above investigating the relation between PA output power, ACLR and efficiency for CMOS technology at 30 GHz, the 30-35 dB ACLR seems to be a proper level to consider  
Proposal 1:
For mm-wave frequencies, the relation between thermal aspects, output power, efficiency and achievable ACLR should be considered when deciding on a suitable ACLR.
In addition, as reasonable ACLR values based the trade-off between ACLR, output power and efficiency also taking to account the technology is essential for both ITU-R related work and compatibility parameter level setting. The analysis in this paper should also be considered when 3GPP standard requirement work is progressing.
Proposal 2:
[bookmark: _GoBack]For mm-wave frequencies ~30 GHz, an ACLR level of 30-35 dB should be considered when ITU-R related compatibility parameters are discussed as well as for 3GPP standard requirement work for ~30 GHz bands.

It should be noted that higher PAE numbers have been reported for CMOS power amplifiers in academia but there are either direct or indirect indications in such work that the designs break one or more design rules e.g. with regards to maximum voltage levels or current densities which severely affects expected lifetime of components. The power amplifier designs used in this paper fully comply with all design rules and operating conditions as specified by respective process technology vendor and thus serve a good basis for expected performance.
Conclusion
In this paper, a discussion on limitations of mm-wave ACLR was initiated. Considering power amplifier important performance characteristics over frequency, as well as the fact that compact and highly integrated building practice needed for mm-wave systems with many transceivers and antennas requires careful and often complex consideration regarding the power efficiency and heat dissipation in small area/volume, a more elaborated discussion on achievable ACLR for example frequency of 30 GHz were presented. It was shown that a reasonable ACLR value for 30 GHz is around 30-35 dB.
The achievable typical values for ACLR shown in this paper should be taken to account in addition to co-existence study results before concluding the parameter values for ITU-R.
We thus propose the following:
Proposal 1:
For mm-wave frequencies, the relation between thermal aspects, output power, efficiency and achievable ACLR should be considered when deciding on a suitable ACLR.
Proposal 2:
For mm-wave frequencies ~30 GHz, an ACLR level of 30-35 dB should be considered when ITU-R related compatibility parameters are discussed as well as for 3GPP standard requirement work for ~30 GHz bands.
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