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1. Introduction
Power class and output power definition for NR mmW has been discussed in previous meetings [1], [2] and [3]. No agreement on how to define UE maximum power capability has been reached. Related but still separate issue is how to describe UE beam forming capability where our proposal has been so called CDF method [4] where data points represent equal surface density [5]. 
This paper discusses power class definition and values for mmW UE so that system requirements [2] are satisfied and UE implementation complexity considered.

2. Discussion

Power class defintion is importan for NR work and schedule. Many following parameters depend on power class and how it is defined. With this paper, we hope to clarify what is needed in definition and why.
2.1. Power class definition
In co-existence study for mmW NR systems the peak UE EIRP was 34 dBm (31 dBm per polarization) when TRP was 23 dBm. Here, peak EIRP means the maximum EIRP over all defined directions, for smartphone this is full sphere. The peak value is typically achieved into boresight direction for directional antennas or/and the peak beamforming gain direction of antenna array. What was also embedded in to the co-existence study setup was the antenna pattern through the ratio of peak EIRP and max TRP. This implicitly defines the antenna beam width and side lobe magnitudes which has to be such that for peak EIRP, the TRP does not exceed 23 dBm. This ratio of EIRP and TRP is a measure of how much UE creates interference to other than intended transmission direction.
The antenna array used in co-existence analysis was 2x2 patch array with 5dBi antenna gain towards boresight. The total antenna gain towards other directions is then something lower based on agreed formulas for beamforming and antenna element gain in [6] [7]. The CDF of gain over all hemisphere directions was shown in [8]. CDF was used since plotting amplitude distribution of three dimensional hemisphere is difficult in two dimensional media such as MS Word. It is unclear how much a realistic UE antenna arrangement and conducted performance of UE can deviate from the one used in co-existence study. 
In [2] we analyzed impact to system SIR if UE antenna arrangement is 2x1 array of patches. In this case peak EIRP is only 31 dBm when TRP si 23 dBm. Additionally, we also analyzed SIR in the system when UE has no beam forming i.e. antenna is isotropic radiator with 0 dBi gain but UE still is capable to output 34 dBm EIRP, in this case TRP would also be 34 dBm. In both cases system SIR decreases significantly compared to the original assumptions, with 0 dBi antenna more than 10 dB,  and therefore agreed results in terms of ACS and ACLR would not be valid for those cases.
Observation1: To respect co-existence study results and agreed parameters based on study, UE antenna arrangement must be such that ratio of peak EIRP and max TRP is 11 dB. 
The absolute value of peak EIRP defines UE capability to close the uplink and if network is uplink limited it also defines cell size. It is worth noticing that during the adjacent channel coexistence study, it was already emphasized how high antenna gain is needed to close the link budget in Urban Macro (UMa) scenario. This can be clearly observed in Figure 1 where we show the actual UE Tx Power distribution considering the UMa scenarios agreed in the coex study, i.e. Inter-Site Distance (ISD) equal to 200m and 300m, respectively
. The plots show the total conducted power, UE orientation is randomized so antenna gain may not always be 11 dB. As it can be observed about 17% and 28% of UEs use their maximum available output power in case of ISD=200m and ISD=300m, respectively. This is a clear indication that the maximum available EIRP is needed to achieve the target SNR, and lowering EIRP will have direct impact by reducing the network coverage. 
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Figure 1. UE Tx Power distribution in Urban Macro scenario.

Observation 2: Urban Macro deployment is partially uplink limited due to limited UE peak EIRP capability

In reference, the indoor deployment was not uplink limited.

In [9], there was discussion to define UE power class (PC) with TRP only. The value was not discussed but if we assume it would be 23 dBm, it does not guarantee system performance since defining UE PC as TRP may result in to UE design with 0 dBi antennas and UE would create too much interference to its surroundings when trying to close the UL.
Observation3: Defining UE output power capability as TRP only does not guarantee system performance
It should be noted that for other deployments, if TRP is lower, also the peak EIRP can be lower and this should be the basis of power class definition for NR mmW UE. 
Also it should be noted that similar deterministic analysis for other than boresight is fairly difficult, or at least cumbersome and therefore we have propose that UE power class is defined as peak EIRP with positive and negative tolerances and TRP with positive tolerance. The UE spherical coverage can then be defined using CDF but it is not in the scope of this paper. 
Proposal 1: mmW UE power class is defined with peak EIRP and maximum limit for TRP 
In table1 we show one example how to define the power class in 38.101.

Table 1 Possible way to specify mmW UE power class

	NR Band
	Power class A
	Power class B

	
	EIRP
	TRP
	EIRP
	TRP

	
	Nominal
	Tolerance
	Nominal
	Tolerance
	Nominal
	Tolerance
	Nominal
	Tolerance

	X
	34 dBm
	+2 /-6 dB
	23 dBm
	+1
	30 dBm
	+2 /-6 dB
	19 dBm
	+1

	Y
	
	
	
	
	
	
	
	


2.2. Sources for inaccuracy for mmW EIRP
None of the analysis did consider practical implementation challenges, excerpt for the notation in [1] which refers to “some losses” and result in to notch antenna gain of 2dBi. In the following, we discuss how accurately EIRP can be specified.
2.2.1. Mutual coupling

In multi antenna arrangement, simular to the one used in co-existence study, mutual couling between antennas will cause non-idealities. In this case impedance seen by each PA connected to the antenna is different and this will cause power loss or linearity degradation and therefore linearity degradation. 
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Figure 2 Mutual coupling in an antenna array

Antennas in this case have physical dimensions which are subject to manufacturing tolerances. The mutual coupling depends on phasing of the PA signals so it can not be compensated with matching circuits, only best compromise can be used. We build a model for this mutual coupling and analysed the over all gain variation of forward power. The results of 1000 sample montecarlo run are shown in Figure 3.
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Figure 3 Array gain variation due to mutual coupling with production tolerances

Gain loss can be up to 2.5 dB and 50 % of the samples have a loss of 0.7 dB.  
2.2.2. Case losses

The NR UE antenna must be inside device case. For mmW we do not consider head or hand phantoms but case loss should be analysed. The caseloss is dependent on case material, thickness and placement of antenna array and therefore is very much a function of industrial design. This aspect was brought up already in RAN4#81 [10] although for EIS for which it is equally important.We have notice the case loss could be up to 2 dB but would like to welcome OEM’s to contribute on this issue.
2.2.3.  Antenna gain variation
On defining EIRP for specific band, the value should be met for all frequencies. One source for additional loss is frequency dependency in passive circuitry such as antennas and matching ciruits. In Figure 3 we show 28 GHz antenna gain variation over the frequency band. For US+Korea band (26.5 – 29.5 GHz) the variation is up to 11 – 8.6 = 2.4 dB.   
[image: image4.emf]3

4

5

6

7

8

9

10

11

12

24.00 26.00 28.00 30.00 32.00

Peak Gain (dBi)

Frequency (GHz)


Figure 4 Antenna gain variation over the frequency
As a summary, the implementation challenges bring in total of 2+2.5+2.4 dB = 6.9 dB uncertainty compared to nominal peak EIRP. Some of the uncertainty is due to part to part changes, some is due frequency dependency and some systematic loss so they impact differently. In addition to these, there are other sources of uncertainty like part to part variation of frequency dependency. It should be noted that values shown above will change for other that boresight direction of the antenna panel.

3. Conclusion
We discussed power class defintion for mmW UE and motive for EIRP and max TRP. We made three observations

Observation1: To respect co-existence study results and agreed parameters based on study, UE antenna arrangement must be such that ratio of peak EIRP and max TRP is 11 dB. 

Observation 2: Urban Macro deployment is partially uplink limited due to limited UE peak EIRP capability

Observation3: Defining UE output power capability as TRP only does not guarantee system performance

And made one proposal

Proposal 1: mmW UE power class is defined with peak EIRP and maximum limit for TRP 
Further on, we discussed sources for peak EIRP tolerance definition, mutual coupling, case losses and gain variations over frequency range. 
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� ISD=200m and ISD=300m correspond to cell radius of 67m and 100m, respectively.
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