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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]-[4], several UE vendors provided the relevant UE models in RAN4. In [5], the transmit power distribution was provided, taking into account realistic network operations.
In this contribution, based on the UE models and transmit power distribution, we evaluate the statistical RPD model and discuss the impact on UL MIMO performance. 
2 Statistical RPD Model
In [3], the statistical RPD model was mathematically expressed as
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where 
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 represents the probability density function (PDF) of RPD, 
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 represents the power difference between SRS and PUSCH, and 
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 represent the power difference without mode switching and with mode switching, respectively. Since RPD generally depends the transmit power (as well as 
[image: image6.wmf]P

D

), we rewrite (1) as
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where 
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 represent the transmit power of PUSCH and SRS, respectively. In (2), the first term of the right-hand side represents the RPD without mode switching, while the second term represents the RPD with mode switching. 
3 UE Models

3.1 Mode Type 1
In [2], the RPD of a UE is caused solely by the mode switching, in other words,
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It follows from (2) and (3) that the statistical RPD model is given as
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The statistical UE model assumes six switching points, and the corresponding relative phase (RP) is given as in Table 1. (Here δRP represents the RP change around each switching point.) Two independent and identically-distributed random variables (
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,
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) are introduced to take into account the device-to-device spread.
	Transmit power (dBm)
	δRP (degrees)
	RP (degrees)
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Table 1. Statistical UE model.
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Figure 1. Example of UE model (
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The RP changes around the 1st, 4th and 5th switching points scale with 
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, whereas the rest of the RP changes scale with 
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. For example, for a UE with 
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, the dependence of RP on transmit power is shown in Figure 1.

In [2], based on our measurements, we propose to model the scaling factors as
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Consequently, the RPD conditioned on mode switching
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is given as a zero-mean Gaussian distribution whose variance is determined by 
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. For example, when 
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(dBm) (i.e., between the 3rd and 4th switching points) and 
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 (dBm) (i.e., between the 4th and 5th switching points), it follows that
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When 
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(dBm) (between the 2nd and 3rd switching points) and 
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As shown in these examples, the RPD of a UE generally depends on not only whether the mode switching occurs between SRS and PUSCH but also in which modes SRS and PUSCH operate. However, this does not imply that RPD always increases with the power difference, since the scaling factors may have opposite signs.
3.2 Model Type 2
This model has some ambiguity, i.e., it is unclear whether the RPD without mode switching depends on the power difference. In other words, the RPD conditioned on no mode switching 
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is unknown. Unfortunately, this prevents us from evaluating the statistical RPD model.

Here we simply ignore the RPD without mode switching, as in (3), and thus the statistical RPD model is again given by (4). This can be seen as a somewhat optimistic approach, in the sense that the actual RPD would always be larger, because of non-zero RPD without mode switching (as modelled in [3] and [4]). However, we believe that it does not make a huge difference in the statistical RPD model, since the mode switching probability is typically so high (as will be shown in Section 5) that RPD tends to be dominated by mode switching - unless the RPD conditioned on no mode switching 

[image: image49.wmf](

)

|,,0

PUSCHSRS

pPPS

q

D=


is statistically much large than the RPD conditioned on mode switching
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In other words, we ignore the modeling ambiguity in RPD without mode switching, since it has little impact on the evaluation of RPD.

In [3], the RPD conditioned on mode switching is modelled by a non-zero mean Gaussian distribution, more specifically,
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This distribution seems to reflect the device-to-device spread of RP changes around switching points.
Note that phase discontinuity (PD) of a single transmitter branch is assumed in [3] and we simply assume the same distribution for  RPD of two transmitter branches. According to [4], this assumption is too optimistic, in the sense that two transmitter branches may experience the opposite sign of PD (e.g., +30 degrees and -30 degrees). Therefore, in later sections, we evaluate the statistical RPD model with respect to the RPD distribution.
One difference from Model Type 1 is that the RPD with mode switching is independent of which mode the SRS power and the PUSCH power belong to.

4 Transmit power distribution

In [5], the transmit power distribution in realistic network operation was discussed. In order to show the impact of transmit power distribution on RPD, we provided several transmit power distributions, based on the system-level simualtions. In this contribution, we assume one of the transmit power distributions, as summarized in Table 2. 

The corresponding transmit power distribution is shown in Figure 2. Note that the power difference between SRS and PUSCH mostly comes from the bandwidth difference. Although the power difference may be smaller, e.g., for UEs with a large user bandwidth (e.g., 
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), it should be noted that this is quite often the case in realistic network operation. For example, when wideband SRS is configured by the network, VoIP UEs tend to have an extremely small user bandwidth, ending up with such a large power difference between SRS and PUSCH.
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Table 2. Example of transmit power distribution.
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Figure 2. Example of transmit power distribution.
5 Mode switching probability

In [3], the mode switching probability is assumed to range from 0.05 to 0.2. This is based on the assumption that the transmit power is uniformly distributed between -50 dBm and 23 dBm and the power difference between SRS and PUSCH is as small as 1dB. Unfortunately, this is seldom the case in realistic network operation. (Refer to [5] for more details). 

	Switching point location (dBm)
	Mode switching probability

	[2, 12]
	0.78

	[5, 15]
	0.88

	[0, 15]
	0.90

	[-36, 2, 10, 14, 18 22]
	0.98


Table 3. Mode switching probability.
In Table 3, we evaluate the mode switching probability with the transnmit power distribution provided in Section 4, with respect to a variety of switching point locations. It is shown that the mode switching probability turns out to be much larger than assumed in [3], regardless of switching point location. This implies from (2) that the stastistical RPD model is dominated by RPD with mode switching and the RPD without mode switching does not make a huge difference in the model. 

6 RPD evaluation

Based on the UE models (Section 3) and the transmit power distribution (Section 4), we evaluate the statistical RPD model. As depicted in Section 3.2, for Model Type 2, the actual RPD may be larger than evaluated here, since we ignore RPD without mode switching. 
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Figure 3. Evaluation of statistical RPD model.
Figure 3 compares the statistical RPD models for Model Type 1 and Model Type 2. Here we assume [-36, 2, 10, 14, 18, 22] for Model Type 1 and [2, 12] for Model Type 2. For Model Type 2, since it is not clear how we should apply (5) to the RPD of two transmitter branches, we evaluated the statistical RPD model with respect to the RPD distribution conditioned on mode switching as follows:
Model Type 2, 30 degrees: 
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Model Type 2, 45 degrees: 
[image: image61.wmf](

)

(

)

2

|,,1~45.0,4.48

PUSCHSRS

pPPSN

q

D=

,

Model Type 2, 60 degrees: 
[image: image62.wmf](

)

(

)

2

|,,1~60.0,4.48

PUSCHSRS

pPPSN

q

D=

.

As shown in Figure 3, Modely Type 2 tends to cause larger RPD than Modely Type 1. For Model Type 2, RPD increases with the mean of the RPD distribution conditioned on mode switching. This implies that it is of primary importance to minimize the RPD with mode switching for better UL MIMO performance. 
Recall that the RPD of a UE should be kept below 30 degrees in order to guarantee sufficiently good UL MIMO performance [6]. Figure 3 shows that, for Model Type 2, the mean of the RPD distribution conditioned on mode switching should be smaller than 45 degrees, since otherwise the statistical RPD model has a mean larger than 35 degrees. 

Based on the analysis and evaluation provided in this contribution, we can draw the following conclusions:
· In realistic network operation, the mode switching probabilty of a UE tends to be so high that the RPD is dominated by mode switching.

· The modeling of RPD without mode switching has little impact on the evaluation of RPD.

· It is the RPD with mode switching that determines the UL MIMO performance.

7 Summary

In this contribution, based on the UE models and transmit power distribution, we analyzed the statistical RPD model and evaluated it to see the impact on UL MIMO performance. The following conclusion was reached.
· In realistic network operation, the mode switching probability of a UE tends to be so high that the RPD is dominated by mode switching.

· The modeling of RPD without mode switching has little impact on the evaluation of RPD.

· It is the RPD with mode switching that determines the UL MIMO performance.
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