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1
Introduction

Relative phase discontinuity (RPD) is defined as the signal phase change between one and another sub-frame in transmission.  For LTE UL-MIMO spatial multiplexing, the RPD between the UE SRS and PUSCH may cause that eNB schedules mismatched precoding matrices for uplink transmission.  This shall impact spatial multiplexing performance of UL-MIMO.  From uplink performance point of view, it would be ideal to understand the RPD issue and if necessary, to specify the RPD requirement for UE to minimize RPD impact.

Relative phase discontinuity is largely due to the nonlinearity in the UE TX chain when the TX power is changed.  With single TX antenna, RPD won’t have any performance impact due to the RS is always used for detection to compensate any potential phase change.  For multiple TX antennas like UL-MIMO, the RPD will impact the performance.  The RPD modelling has been discussed in RAN4, however, there is no clear agreement on the modelling.
This contribution proposes a statistical model for UE relative phase discontinuity (RPD) for further discussion.
2
Statistical RPD model
For uplink spatial multiplexing, eNB usually measures uplink channel at SRS and usually schedules the precoding matrix for the UE based on the measurement.  If the UE TX phase changes for the later PUSCH transmission, the scheduled precoding matrix may be not optimal for the changed uplink channel.  This will usually reduce the UL-MIMO performance, which has been evaluated with static RPD [1].  
The dominant TX phase change is due to the TX power change.  There are three events on UE TX power at the time between SRS and PUSCH:

I. No TX power change ( little phase change

II. TX power ramp up/down without PA mode switching ( phase change in the order of multiple degrees

III. TX power ramp up/down with PA mode switching ( significant phase change, in the order of 20deg~30deg
In order to model UE RPD, we shall try to separate these three events and model the RPD with consideration of PA mode switching.
2.1
RPD Model without PA switching

Denote the phase difference (RPD) for one TX branch as
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.  The RPD shall be a function of TX power change 
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and the status on whether the power change has a PA mode-switching.  Denote
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when there is PA mode-switching, and 
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when there is none.  When
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, the RPD can be modelled as a truncated Gaussian random variable.  
The phase discontinuity based on multiple UTRA phones has been studied with TX power level changes [2][3].  With 1dB power step, a simplified phase discontinuity is illustrated in [2].  The distribution of the changed phase is captured with pdf (probability density function) with up to 2deg resolution, as shown in Figure 2 of [2].  It is also observed in [2] that different power change may have different distribution.  This indicates that the distribution of RPD 
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depends on the value of TX power change
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Given a fixed
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, it could be reasonable to model the RPD 
[image: image9.wmf]q

D

as a truncated Gaussian random variable with zero mean.  The distribution of 
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given a 
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and without PA switching can be represented as
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where the variance 
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 depends on the TX power change.  There are several reasons to select the Gaussian distribution to approximate the distribution of phase discontinuity.  The distribution of phase discontinuity with 1dB power step shown in [2] resembles a Gaussian distribution with limited degree resolutions.  Besides, the modelling shall be general to capture various UE models of various UE vendors.  Gaussian distribution would be an ideal tool to capture the average distribution of RPD of all UE in the network.
As an example of utilizing this RPD model, Figure 1 illustrates the RPD distribution based on phase measurements of UTRA phone for both power ramping downwards and power ramping upwards.  The Gaussian distribution curves which approximate the measurements are also shown in the figure.
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Figure 1  Phase change distribution (power ramping downwards)

The measurement results of phase change were reported in [3].  The phase difference measurement is based on 1dB TX power swapping for both TX power ramping downward and power ramping upward.  The detailed information on the measurement can be checked in [3].  Only no PA switching phase values are included in the figure.
Figure 1 also indicates that the measured phase change distribution is not quite Gaussian, particularly at RPD close to zero.  Note that the Gaussian model shall be considered as an approximation model for RPD distribution.  Because the small RPD has little performance impact, the Gaussian model, which may overestimate RPD values, shall be considered as the model for worst case scenario.
Based on the Gaussian model for
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, the mean and variance for the down-ramping are -0.26 deg and 3.27, respectively; and the mean and variance for the power up-ramping are 0.28 deg and 3.20, respectively.  The phase change distribution between down-ramping and up-ramping is quite similar.  In this measurement, the device will slightly prefer -0.26deg when down-ramping and will prefer 0.28deg when up-ramping.  By taking average over all down-ramping and up-ramping, the RPD mean will be very close to 0deg, which validates our analysis that zero mean shall be used for RPD model.  With both down-ramping and up-ramping, the variance 
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is ~3.31.  Therefore, the RPD model based on this set of measurement is obtained.
2.1.1
Dependency on TX power change
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Another observation for the Gaussian modelling of the RPD measurement is that the modelling is not dependent on the power change 
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, provided that there is power change and there is no PA mode switching.  The measurements of [3] are based on 1dB Tx power switching.  Statistically, there is little difference for different Tx power change.  Therefore, the variance of phase change will be independent from the TX power change
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2.2
RPD model with PA switching

When there is PA switching during TX power ramp up and ramp down, the RPD is reported large [2][3].  Usually, the phase discontinuity can be as high as 30deg [2][3].  Even though there is positive phase discontinuity for power ramp up and negative phase discontinuity for power ramp down, the polarity of phase discontinuity is determined by vendor implementations.  Due to hysteresis, the PA switching points at ramp up and at ramp down are different.
Again we need a general model to cover all potential UEs in the network from various vendors.  Certainly different PA stage design will have different RPD properties.  A general model shall be used to capture possible implementation variations.  Here the phase discontinuity distribution of Event III, given 
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and a fixed
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, may be approximated with a symmetric mixture Gaussian distribution as 
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.  The symmetric property is due to the polarity of the phase discontinuity at PA mode switching.
Based on the UE measured data shown in [3], the distribution of RPD with PA mode-switching is summarized in Table 1.

Table 1  RPD means and variances with PA mode-switching

	
	Number of samples
	Mean
	Variance

	PA Power ramping down
	30
	-25.8
	4.18

	PA Power ramping up
	30
	23.5
	2.18


The distribution shall be determined by two parameters: 
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as the positive mean phase change for either power ramp up or power ramp down, and the variance 
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 of each Gaussian component.  Based on the measurements of two vendors [2][3], 
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 may be in the order of 20~30deg, but the variance 
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 is yet to be determined.  From the UE measurement shown in Table 1, 
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 for PA power ramping down and 
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for power ramping up.  The variance is in the range of 2~4.  If assuming the RPD is symmetric, that is, the absolute value of the mean RPD of ramping-up and ramping-down is statistically close, the overall variance of the absolute value of RPD is 4.48.
Note that the Gaussian distribution approximation has previously been used in [4], where the power dependence of phase continuity is assumed.
2.3
The distribution of power step-change and PA switching

Given the previous discussion, the RPD distribution can thus be modelled as
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The distributions of 
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without PA mode switching and 
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with PA mode switching have been modelled.  The distribution of power change with and without UE TX mode change is needed to have a complete picture of RPD distribution.
The two RPD distributions describe the phase change distribution with known information on UE TX power change 
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 and the PA switching status
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.  To have a complete RPD distribution of UE, it is essential to have information on UE power change 
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distribution and UE PA switching probability for average UEs in a network.
Previous study in [5] provided a good analysis on the power change between SRS and PUSCH transmit with some assumption on power distribution of SRS and PUSCH power.  In realistic network deployment, the UE power change between SRS and its scheduled PUSCH transmission is subject to eNB power control and scheduling.  Different scheduler implementations will have different behaviours for UE TX power change.  It would be difficult to have a general model to accurately describe the power change distribution for various eNB.  System level study may be needed to study the specific UE Tx power changes in some general scenarios.
Without a system level study, we may make some assumptions for the power change distributions for both PA mode-switching status.  Without a PA mode-switching, 
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, we may assume that the event of 
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dB is dominant.  This yields that 
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.  Of course, this assumption is not true in the real deployment; but this assumption could simply the analysis on the impact of non PA mode-switching.
The probability of PA mode-switching, or the event of
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, depends on the number of PA mode-switching points, the switching point distribution, and the probability of power change.  Ideally, this probability distribution could be obtained through system level study with a specific UE implementation.  Without system level study, some assumptions can be made for the mode-switching probability.  For example, if 
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is dominant in UE TX power change and each TX dBm point has equal probability, given 
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mode-switching points, the probability of mode-switching will be 
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 for a -50dBm ~20dBm Tx range.  If 
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, the probability of mode-switching will be around 2.9% and 4.3%.
2.4
Simplified RPD modelling
Although there are multiple distributions that are not available for an accurate RPD model, certain assumptions can be made to yield simplified RPD model based on the discussion and some given parameters.  To illustrate this process, we can take some parameters to yield a complete RPD modelling.  For the RPD without PA mode switching, let 
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for all power change based on the UE measurement.  For the RPD with PA mode switching, let 
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and 
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.  Assume that all power changes have the identical RPD distributions.  Given a mode-switching probability, the RPD distribution of 
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can be obtained.  Figure 2 shows the RPD distribution in the cumulative distribution function of the absolute phase discontinuity, with mode-switching probability of 5%, 10%, and 20%.  For example, the 5% mode-switching probability indicates that there are 5% of PUSCH will have different PA mode from the corresponding SRS.
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Figure 2     RPD cumulative distribution function with mode-switching probabilities
From this example, the RPD is dominated by the PA mode-switching probability.  The PA mode-switching probability shall determine the RPD distribution.  If the mode-switching probability is 5%, then 95% of RPD will be below 6deg in this example.  For 10% mode-switching, the 90% of RPD will be below 6deg.  And 20% PA mode-switching, 80% of RPD will be below 6deg.  Of course, the mode-switching probability shall be an output of system simulations.  It is crucial to know the PA mode-switching probability to have a complete picture of RPD distribution.
From another point of view, if the PA switching probability is lower (say less than 5%), then 95% of UE’s RPD will be below 6deg.  If this is the case, there will be little RPD impact on UL-MIMO performance.  

If the PA switching probability is significant in the realistic network, the RPD around 25deg will have performance impact.  

3
Discussion and Conclusion
Relative phase discontinuity model for UE UL-MIMO is discussed in the contribution.  The RPD distributions without PA mode switching and with PA mode switching are approximated with Gaussian distribution, where mean and variance are derived based on UE measurement.  Based on the RPD modeling and the assumption of probabilities of PA mode switching, the RPD distribution is achieved.

The RPD study in this contribution assumes an arbitrary PA mode-switching probability, which could be derived from system simulation.  Based on this assumption, the RPD is strongly dependent on the PA mode-switching.  If the PA mode-switching happens infrequently in the network, there would be little RPD impact to the performance.  We propose to take into account the RPD statistical model for the RPD study.  We also propose to use system simulation to derive UE power profile, especially the distribution of PA mode-switching.
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