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1. Introduction
At this meeting a contribution about PA scaling principles [2] and a contribution about PA parameter dependencies [1] was presented. Both contributions proposed text for TR 38.820. In the following discussion it was agreed to merge the text proposals together and update the text according to meeting minutes. 
The intention with this contribution is to propose text to capture the PA power scaling and AAS dependencies for 7-24 GHz in TR 38.820.

2. Proposal
It is proposed that the attached text proposal is included in TR 38.820.  

3. References
[1]	R4-1908757, “TP to TR 38.820: PA parameter dependency for different example frequencies in subclause 5.4.3”, Ericsson
[2]	R4-1908758, “TP to TR 38.820: PA power scaling and AAS dependencies in subclause 5.4.2”, Ericsson
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5.4.2	PA power scaling and AAS dependencies
The power capability  (the maximum level of signal power that can be generated) of a PA is fundamentally governed by the Johnsons’ figure of merit. Once the semiconductor technology has been chosen (CMOS, SiGe, GaN, etc.) for implementing a power amplifier, the power capability  is bounded by  (-20 dB per decade). 
Over the frequency range (7-24GHz) considered, however, it is not enough to consider the power capability of single PA. Rather, it may be justified to assume some sort of multi-antenna arrangement or more specifically an antenna array, at least for the upper part of the frequency range. Figure 5.4.2-1 illustrates a conceptual unit area of an antenna array with N elements and will be used to support the discussion below. Here, the array is a uniform array (equidistant distance between elements) and without lack of generality one PA is associated with respective element. 
One may rightfully say that the antenna element separation  is constant over frequency when measured in wavelengths , e.g. 0.5. Consequently, the antenna separation measured in metric meters will scale as  where  is the target RF frequency for which the antenna array has been designed, and thus the number of elements per unit area  will be  (+20 dB per decade).
The DC power provided to drive one power amplifier is  and the DC power provided to the unit area equals . Correspondingly, the RF power generated by one PA is  where  is the efficiency of the PA, and the RF power generated by the unit area is  (the exact definition of  also includes the PA input signal power but this is left out here for simplicity). 

Unit area of antenna array with N elements





•   •   •   


•   •   •   


•   •   •   







Figure 5.4.2-1 Relation between power, number of elements and frequency of operation.
If   and ACLR had been constant over frequency, a constant DC power per unit area (irrespective of frequency) would obviously imply that the RF power per unit area  would also be constant over frequency, as the power capability per PA scales -20 dB/decade while the number of antenna elements scales as +20 dB/decade.
For FR2 ACLR is 28 dB but it is expected that it should improve towards lower frequencies, given the substantially higher ACLR for FR1. The aim of this discussion is to present one such scaling mechanism.
A trend of -5 dB/decade () was identified for  based on empirical data at peak power. It is expected that this scaling also applies when operating in back-off. With a cap on DC power per unit area, such a trend would allow for more RF power per unit area with a preserved ACLR for lower frequencies, i.e. increasing by 5 dB when lowering the frequency by one decade. This exemplified in Figure 5.4.2-2 (constant ACLR) for power levels referring to one PA.
Alternatively, one can assume a constant DC as well as constant RF power per unit area and let the PAs towards lower frequencies operate at a lower , to instead allow a higher ACLR, see Figure 5.4.2-2 (improved ACLR). Exploiting this to its full extent means that all the  improvement for lower frequencies is translated to an equivalent reduction of RF power per PA compared to the RF power per PA for a given ACLR. The basic analysis in [2], backed up by PA simulations, showed that ACLR improves by roughly 2 dB for every dB of RF power reduction for a given PA in the ACLR performance regime of interest.   
Example: An array operating at 30 GHz provides ACLR of 28 dB. An array operating at 15 GHz with the same DC and RF power per unit area will have an ACLR of 28 + 2·5·log10(30/15) = 31dB.







improved 
for lower frequencies
-20dB/dec
-20dB/dec



Figure 5.4.2-2 Illustration of PA power metrics vs frequency for constant ACLR vs improved ACLR (towards lower frequencies).
[bookmark: _Hlk16686637]The analysis outlined above is based on one PA per antenna element, or at least the same sub-array configuration, over the frequency range considered. Although larger sub-array configurations may be used at lower frequencies the general principle still holds. For example, an array of elements based on 1x1 sub-arrays has a certain RF power  associated with one element and consequently one sub-array. The same array of elements but based on 8x1 sub-arrays will have an RF power of  per sub-array. The only difference lies in that the PA driving the sub-array must be capable of producing a higher level of RF power to drive the 4x1 sub-array compared to the 1x1 sub-array. And this is where the more costly by also more capable technologies come into the picture, e.g. GaN and GaAs, which may provide up to an order of magnitude higher power levels compared to Si-based technologies. So, as far as RF and DC power is concerned the scaling still applies. But using GaN and GaAs technologies also provide a somewhat higher PAE and it can be argued that this can be used to further increase the ACLR somewhat towards the lower end of the frequency range when the PAE benefit has been quantified.   
5.4.3	PA Output power, ACLR and PAE dependencies
The current technological capability to achieve a certain average output power level at a prescribed ACLR level for power amplifiers operating in a weakly non-linear regime (e.g. in back-off), the relation between the 3rd order intercept point (IP3) and ACLR can be used. For an OFDM signal with a large number of sub-carriers (more than 10) the average output power as function of targeted ACLR can be calculated from:

If the IP3 levels are not available they can be estimated from the 1dB gain compression point, and the average output power can then be calculated as:

In figure 5.4.3-1 the peak power added efficiency is plotted versus 1-dB output power compression point (P1dB) for amplifiers operating between 10 GHz to 30 GHz. Considering available data (see figure 5.4.1-1 and 5.4.1-2), a reasonable trade-off between linearity and efficiency is achieved around a P1 dB of 100 mW (with associated peak PAE of > 40%). This observation holds regardless of semiconductor technology. In figure 5.4.3-2 the effect on achievable ACLR of the efficiency - linearity trade-off is investigated. Three typical points from the maximum P1dB-PAE trajectory is chosen: P1dB = 10 dBm, 17 dBm and 20 dBm. For each point the ACLR is computed as function of average output power. The PAE numbers given in the figure are indicative of the average PAE resulting from the peak PAE for these example points (4%, 5% and 6%) under the assumption that the amplifiers operate in class-A.
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Figure 5.4.3-1: Peak power added efficiency versus 1 dB gain compression point for power amplifiers using Silicon transistors (Left) and GaAs and GaN transistors (right). The data points show power amplifiers operating in the 10 GHz to 30 GHz frequency range
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Figure 5.4.3-2: Average output power as function of ACLR with PAE as parameter
To verify the relations between output power vs. ACLR, we re-use to the results and approach derived earlier in the work for FR2 based on simulations of a GaN and a CMOS PA, both designed for operation around 30 GHz. Similar to the FR2 approach where the PA models at 45 GHz and 70 GHz FR2 proxy frequencies used the same nonlinear characteristics but with the output power scaled as -20 dB/decade while PAE scaled as -6 dB/decade, the same approach has been used for 7-24 GHz example frequencies. The results for relation between output power and ACLR as well as ACLR vs PAE for example frequencies of 10 GHz, 15 GHz and 20 GHz are presented in Figure 5.4.3-3 and Figure 5.4.3-4 respectively, but now with PAE scaling as -5 dB/decade as supported by the larger updated data set used in this work.
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Figure 5.4.3-3: ACLR versus output power at 10, 15, and 20 GHz example frequencies, and 30 GHz based on 30 GHz PA model for reference
 [image: ]
Figure 5.4.3-4: PAE versus output power at 10, 15, and 20 GHz example frequencies, and 30 GHz based on 30 GHz PA model for reference. Constant PAE for CMOS and GaN PA, respectively, also shown
As discussed in sub-clause 5.4.2, assuming the DC power as well as the RF power associated with the PAs should be constant per antenna array unit area, the PAE scaling of -5 dB/decade can be exploited to a yield a -10 dB/decade ACLR scaling. Thus, from 30 GHz to 20,15,10 GHz, PAE should improve by 0.9,1.5, 2.4 dB and consequently the ACLR can be improved by 1.8, 3.0, 4.8 dB.
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