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1 Introduction
In [1], RAN4 was asked to look into the relative phase discontinuity (RPD) issue for UL MIMO. In [2] and [3], several sources of RPD in UE were identified together with measurement results. In [3], the RPD is modelled as inter-subframe independent phase jump with a fixed maginitude and a randomly-selected sign. 
In this contribution, based on our measurement results, we propose a model of RPD that is used to evaluate the impact on eNB performance. 
2 UE transmitter architecture
The UE transmitter architecture assumed in this contribution is shown in Figure 1. The assumed architecture is characterized by a direct up-converter and a single shared local oscillator (LO). In detail, each UE transmitter branch consists of a digital-to-analog converter (DAC), an analog baseband (ABB) block, a mixer, a radio-frequency (RF) block, a power amplifier (PA), a tuner and an antenna. It is assumed that the digital baseband (DBB) block does not introduce any significant RPD.  
[image: image1.wmf]
Figure 1: UE architecture (2-TX).

3 Definition of RPD

In RAN4, the absolute phase difference between transmit antennas has been referred to as relative phase (RP). In [4] and [5], it was suggested that we define RPD as the maximum change of the RP over two consecutive subframes. 
Denoting the absolute phases of transmitter branch #1 and #2 by 
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. Then the RPD is defined as the maximum change of RP between two time instants 
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4 Sources of RPD

The RPD of a transmitter branch typically comprises a power-dependent term and a time-dependent term. The power-dependent term depends on the transmit power, whereas the time-dependent term varies with time. From the viewpoint of modelling, the power-dependent term can be given as as a function of the current transmit power, whereas the time-dependent term can be given as an additive random process. 
The power-dependent RPD mainly comes from the power/configuration mode switching by which each transmitter branch switches the gain/bias state. The potential sources of the power-depedent RPD can be summarized as follows.
· Power mode switching: Many state-of-the-art PAs switch the power mode according to the transmit power, in order to improve the power efficiency. Without extra design effort (or additional circuitry), the two transmitter branches tend to respond to the power mode switching differently, thereby resulting in RPD across the switching points.   
· Configuration mode switching: Depending on the transmit power, the RF/ABB switches the configuration modes characterized by gain switching, adaptive biasing, signal path switching etc. in order to reduce the power consumption. Without extra design effort (or additional circuitry), it is likely that the two transmitter branches experience different phase variation across the switching points. Therefore, the transmitter tends to experience non-negligible RPD in case of configuration mode switching.
· AM-to-PM distortion: Since PAs are typically operated around the compression point to maximize the power efficiency, they may experience non-negligible AM-to-PM distortion without additional circuitry (e.g., digtal pre-distortion).
On the other hand, the time-depedent RPD comes from the phase drift over time, for example, due to temperature change and imperfect center frequency locking (LO). In addition, when the UE transmitter is equipped with additional circuitry for RPD compensation, the residual RPD may remain non-negligible, especially, in the presence of a large power change. The residual RPD can be modelled as an additive random process and thus can be included in the time-dependent term. 
Before we go to the details, it is worth noting that it is the RPD between the measurement and the relevant precoding that RAN4 is particularly interested in, since it affects the precoder selection of Rel-10 UEs. Recalling that SRS is a natural choice for precoder selection, it can be seen as the RPD between the SRS transmission used for precoder selection and the subsequent PUSCH transmission applying the precoder. 

It follows that the time frame of interest is about a few (or a few tens of) subframes. It depends on the processing time (measurement and precoder selection) and the SRS periodicity. For example, if the processing time is 4 msec and the period of SRS transmission is 10 msec, a minimum of 8 msec and a maximum of 18 msec should be assumed as the time frame. Given such a time frame, the power-dependent term has a larger impact on RPD than the time-depedent term and thus we focus on the modelling of the power-depenent term in this contribution.
5 Model of RPD

Denoting the current transmit power by 
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where
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 represent the power dependence of absolute phase for the two transmitter branches. Defining the power dependence of RP as 
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In other words, the RP is given a function of the current transmit power. Similarly, the RPD between 
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Therefore, the RPD is given as a function of the transmit powers of the two time instants. In other words, it is the transmit power change that gives rise to the RPD. For example, there exists no RPD, if the transmit power remains constant, i.e., 
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. It is also found out that, given a certain level of transmit power change, the resulting RPD is determined by the power-dependence of RP. For example, when the RP is independent of the transmit power, i.e., 
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Proposal: The power dependent term of RPD is given as a function of the transmit powers of the two time instants.
It is possible to include the time-dependent term into the proposed model as well, if the time-depedent term turns out to be as dominant as the power-dependent term. In addition to accounting for the aforementioned sources of the time-dependent term, this also helps to address the modelling error such as the time/frequency-dependence of the power-dependent term etc. From the modelling point of view, the time-dependent term can be modelled as an additive white Gaussian random process.

Proposal: The time-dependent term of RPD is given as an additive white Gaussian random process.
It is worth emphasizing that the proposed RPD model implies that the RPD is largely determined by the transmit power of the SRS transmission (measurement) and that of the PUSCH transmission (precoding). The RPD is not much dependent on the transmit power history after the SRS transmission and before the PUSCH transmission. It is also implied that the time frame between the SRS transmission and the PUSCH transmission is not an important factor, so far as the time-dependent nature (e.g., due to temperature change) remains insignificant. The modelling error due to these assumptions can also be covered to a large extent by including the time-dependent term.
In the following, we discuss the power-dependence of RP in detail. 

6 Power-dependence of RP
Figure 2 presents an example of the power dependence of RP, i.e., 
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 defined in the above. To cover the worst-case scenario, it is assumed that the absolute phase of one transmitter branch always increases with transmit power and the absolute phase of the other transmitter branch always decreases with transmit power with the opposite sign. Therefore, RP is not necessarily a monotonically increasing function of  transmit power, as shown in Figure 2. In addition, it is important to keep in mind that the RP offset of the power dependence (the intercept point of the curve in the figure) does not have any impact on the RPD, as it is cancelled out as the common part of RP in (2).
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Figure 2: Example of the power dependence of RP (assuming the worst-case scenario).

Note that the curve has a couple of “knees” where RP abruptly increases with transmit power. The second and third knees around 2dBm and 10dBm come from the power mode switching of the PA, the last knee around 22dBm comes from the AM-PM distortion of the PA, and the rest of the knees (e.g., -36dBm) come from the configuration mode switching of RF/ABB. Note that this is too pessimistic (since the worst-case scenario is assumed) and the average UE transmitter performs much better. Moreover, it is expected that additional circuitry for RPD compensation can reduce the RPD significantly, although it is not preferred from the perspective of cost and die size,
As mentioned earlier, the power dependence of RP is practically not a monotonically increasing function of transmit power. It is highly dependent on the transmitter design (e.g., the mode switching points) and also the usage (e.g., the power mode setting). We suggest that a reasonable assumption of the power dependence should be made in 3GPP, before we start to evaluate the impact on eNB performance.  
7 Summary

The RPD of a transmitter branch typically comprises a power-dependent term and a time-dependent term. Given the time frame between the SRS transmission (measurement) and the relevant PUSCH transmission (precoder), the power-dependent term has a larger impact on RPD than the time-depedent term. We suggest that a reasonable assumption of the power dependence should be made in 3GPP, before we start to evaluate the impact on eNB performance.   
Proposal: The power dependent term of RPD is given as a function of the transmit powers of the two time instants. The time-dependent term of RPD is given as an additive white Gaussian random process.
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