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1 Introduction
DPD is not commonly (if at all) used on FR2 products at this time, the large number and low relative output power of each PA makes the efficiency savings for traditional DPD have a different break point from FR1. As such DPD for multi-band FR2 may also seem unlikely unless the multi-band requirement specifically require additional lineraistaion.
2 Discussion
[bookmark: _Toc112318695]2.1	DPD for FR2
As an example, a FR2 transmitter (one panel) may have 128 antenna elements and 128 PA’s with operating BW’s several GHz wide. Converters and digital processing therefore needs to be very high speed and can consume significant power especially compared to the power of each individual PA. FR2 architectures therefore tend to use RF beam steering rather than digital beam steering so a single modulated signal is split, phase shifted and applied to the antenna elements (via the PA’s).
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Figure 1: FR2 beam forming architecture
Using this architecture it is not possible to apply a separate DPD correction loop to each of the PA’s. Taking into account that each PA in a 128 element array may only be generating 20mW (at 5-10% efficiency) the break even point for saving power using DPD is around 150mW per PA. It can be noted that due to the architecture each PA is essentially identical and has an identical signal applied to it albeit phase shifted to achieve beam steering. The phase shifting does not change the amplitude or even the rate of change of phase of the signal which are essential for the linearity and potential pre-distortion of the signal as such DPD could be applied to the whole group of amplifiers without creating additional BB paths. It is possible therefore to apply a DPD correction loop to each set of amplifiers which have identical signal applied to as such the power saving break-even point would be closer to 20W, and a BS may include several panels, it still represents a significant relative reduction and would reduce cooling requirements etc. 
The concept of applying predistortion to a group of amplifiers responsible for a particular beam has been studied as a spatial domain digital predistortion architecture and algorithm. For example, paper [1] propose a beam-oriented digital predistortion (BO-DPD) technique, modelling the nonlinear behaviour of the combined far-field signal in the main beam direction rather than the linearizing each PA in the array. Based on the beamforming weights for array elements, the feedback path combines all PA’s outputs to estimate the main beam signal for DPD processing. 
Obviously any individual variation in PA would affect the performance of the linearization so the peak linearization performance is likely to be lower than that of a 1 per PA system. Whilst the design of PA’s is likely to be identical there are a number of factors which could change their performance:
· Temperature – the location of each PA in the array (and the silicon) may mean different transistors are at different temperature (depending on the number of neighbouring devices for example) so the temperature of each junction may be different.
· Unit to unit variation – whilst some transistors may all be on a single piece of silicon and variation on a single bit of silicon may be small if multiple devices are used (8 or 16 per device may be more usual) so there will be unit to unit variation across the potential128 paths
· Output match variation – PA performance is very dependent on the load it is working into, again all output match circuits are likely to be designed identically but will vary based on a number of factors:
· Unit to unit of components
· Antenna unit to unit
· Antenna isolation and load pulling from nearby antenna (and signals)
Despite these issues useful linearization of an FR2 systems can be achieved [1] and may become more common as technology improves.
Observation 1: For single band DPD is technically feasible with useful power savings at FR2
2.2	DPD for multi-band FR2
The issues for multi-band FR2 are similar to those for single band FR2 with a few additional issues. Whilst it is assumed that the minimum requirement for a system to be multi-band is that the PA is shared the rest of the architecture may vary considerably depending on the percentage BW requirements as well as other things.
As the beam steering for a multi-band FR2 system is likely to be applied to each band separately before the signals are combined to a single PA it is also possible that the signals will be generated separately in different converters. Such architectures have been investigated in FR1 bands [4] where separate signals were used to linearise a dual band signals in a dual band PA. 
In such a scenario there are obvious areas where additional variation between chains may occur due to the additional circuitry (potential diplexers, splitters, summers etc) which may make achieving good linearization harder, however it is likely these will be lesser issues than those posed by the PA and the antenna matching as they are small signal. 
[image: ]
Figure 2. Possible multi-band architecture with separate BB modulators
The fundamental difference with the multi-band architecture in figure 2 is that non-linearities due to the interaction of the 2 bands are not covered, specifically parts of the band which are outside the BW of the converters. It is of course possible that the DPD algorithms could correct for non-linearities caused by interaction of F1 and F2 if they fell in the bands of F1 and F2 but beyond this (for example in the gap between bands) this solution would offer no correction.
For an FR1 system with high linearity requirements ad very high-power amplifiers this is likely to be more of an issue than for FR2 systems however. The low total output power requirements for FR2 and the ACLR requirements mean that if the ACLR requirement are met it is unlikely that any spurious emissions requirements will be breached.
For example:
	128 PA’s at 20mW each is only 2.56W (34dBm)
With 28dBc ACLR this gives an adjacent channel power of 6dBm 
For a 100MHz channel this gives a PSD of -14dBm/MHz which is below the spurious emissions requirements for FR2. It is unlikely that any in-band non-linearities will be greater than the ACLR level (as these are 3rd order products) so the out of band emissions requirements are unlikely to be a problem. As always if necessary it may be possible to use additional filtering to handle out of band emissions its possible this is needed for harmonics etc but this does not make a big difference to the DPD.
Other potential differences to applying DPD for multi-band FR2 is of course the very large percentage BW, these are:
· The large percentage BW of the PA, the wider the BW the more difficult it will be to maintain a consistent match over the entire band and hence memory effects may be greater making the DPD algorithm tougher to achieve good linearization.
· Larger BW means more variation of all the potential sources (as listed for single band) are greater, once gain reducing the potential linearity saving.
· Potentially split or stacked element arrays mean each band may feed a different antenna meaning the output load for the PA is more complex and more open to variation.
A larger signal bandwidth also potentially requires a wider bandwidth feedback path, traditionally the feedback channel needs 3 to 5 times the signal bandwidth to collect nonlinear information of PA. This can be a big burden for high-speed and high-precision ADCs. However lower bandwidth feedback modelling have been studied and it is possible to achieve linearization without very large BW multipliers. Paper [2] introduced band-limiting, filtering, and under-sampling operations into the digital predistortion algorithm (band-limited DPD,BL-DPD), and reduced the sampling rate to 1.4 times of the signal bandwidth, and paper [3] proposed algorithm based on under-sampling requires only 1/10 of the signal bandwidth.
Whilst there are potential difficulties with a multi-band FR2 systems for DPD it seems based on the discussion for single band FR2 DPD applying the same approach to multi-band is at least potentially feasible and may achieve similar levels of in-band correction. As DPD even for single band FR2 is not common at this time it is of course speculative to apply it to multi-band FR2 however we see no reason why the approach cannot be extended.
Observation 2: DPD for multi-band FR2 is an extension of single band FR2 DPD and should be feasible.
Finally it is worth considering if there is anything in the nature of multi-band FR2 which requires linearization for any reason other than efficiency saving. The obvious difference is the potential for F1 and F2 products being large and failing some of the emissions requirements. In-band if the ACLR is met this is a 3rd order affect and likely to be the largest product and as this is at a level that meets the out of band spurious emissions PSD requirements then this is unlikely to be an issue. Out of band the same argument applies, if there are larger products such as harmonics they are likely to be a long way away and some light filtering after the PA is probably sufficient (as is the case with mingle band also) as such we don’t see any big issues specific to multi-band that require additional linearity requirements.
Observation 3: There are no multi-band specific reasons that require additional linearization.
4 Summary
Whilst DPD is not commonly used for single band FR2 it has been shown to be feasible with useful levels of power saving.
Observation 1: For single band DPD is at least technically feasible with useful power savings at FR2
For multi band FR2 the DPD implementation is complicated by both the large percentage BW and also the need to split the 2 bands to apply separate phase shift for each band. An example architecture and how DPD can be applied using separate beam steering paths has been discussed and whilst complications are added we believe multi-band DPD can be applied by extending the single band approach.
Observation 2: DPD for multi-band FR2 is an extension of single band FR2 DPD and should be feasible.
DPD is currently an option efficiency improvement for single band (it is not necessary for an operational product), we have found no requirements which make multi-band FR2 any different in that DPD is potentially a useful efficiency improving technique but not necessary for the product.
Observation 3: There are no multi-band specific reasons that require additional linearization.
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