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1	Introduction
Power class agreements for mm-wave frequencies have evolved over recent meetings. First, the definition focused on the UE being able to produce a certain EIRP [1], and was later expanded to include an EIRP mask describing spherical coverage [2]. During the RAN WG4 #84bis meeting, the power class discussion for handheld UEs in FR2 reached several agreements, among these to complete peak EIRP power class requirement by December 2017 [3].
This paper discusses the latest agreements on NR mm-wave power class definition and showcases our views on realistic power class (UE output power values) approach, along with the necessary link budget parameters for approval.
2	Discussion
2.1	Background
The WF from RAN4 #84bis [3], underlines the urgency of finalizing peak EIRP definition for handheld UEs by the upcoming meeting.  It also stipulates that a discussion of spherical coverage simulation results should take place before diving into CDF definition.
From RAN4 #84bis [3]: Agreements:
· A single power class is defined for handheld UEs operating in FR2 in Rel-15
· FFS for other UE types
· The power class value is defined as the peak EIRP and is band dependent
· Baseline definition: the peak EIRP requirement is defined as the minimum value with no tolerance; it is bounded by the range of values between 22 dBm and 30.2 dBm
· The requirements on max allowed EIRP and upper limit TRP for handheld UEs are defined as captured in R4-1710081
· Agreement on the peak EIRP for handheld UEs is sufficient to complete the power class requirement by Dec 2017
· Specification of EIRP spherical coverage requirement should be finalized in RAN4#85

Work plan for RAN4 #85: 
· Finalize the peak EIRP requirement for handheld UEs
· Initial discussion of simulation results for spherical coverage
· Based on the simulation outcome, take a working assumption on the CDF percentile


2.2	Derivation of peak EIRP
For our discussions, it important to separate the specification of a minimum requirement from a specific implementation. To achieve this distinction, we derive minimum required values for a range of parameters derived from the common UE architecture [4]. Also, focus is placed on the worst-case scenario of a dual-band design at 28 GHz and 39 GHz, respectively. To set a common reference point for the UE output power values, we provide a comprehensive list of parameters in Table 1. Peak EIRP of the UE is defined in the direction where peak gain is achieved.

Table 1: Peak EIRP: derivation of nominal, tolerance, and minimum values
	Parameter
	Unit
	Nominal value
	Contribution to tolerance
	Nominal value
	Contribution to tolerance
	Comments

	Frequency range
	GHz
	24.25 - 29.5 GHz
	37.0 - 40.0 GHz
	 

	Pout per element
	dBm
	14.00
	 
	14.00
	 
	Nominal PA output power with standard deviation accounting for temperature, voltage, and process variation in conducted Tx power

	# of antennas in an array
	 
	4
	 
	4
	 
	Assuming array of patches

	Total conducted power per polarization
	dBm
	20.00
	-1.00
	20.00
	-1.00
	Contribution to tolerance accounts for temperature (extreme conditions), voltage, and process variation in conducted Tx power

	Average antenna element gain
	dBi
	4.00
	 
	4.00
	 
	Average peak element gain per polarization in the direction which achieves peak gain of a planar array

	Antenna roll-off loss versus frequency
	dB
	-2.00
	 
	-2.50
	 
	Accounts for frequency-dependent degradation in element gain and assuming the antenna covers both frequency ranges

	Realized antenna array gain
	dBi
	8.00
	 
	7.50
	 
	Calculated from # antennas, average element gain, and roll-off

	Polarization gain
	dB
	2.80
	 
	2.80
	 
	Accounts for non-ideal combining due to antenna isolation

	Mismatch and transmission line loss including load pull
	dB
	-2.00
	-0.60
	-2.20
	-0.70
	Array topology dependent, material dependent, transmission line design dependent; includes impact of load pull

	Beam forming loss (phase shifter and amplitude error)
	dB
	-0.25
	-0.25
	-0.25
	-0.25
	Phase shifter quantization and amplitude accuracy dependent

	Finite beam table
	dB
	-0.25
	0.00
	-0.25
	0.00
	Nominal value

	Beam forming loss (one beam table fits all)
	dB
	-0.25
	0.00
	-0.25
	0.00
	The time required to optimize the beam table for every unit will amount to many hours for each unit

	Form factor integration losses
	dB
	-4.00
	-2.00
	-5.00
	-2.00
	Losses due to integrating the antenna array within a form factor spanning a variety of potential placements and materials. Nominal and tolerance to be updated based on latest simulations and measurements

	Total implementation loss (nominal)
	dB
	-6.75
	 
	-7.95
	 
	Nominal value

	Total implementation loss (worst case)
	dB
	 
	-9.60
	 
	-10.90
	Worst case value

	Peak EIRP (Nominal)
	dBm
	24.05
	 
	22.35
	 
	Including Polarization Gain

	Tolerance (+/-)
	dB
	 
	3.85
	 
	3.95
	Difference between nominal and worst case

	Peak EIRP (Minimum)
	dBm
	20.20
	 
	18.40
	 
	Including Polarization Gain

	Peak EIRP (Maximum)
	dBm
	27.90
	 
	26.30
	 
	Including Polarization Gain




The PA output power provided in this derivation assumes that MPR = 0 for the DFT-s-OFDM full allocation waveform with the QPSK modulation.

UE antennas for mm-wave devices need to support wide frequency ranges. Also, due to the inherently smaller wavelength of this frequency range, these designs are more susceptible to proximity issues and fabrication losses. Therefore, the link budget should provide a practical and realistic depiction of these losses. Thus, the values found in Table 1 take the anticipated losses of an in-package environment and common-practice implementations into account.

Observation 1: Practical anticipated losses of in-package environment are essential at mm-wave frequencies.
For each parameter, Table 1 provides nominal values, along with an expected tolerance contribution. In a typical design, we anticipate a variation in gain of 1 to 1.5 dB across these mm-wave bands. For polarization gain, it should be noted that the quoted 2.8 dB takes into account cross-polarization issues in a dual-band design (not perfectly isolated).

Observation 2: To cover worst-case scenario, a dual-band design should be analysed.

Previously [5], the Implementation Margin and Case Losses parameters captured the implementation and integration losses for the UE design. We have expanded on these terms to provide greater granularity in the link budget. Adding these to the beam forming terms and polarization gain, yields the total implementation loss terms found in Table 1. The loss parameters are broken down and detailed below. 
· Mismatch and transmission line loss - captures variances in the antenna feed network.
· Form factor integration - illustrates losses suffered once the antenna is integrated into the device case/environment
· Module/assembly variations - includes fabrication tolerances, registration and alignment issues for the design, as well as any substrate irregularities

To help quantify the form factor integration loss parameter, an experiment was performed where the penetration loss through glass positioned directly in front of a 4x4 antenna array was measured. The figure below shows a histogram of the measured peak EIRP loss at 28 GHz.

Figure 1: Histogram of measured peak EIRP loss at 28 GHz
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Observation 3: For the low frequency range the nominal, tolerance, and minimum values of peak EIRP are 24.05, 3.85, and 20.20 dBm, respectively.

Observation 4: For the high frequency range the nominal, tolerance, and minimum values of peak EIRP are 22.35, 3.95, and 18.40 dBm, respectively.

2.3	Survey of reported results
Now that we have established a baseline for nominal values taking integration losses and form factor into account, we present a summary co-signing companies’ contributions to evaluate how we can align in choosing the right EIRP value.

Table 2: Survey of reported results for peak EIRP
	Parameter
	Unit
	Company A
	Company B
	Company C
	Company D
	Company E
	Company F
	Company G

	Frequency range
	GHz
	24.2-29.5
	37-40
	24.2-29.5
	37-40
	24.2-29.5
	37-40
	24.2-29.5
	37 - 40
	24.2-29.5
	37 - 40
	24.2-29.5
	37 - 40
	24.2-29.5
	37-40

	# ant elements
	 
	4
	4
	 4
	4 
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4

	Avg. element gain
(per polarization)
	dBi
	4.00
	4.00
	 5.00
	 4.0
	4.50
	4.50
	4.0
	4.50
	4.50
	4.50
	2.50
	1.50
	4.00
	4.00

	Antenna roll-off
loss vs frequency
	dB
	-2.00
	-2.50
	 -1.00
	 -1.50
	-3.00
	-1.50
	-1.00
	-1.00
	-1.00
	-1.50
	-0.50
	-0.50
	-1.00
	-1.50

	Realized antenna
array gain
	dBi
	8.00
	7.50
	 10.00
	8.5 0
	7.50
	9.00
	9.00
	9.50
	9.50
	9.00
	8.00
	7.00
	9.00
	8.50

	Polarization gain
	dB
	2.80
	2.80
	 2.50
	2.50
	2.50
	2.50
	2.00
	2.00
	2.50
	2.80
	2.80
	2.80
	2.80
	2.80

	Total implementation
loss (nominal)
	dB
	-6.75
	-7.95
	 -7.25
	 -8.50
	-5.10
	-6.10
	-4.85
	-5.85
	-6.75
	-7.75
	-4.25
	-4.25
	-7.95
	-9.15

	Total implementation
loss (worst-case)
	dB
	-9.60
	-10.90
	 -10.00
	-11.45
	-7.45
	-8.55
	-8.70
	-8.80
	-9.60
	-10.20
	-6.10
	-6.70
	-10.80
	-12.10

	P1d per PA (nominal)
	dBm
	14.00
	14.00
	 14.00
	14.00 
	14.00
	12.50
	14.00
	12.00
	14.00
	12.50
	14.00
	14.00
	14.00
	14.00

	P1d per PA (minimum)
	dBm
	14.00
	14.00
	 14.00
	14.00
	14.00
	12.50
	14.00
	12.00
	14.00
	12.50
	14.00
	14.00
	14.00
	14.00

	Peak EIRP (nominal)
	dBm
	24.05
	22.35
	 25.25
	 22.5
	24.90
	23.90
	26.15
	23.65
	25.25
	24.05
	26.55
	25.55
	23.85
	22.15

	Tolerance
	dB
	3.85
	3.95
	 3.75
	 3.95
	3.85
	3.45
	3.85
	3.95
	2.85
	3.45
	2.85
	3.45
	3.85
	3.95

	Peak EIRP (minimum)
	dBm
	20.20
	18.40
	 21.50
	 18.55
	21.05
	20.45
	22.30
	19.70
	22.40
	20.60
	23.70
	22.10
	20.00
	18.20

	[bookmark: _GoBack]NOTE 1: We encourage companies to provide implementation losses and P1d numbers for nominal and worst cases to facilitate the analysis of nominal and minimum definitions of max EIRP; the current RAN4 agreement is to define power class as the minimum of the max EIRP without tolerance




During previous meetings questions have been raised about the reference waveform used by different companies for the power class derivation.  It is desired to align on this in order to define a clear requirement.

Proposal 1: The maximum EIRP value for the UE power class is defined for the DFT-s-OFDM full allocation waveform with the QPSK modulation and MPR=0, measured over 1 ms.

It is understood that MPR = 0 for the DFT-s-OFDM full allocation waveform with the QPSK modulation for the PA output power provided by companies in the UE power class derivation.

The figure below presents the companies’ expected peak EIRP for FR2 handheld UEs.


Figure 2: Summary of peak EIRP values for FR2 handheld UE (nominal and minimum)


Considering the implementation of the peak EIRP core requirements in a certification program for NR UEs, such as GCF, a UE supporting a given set of NR bands must pass the minimum EIRP conformance limits for all bands in order to pass the certification.  In LTE OTA requirement development efforts, such as TRP/TRS and MIMO OTA, a joint band passing rate framework has been applied to measured data pools to quantify passing rates for a given limit. However, the task of defining the minimum requirement for peak EIRP for NR FR2 does not have the benefit of such data pool availability due to limitations in device availability.

Observation 5: In order to mitigate the risk of adopting a peak EIRP core requirement which potentially may result in high conformance failure rates of NR FR2 UEs undergoing certification, a proposal for the peak EIRP based on the minimum proposed value among the co-signing companies is preferred. 
 
Proposal 2: Based on a survey of reported results, the peak EIRP (minimum value) is 20.20 dBm for the 24.25 - 29.5 GHz frequency range.

Proposal 3: Based on a survey of reported results, the peak EIRP (minimum value) is 18.40 dBm for the 37.0 – 40.0 GHz frequency range.

3	Conclusions
This paper presented our views on how to define the necessary parameters to provide a realistic link budget for mm-wave frequencies. It also summarized previous contributions in order to align on peak EIRP for power class definition. Based on these, the following observations, conclusions and proposals have been made:

Observation 1: Practical anticipated losses of in-package environment are essential at mm-wave frequencies.

Observation 2: To cover worst-case scenario, a dual-band design should be analysed.

Observation 3: For the low frequency range the nominal, tolerance, and minimum values of peak EIRP are 24.05, 3.85, and 20.20 dBm, respectively.

Observation 4: For the high frequency range the nominal, tolerance, and minimum values of peak EIRP are 22.35, 3.95, and 18.40 dBm, respectively.

Proposal 1: The maximum EIRP value for the UE power class is defined for the DFT-s-OFDM full allocation waveform with the QPSK modulation and MPR=0, measured over 1 ms.

Observation 5: In order to mitigate the risk of adopting a peak EIRP core requirement which potentially may result in high conformance failure rates of NR FR2 UEs undergoing certification, a proposal for the peak EIRP based on the minimum proposed value among the co-signing companies is preferred.

Proposal 2: Based on a survey of reported results, the peak EIRP (minimum value) is 20.20 dBm for the 24.25 - 29.5 GHz frequency range.

Proposal 3: Based on a survey of reported results, the peak EIRP (minimum value) is 18.40 dBm for the 37.0 – 40.0 GHz frequency range.
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