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1. Introduction

In contribution [1], the potential for high efficiency UE PA design based on the concept of envelope tracking (ET) was presented. This contribution gives a brief description of envelope tracking system operation, and provides sample results using Agilent Signal Studio and VSA to generate and measure LTE_UL reference signals testing a real device. It demonstrates the difference in the operation of a sample PA running in fixed supply and envelope tracking modes. 
Modulation of the power amplifier supply voltage, or envelope tracking, has been found to provide useful performance benefits for existing handset designers. Figure 1 shows the basic idea. As can be seen, the power saving is not at the RF peaks or nulls, but at signal levels between those extremes. 
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Figure 1: The power saving potential of envelope tracking 
2. ET Definitions and Measurement Results
2.1 ET Definitions
Figure 2 shows the additional interfaces in an envelope tracking system. For UE applications, the envelope is generated as an analog signal. The additional components are highlighted in grey.   
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Figure 2: The main components in a UE envelope tracking system 
· 2.2 Outline description of system operation 
In a conventional system, the power supply to the PA is semi-static. With average power tracking, APT, it may be varied on a timeslot basis to suit the power output determined by the normal UL power control loops. As shown in figure 1, in an envelope tracking system, the PA supply voltage is (also) modulated as a function of the instantaneous magnitude of the IQ signal. Unlike polar modulation, a fully modulated IQ signal is fed to the PA input. The envelope signal does not have to track all the way down the signal power nulls, which reduces the level of higher frequency spectral content and thereby eases practical system implementation. 
Given the relatively high peak/average power ratio of the LTE UL signal, which will be exacerbated with combined PUCCH + PUSCH signals in release 10, the initial benefit of envelope tracking comes from the reduction in supply voltage to the PA. If the ETPS includes high efficiency switched mode techniques, the energy taken from the battery will be also be reduced. In some systems, the ETPS may be capable of delivering higher voltages than would be usable with a static supply. In this situation, the PA transistors will only see the higher voltages for short periods, and so higher peak powers may be achieved for the same transistor die size. 
A subtlety is that the use of supply modulation introduces a feed-forward control loop. The IQ magnitude may be modified (shaped) to enhance a chosen aspect of the PA performance, e.g. improved power added efficiency, operation over several frequency bands or operation with lower distortion levels at a specified RF power. The shaping depends on the characteristics of the PA technology and circuitry, how its output varies according to supply voltage at different RF input powers, and on the performance enhancement goals. This document considers the case where the goal is improved amplifier linearity.
The IQ modulated signal path is modified by the inclusion of a time delay, typically a few tens of nanoseconds, to account for the delay in generating the PA power supply voltage, for example due to the impact of slew rate limiting when increasing the voltage. 

The envelope signal will have a wider bandwidth than the related RF signal. The envelope signal spectrum is rather different to that of the RF. Figure 3 gives two examples, for QPSK and 16 QAM signals. Of note is the relatively slow roll of in high frequency content and the spurs due to the repetitive nature of the DMRS content in the signal. As with a fixed supply amplifier, the broadband noise floor of the PA power must be kept low to avoid noise and distortion causes receiver de-sensing in the FDD UE.    
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Figure 3: Envelope spectrum and power distribution of 100RB QPSK and 16 QAM PUSCH signals 
· 2.3 Measurement Results
For the purposes of demonstration, a narrowband test signal was used, with a linear ETPS. The configuration of the DUT and evaluation equipment is shown below. The envelope waveform was generated starting with the magnitude of a standard LTE waveform, and using a table describing the PA supply voltage needed to maintain a constant gain for a range of RF input powers. Applying a supply voltage that forces constant gain addresses amplitude linearity of the PA output signal. The AM/AM characteristic is designed to be flat.    
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Figure 4: Test configuration using bench equipment and software applications
Standard bench equipment was used to generate the RF and envelope signals. A trigger signal from the RF generator synchronised the envelope waveform with that of the RF, while an IQ adjustment hardware feature in the RF generator enabled rapid tuning of the time delays between signals. This was useful to assess how quickly performance degrades as a functional of system alignment. 

As shown in figure 4, the power supply voltage and current and RF signals were captured by a combination of oscilloscope and signal (spectrum) analyzer. To help understand how different parts of the system interact, the digitized versions of these signals were feed to the VSA analysis software application used to generate the measurement displays shown next.
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Figure 5: Envelope Tracking ON: Traces showing supply modulation and associated RF performance
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Figure 6: Envelope tracking OFF
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Figure 7: Reference and live time signals along with gain variation with / without ET applied

These results show that:
· A shaping table can be applied to significantly enhance both the PAE and the amplifier linearity (figures 1 and figure 7 gain plot, bottom right)

· The adjacent channel power ratio, ACPR, can be improved at the same time as achieving a reduction in heat dissipated in the RF PA (figures 5 and 6)  

Other observations relating to use of envelope tracking:

· The gain reduction when the amplifier is working under compression implies a matching increase on the output power of the previous stage

· Timing misalignment of k ns, where k = (RB allocation/50) introduces an imbalance of ~2 dB in the ACLR
· Errors in the envelope signal due to non-linearity tend to generate alternate adjacent channel spectral energy    
3. Conclusion
This contribution provides a basic description of envelope tracking system operation. Results from a real amplifier, using standard LTE test signals and measurements are shown to demonstrate the potential performance improvements. For both standard and high power UE designs, the adoption of envelope tracking offers practical benefits.
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