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Introduction
In RAN#82, a Study Item on 7-24 GHz frequency range was approved [1]. In [2], an overview of the SI as well as the need to break down this large frequency range presented by “example frequencies” were further discussed and possible ranges and example frequencies were proposed.
In this paper, some technical aspects and considerations around the trends for power amplifiers based on different semi-conductor technologies as well as frequency generation and phase noise are elaborated. 
In addition, the discussion around receiver performance is initiated in this paper.
As the performance of components and technologies used in the transmitter and receiver is affected by frequency, it is essential to consider the trends, technology potential and limits to understand the feasibility and performance for example frequency ranges which in later phases when a WI (pending on the regulatory situation is cleared). The performance and feasibility aspect in conjunction with possible co-existence studies should then constitute the basis for specifying the requirements and levels for future frequency bands in this range for a future WI.
[bookmark: _Ref178064866]Discussion
Power amplifier technologies and trends
In the context of FR2 related work in RAN4 for specifying the requirements on the transmitter requirements, in-depth analysis of power amplifiers based on different semi-conductor technologies were presented where the complex relation between output power, ACLR (linearity) and efficiency were thoroughly described. This work was based on data analysis of published and characterized power amplifiers as well as academic data bases. It was shown how the output power and efficiency is affected over frequency.
In 2018 professor Hua Wang at Georgia Tech published a large power amplifier survey [3] consisting of more than 2000 data points. Wangs database covers published results from year 2000 and beyond, both from the open literature as well as commercial amplifiers from various vendors. 
Based on this material a more comprehensive analysis of achievable power amplifier performance has been investigated and presented in this paper. The analysis covers the peak output power and power added efficiency. It should be noted that for all presented characteristics in this chapter, the results are based on peak power, non-linearized power amplifiers without considering the bandwidth impact to show the trends with respect to frequency for different technologies.
In Figure 1, a scatter diagram of saturated output power as a function of operating frequency for Silicon technologies is shown. The technologies are grouped in three categories: LDMOS, CMOS and SiGe. The attainable output power at a given operating frequency is limited by the saturated electron velocity and the breakdown field strength in a given semiconductor material. This is captured in Johnsons’ figure of merit which states that the maximum output power will decrease with 20 dB/decade as the operating frequency is increased. The black line 1 conveys the limitation due to Johnsons’ figure of merit.
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Figure 1	Saturated output power versus frequency for power amplifiers using Silicon transistors.
Figure 2 presents the maximum output power as function of operating frequency for two compound semiconductor technologies: GaAs and GaN. Higher output power can be achieved but would necessitate excessive power combining associated with decreased operating efficiency.
[image: ]
Figure 2	Saturated output power versus operating frequency for GaAs and GaN power amplifiers
For operating frequencies in the range of 7 GHz to 24 GHz we can observe given the constrains mentioned above:
· Silicon technologies are limited to maximum 2 W of peak power
· With GaN technology the peak output power can be increased to maximum 20 W peak power (at 24 GHz).

It should be noted that the peak saturated power mentioned above does not consider many aspects in a practical implementation as the achievable average power (RMS) would be ~10 dB lower compared to saturated peak power to fulfill the needed modulation quality or necessary linearization range and bandwidth.
 PA Efficiency
In the previous section the output power capability was analyzed using published power amplifier data. In this section the same dataset will be used to study the efficiency of available semiconductor technologies.
In Figure 3, a scatter diagram of peak power added efficiency as function of operating frequency for power amplifiers made using Silicon transistors (LDMOS, CMOS and SiGe). In Figure 4 the same parameters are plotted for compound semiconductor transistors (GaAs and GaN). As expected the efficiency is mainly dependent on the operating frequency and not the transistor technology. The wide spread of data is mainly due to different power levels and different amplifier architectures (e.g. class-A, class-AB, Doherty etc.).
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Figure 3	Peak power added efficiency versus frequency for power amplifiers using Silicon transistors
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Figure 4	Peak power added efficiency versus frequency for power amplifiers using compound semiconductor transistors (GaAs and GaN).
Grouping power amplifiers in different power categories gives a better view on the efficiency performance of different semiconductor technologies. 
In the frequency range 7 GHz to 24 GHz, the maximum power amplifier efficiency will be strongly dependent on the operating frequency and the chosen semiconductor technology. In coming meetings, we will further elaborate on power efficiency for some specific power levels for different semi-conductor technologies.
The above analysis indicates that from a technological perspective the frequency range 7 GHz to 24 GHz in terms of low power amplifier efficiency is quite similar to FR2. The need for AAS type of products for this frequency range as well as the integration in limited space, makes the thermal design and considerations more challenging compared to FR1.
As shown, with the support from both empirical data and theoretically established limits we know that that both power efficiency and RF saturated output power capability decrease with increasing frequency. The choice of process technology used in fabricating the PAs may offset the capabilities at a given frequency but the trends versus frequency of operation  remains.
As for the linearity properties we may assume, for the sake of simplicity, that it is independent of frequency. Qualitatively, this very much hold true for conventional, non-linearized, PAs.  Further, the efficiency is degraded roughly in proportion to the power back-off from saturated peak power.
In determining the level of ACLR feasible for different frequencies the above assumptions are useful but not enough. Some additional constraints must be defined. Two options are discussed below, based on use of AAS type of BS.
As the number of antenna elements per unit area is proportional to  and the RF power capability per PA scales as ,  the RF power capability per unit area remains constant. We may therefore consider the following:
1. Constant DC power per array antenna unit area
2. [bookmark: _Hlk877232]Constant RF power per array antenna unit area

For constant DC power per unit area it is assumed that power amplifier DC power constitutes a significant part of the total DC power budget. It is therefore also dimensioning with regards to cooling requirements, which is proportional to area. Thus, with a cap on the DC power per unit area the RF output power per unit area will decrease with increasing frequency, irrespective of the number of antenna elements. But as the RF power capability per unit area is constant, having a constant DC power per unit area implies that the RF power will scale as efficiency vs. frequency and ACLR will only depend on RF power per unit area.
For constant RF power per unit area it is assumed that DC power is not limiting the capabilities and thus the focus would be more on the RF power capabilities of the PAs. But as the RF power per unit area is constant the ACLR requirement could in theory be the same for all frequencies. The ACLR would thus only depend on the desired RF power per unit area (ultimately limited by saturated peak power). This option is questionable as there is no DC power limitation. 
This would require further discussion and investigations in the coming RAN4 meetings.
Phase noise
Low phase noise is instrumental for low EVM (and high order modulation support) as well as for low impact from blockers due to reciprocal mixing between blocker signal and phase noise. At the same there are limits on attainable levels of phase noise for a given DC power budget and the carrier frequency being considered.
The Phase Locked Loop (PLL) used to generate the LO signal has a voltage (or digitally) controlled oscillator, here referred to VCO. The VCO dominates power consumption and phase noise of the PLL and dimensioning for the remaining parts of the PLL. The VCO performance is commonly captured through a Figure-of-Merit (FoM) allowing for comparison of various VCO implementations although they are operating at different frequencies and different levels of phase noise. The FoM is defined by 

Here  is the phase noise of the VCO in dBc/Hz at a frequency offset  with oscillation frequency  (both in Hz) and power consumption  in mW. Thus, lower FoM is better. One noticeable result of this expression is that both phase noise and power consumption in linear power are proportional to . Thus, to maintain a phase noise level at a certain offset while increasing  by a factor R would require the power to be increased by  (assuming a fixed FoM). Conversely, for a fixed power consumption and FoM the phase noise will increase by , or 6dB per every doubling of . 
It is also worth noting that there are fundamental limits on the attainable FoM and the room for further improvements is limited [2].
In this section, the discussion around trends for phase noise based on empirical data as well as the impact of VCO tuning range is further elaborated.
The FoM definition aims to be frequency agnostic but in practice there is an implementation penalty associated with higher frequencies as shown in the figure below, where FoM of recently published VCO designs in silicon-based technologies are compared. If there were to be no implementation penalties the best FoMs would be on par for all frequencies. A rough estimation of the implementation penalty is roughly 5-10dB/decade (~1.5-3dB/octave) depending on whether the trend is derived from only the best data points (at the performance envelope) or the general trend of all data points.
[image: ]
Figure 5	Phase noise FoM
One aspect not accounted for in FoM is the tuning range of the VCO and thus the maximum possible frequency range of the PLL. It is a well-established fact that preserving a tuning range (when defined in % of LO frequency) is increasingly difficult for increasing frequency. Thus, an empirical but widely accepted extension of the original FoM accounts for tuning range  in % as follows:

 calculated for the same data set as above is shown in the plot below and it is clearly seen that accounting for tuning range worsens the penalty further for higher frequencies, with an additional ~7.5dB/decade or 2.3dB/octave. 
[image: ]
Figure 6	Phase noise FoM considering VCO tuning range
Now, as for the actual tuning range of the VCOs the picture is quite scattered as shown below. Rather high tuning range is still possible at higher frequencies, but this comes at the expense of increased DC power and worse phase noise performance, at a given offset, here  =1MHz. The trend shows close to 20dB/decade of degradation as expected from the expression for  (assuming  would have been frequency agnostic). But since a  degradation of some 5-10dB/decade was identified for increasing frequencies this phase noise performance comes at the cost of increased power consumption. Thus, for a given power consumption budget the phase noise at the rightmost side would actually be 10dB worse.
[image: ]
Figure 7 Phase noise FoM considering actual VCO tuning range
In conclusion, phase noise will worsen significantly across the roughly 2 octaves of frequency range considered (7-24 GHz) and it can only partly be addressed by increasing power consumption. Thus, considering the thermal and performance aspects, phase noise is an important parameter to consider when technology feasibility work is conducted for frequency ranges of 7-24 GHz. 
We will further elaborate on phase noise when example frequencies for 7-24 GHz is settled.
Receiver aspects
During NR SI and rel-15 WI, extensive studies around receiver performance and feasibility was conducted. The complex dependencies between essential receiver performance parameters such as Noise Figure (NF), dynamic range, bandwidth and power consumption were elaborated in detail. Similar to transmitters, the receiver performance parameters would degrade over frequency due to the frequency dependency of LNA NF, routing and filter losses etc and the fact that receivers for higher frequencies will have an increased power consumption due to higher bandwidth, aggravated by the low-voltage technology needed for speed.
Thus, considering the thermal challenges given the reduced area/volume for 7-24 GHz AAS BS product types, the complex interrelation between linearity, NF, bandwidth and dynamic range in the light of power dissipation should be considered.  We will further elaborate on this in the coming meetings.
Conclusion
In this paper, A discussion on the trends for power amplifiers and phase noise is initiated. In addition, as the performance would degrade over frequency, the work trends and accurate studies of feasibility aspects is essential to capture. To limit the extremely extensive amount of work needed, we encourage RAN4 to discuss and agree upon the “example frequencies” for 7-24 GHz SI for further in-depth analysis.
In addition, some receiver considerations for 7-24 GHz was brought up in this paper.
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