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1. Introduction
In previous meetings, there have many contributions on how to evaluate the UE TRP for two antenna port UL-MIMO including [1-5].  The proposals have included the following approaches for measuring the transmit power 

i) Measuring the power when transmitting with each of the four precoders and taking the average[1].
ii) Measuring the power when transmitting with each of the four precoders and taking the maximum [2-4].
One of the issues that has been addressed is the phase variation between the two antennas in [5].  However, there are two aspects to this issue, only one of which has been addressed.

i) The phase variation in the time interval between the most recent SRS transmission and the time the received power is measured.
ii) The value of the phase offset between the two antennas.
In this contribution, we consider the second issue, and in particular, the effect of this random phase offset on the performance of the codebook for both two and four transmit antennas. Due to the random phase offset between the antennas, the power measured in a particular direction using the best precoder is a random variable that depends on the value of the random phase offset.
2. Impact of Random Phase Offset
The requirement for coherent uplink MIMO is given by the following from [6]:

For coherent UL MIMO, Table 6.4D.4-1 lists the maximum allowable difference between the measured relative power and phase errors between different antenna connectors in any slot within the specified time window from the last transmitted SRS on the same antenna connectors, for the purpose of uplink transmission (codebook or non-codebook usage) and those measured at that last SRS. The requirements in Table 6.4D.4-1 apply when the UL transmission power at each antenna connector is larger than 0 dBm for SRS transmission and for the duration of time window.
Table 6.4D.4-1: Maximum allowable difference of relative phase and power errors in a given slot compared to those measured at last SRS transmitted
	Difference of relative phase error
	Difference of relative power error
	Time window

	40 degrees
	4 dB
	20 msec



2.1. Two Transmit Antennas
It can be noted that while the relative phase change is limited, there is no requirement on the relative phase offset so that this phase is unknown and can be any value . As a result, the application of the precoders can be modelled as in Figure 1 below.
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Figure 1:  Random phase offset between the two UE transmit antennas

Due to the random phase offset, the single layer MIMO precoders with TPMI indices 2-5 in Table 6.3.1.5-1 of [7] are transformed into the following

,  ,  ,                                       (1)
where the second weight  of each precoder is multiplied by . 

While the coherence requirement limits the rate of change of  to 40 degrees every 20 msec, the rate of change can be much slower.  Since this phase offset is unspecified and its value and its rate of change are unknown, it would be difficult to ensure that the effect of the random phase offset is properly captured by measurement.

Due to the random phase offsets between the two transmit antennas, the power transmitted in a particular azimuth and elevation using the best precoder is a random variable with a distribution depending on the distribution of the random phase offset.
Observation 1:	The power  transmitted in a particular azimuth and elevation with a best precoder within a set of precoders is a random variable that depends on the distribution of the phase offset  between the two transmit antennas.

To evaluate the performance of the precoders, the radiated power can be averaged over the distribution of the phase .  Alternatively, the performance of the precoders can be evaluated for the worst-case phase . Neither of these approaches can be implemented via measurement as there is no way to measure or control the phase offset between the antennas in a radiated test. However, the average and worst-case performance of the precoders over the phase  can be evaluated analytically using the per antenna power measurements.
Let  and  denote the received power  for elevation  and azimuth  received from the first and second antennas when transmitting separately.  These two received signals have phases  and  ( is the phase without the offset ).  To determine the power received both antennas transmit simultaneously with a particular precoder, the phases  and  and the phase offset  must be known.  For example, with the use of the precoder with TPMI index 2 given by , the power of the received signal would be given by

and this depends on  and , and the relative phase offset  through the phase difference  

Since the power depends on the relative phase offset , the optimal precoder will also depend on .  Since  is unspecified and unknown, the radiated power can be determined in one of two ways:
i) As the power of the best precoder for each , averaged over  over the interval [0, 2).
ii) As the power of the best precoder for each , for the worst-case phase  over the interval [0, 2)
Because the first method averages the power of the best precoder as a function of the relative phase  on the interval [0, 2), the result is independent of the initial phase difference .  For the second approach, assume that  is the phase that results in the minimum power for the best precoder when . If , then the phase  will yield the same power for the same precoder that produced the minimum power for .  As a result, it can be assumed that  for both approaches i) and ii).
The average of the maximum power over the set of precoders in (1) is given by the expression

In (2), it can be noted that the measurements  and  already reflect the scaling factor of  corresponding to the precoders with TPMI indices 0 and 1. It is shown in the Appendix that

The maximum power over  over the set of precoders in (1) is given trivially by setting , so that

 =

and this corresponds to perfect phase alignment of the two signals. The difference between this maximum power for the phase-aligned case and the average of the maximum is given by


In the case that , the power with exact phase alignment is  while the power of the best precoder averaged over phase  is given by .  So, for two antenna elements with  the difference due to averaging over the relative phase  is 0.22 dB.
The power of the best precoder for the worst-case phase is given by

It is shown in the Appendix that

For the case that , the power with exact phase alignment is  while the power of the best precoder for the worst-case relative phase  is given by , which is a difference of 0.7 dB.
In summary, we have


and

The complementary cumulative distribution function of the phase alignment error is shown in Figure 2 for the case that power received from the two antennas transmitting separately is equal so that .  From this figure, it can be observed that the power corresponding to the best precoder is quite insensitive to the phase offset .  Furthermore, it should be noted that the phase alignment loss is greatest when  for the given azimuth and elevation, but will generally be significantly less. 

Observation 2:	The power of the best precoder averaged over the random phase offset is given by
 
	where  and  denote the received power measured when the antennas transmit separately.  is at most 0.22 dB worse than perfect phase alignment.

Observation 3:	The power of the best precoder for the worst-case phase is given by
 
	where  and  denote the received power measured when the antennas transmit separately.  is at most 0.7 dB worse than perfect phase alignment.

Proposal 1:  	For single-layer uplink MIMO with two antennas, the radiated power  for elevation  and azimuth  can be defined as the average power of the best precoder given by

where  and  denote the received power measured when the antennas transmit separately.



Figure 2:  Distribution of Loss Due to Phase Alignment Error with the Coherent 2 Antenna Port Precoders in Table 6.3.1.5-1 in [7].
2.2. [bookmark: _Hlk142645395]Four Transmit Antennas
If the two-antenna coherent precoders are used are used to define TRP for devices with two transmit antennas, it seems reasonable to consider using the four-antenna coherent precoders to define TRP for devices with four transmit antennas. For four transmit antennas, the second, third and fourth antennas each have a random phase offset with respect to the first antenna, as shown in Figure 3.
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Figure 3:  Three random phase offsets between the four transmit antennas

As the number of antennas increases from 2 to 4, the number of single-layer coherent precoders increases from 4 to 16. As a result, measuring the power for all 16 precoders at each azimuth and elevation is still possible but may be significantly more time consuming.  Similarly, as in the case of two transmit antennas, the measurements will not address the randomness of the phase offsets between the antennas, but will instead only be a snapshot of these phase offsets at one point in time. A similar approach can be used as for the case of two antennas, but it is more complicated given that there are more precoders and also that there are now three random phase offsets rather than one.  
The set of sixteen single-layer coherent precoders for four antenna ports is given in in Table 6.3.1.5-2 of [7]. With random phase offsets, the precoders with TPMI indices 12-15 in Table 6.3.1.5-2 become
 ,  ,  ,  .
In the same manner as with the two transmit antennas, the power can be measured for the four transmit antennas transmitting separately.  Let , , , and  note the received power  for elevation  and azimuth  received from each of the antennas transmitting one at a time. It can be noted that the single antenna power measurements already reflect the scaling factor of  corresponding to the precoders with TPMI indices 0, 1, 2, and 3, so this scaling factor is not included in the expressions below.  In the same manner as for two transmit antennas, , , and  can be defined for the set of 16 coherent precoders in Table 6.3.1.5-2 [7] with TPMI indices 12-27.  
Applying this same random phasing to all of the precoders, the average of the maximum power over the set of precoders can be expressed as

where the precoder coefficients   for precoders with TPMI indices 12-27 from Table 6.3.1.5-2 in [7] are in Table 1 below:
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Table 1:  Precoder coefficients (without scaling factor of) from Table 6.3.1.5-2 in [7] for TPMI indices 12-27
The power of the best precoder over the set of precoders for the worst-case phase can be expressed as
     (4)
The maximum power of the best precoder over the set of precoders is given by

and is shown in the Appendix to be given by

The expressions in (2) and (3) can both be evaluated numerically.  In the special case in which
,
we have 



and 

From the above, it can be observed that depending on the state of the random phase offsets between the antennas, the power of the best precoder can vary by 3 dB over the set of precoders, depending on the random phase offsets between the antennas.  This can be compared with the case of two antennas where the power of the best precoder varies by at most 0.7 dB as a function of the random phase offset. The complementary cumulative distribution of the beamforming gain relative to the maximum achievable gain is shown in Figure 4.
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Figure 4:  Distribution of Loss Due to Phase Alignment Error with Coherent 4 Antenna Port Precoders in TS 38.211 - Table 6.3.1.5-2
Observation 4:	For four antennas, the power  transmitted in a particular azimuth and elevation with a best precoder within a set of precoders is a random variable that depends on the distribution of the phase offsets , , and  between the transmit antennas.
Observation 5:	For four antennas, the power for the best precoder over the set of precoders can vary by 3 dB and depends on the values of the random phase offsets , , and  between the antennas.
Observation 6:	Because the power variation due to the variations of the random phase offsets of the best precoder over the set of precoders can be so large, there is some risk in defining the power as the power for the best precoder at a single snapshot in time.
Proposal 2:	It is proposed that the power  and  for the first and second antennas be measured when transmitting separately, and that the radiated power  for elevation  and azimuth  be defined as the average power for the best precoder given by

which can be evaluated numerically.
3. Summary
In this contribution, we have considered the impact of the random phase offsets between the antennas on transmitted power for single layer MIMO.  In particular, we have shown that the power  transmitted in a particular azimuth and elevation with a particular precoder is a random variable which depends on the values of the random phase offsets of the transmit antennas with respect to each other.  

For two antennas, it was shown that the variation of the power of the best precoder over the random phase offset was approximately 0.7 dB. For four antennas, it was shown that the variation of the power of the best precoder over the random phase offsets was 3 dB.  As a result of this variation, it is somewhat risky to define radiated power as the measured power for the best precoder in a particular azimuth and elevation since this is only a snapshot in time.  In this contribution, we propose that the power be defined in terms of the power of the best precoder averaged over the random phase offsets.

For two transmit antennas:

Observation 1:	The power  transmitted in a particular azimuth and elevation with a best preocder within a set of precoders is a random variable that depends on the distribution of the phase offset  between the two transmit antennas.

Observation 2:	The power of the best precoder averaged over the random phase offset is given by
 
	where  and  denote the received power measured when the antennas transmit separately.  is at most 0.22 dB worse than perfect phase alignment.

Observation 3:	The power of the best precoder for the worst-case phase is given by
 
	where  and  denote the received power measured when the antennas transmit separately.  is at most 0.7 dB worse than perfect phase alignment.

Proposal 1:  	For single-layer uplink MIMO with two antennas, the radiated power  for elevation  and azimuth  can be defined as the average power of the best precoder given by

where  and  denote the received power measured when the antennas transmit separately.

For four transmit antennas:

Observation 4:	For four antennas, the power  transmitted in a particular azimuth and elevation with a best precoder within a set of precoders is a random variable that depends on the distribution of the phase offsets , , and  between the transmit antennas.
Observation 5:	For four antennas, the power for the best precoder over the set of precoders can vary by 3 dB and depends on the values of the random phase offsets , , and  between the antennas.
Observation 6:	Because the power variation due to the variations of the random phase offsets of the best precoder over the set of precoders can be so large, there is some risk in defining the power as the power for the best precoder at a single snapshot in time.
Proposal 2:	It is proposed that the power  and  for the first and second antennas be measured when transmitting separately, and that the radiated power  for elevation  and azimuth  be defined as the average power for the best precoder given by

which can be evaluated numerically.
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Appendix:  Received Power for Best Precoder as a Function of Phase Offset Between the Transmit Antennas
A1:  Two Transmit Antennas
Average of the Maximum 

Without loss of generality, assume that  and let , then






Maximum of the Maximum  (perfect phase alignment)
The max power of the best precoder over the set of precoders in (1) is given by

This expression can be maximized by setting , so that

Minimum of the Maximum 
The minimum power of the best precoder over the set of precoders is given by





A2:   Four Transmit Antennas
Average of the Maximum 
Applying this same random phasing to all of the precoders, the average of the maximum can be expressed as

where the precoder coefficients   for precoders with TPMI indices 12-27 from Table 6.3.1.5-2 in [7] are in Table A1 below:
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Table A1:  Precoder coefficients from Table 6.3.1.5-2 in [7] for TPMI indices 12-27
The squared term in the integrand of (3) can be expressed as

It can be noted that

In the simplest case in which , the squared term simplifies as 

In general, the expression in (A2) can be evaluated numerically. 
Maximum of the Maximum  (perfect phase alignment)
The maximum power of the best precoder over the set of precoders is given by

This expression can be maximized by setting  so that  and  and setting  and , so that

Minimum of the Maximum 
The minimum power of the best precoder over the set of precoders in (1) is given by
     (3)
which must be evaluated numerically.
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