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1.
Introduction

Considering the UE RF test cases in FR2 with low power-spectrum density, such as OFF power/Tx spurious/Rx spurious, the DFF (direct far-field) setup seems to make severe conditions w.r.t. SNR to these test cases, which raises the necessity to think of another permitted measurement setup. In this contribution, we introduce a new measurement setup of NFWOTF (near-field measurement without near-to-far transformation) and show how to calibrate the measurement system without knowing the calibration-antenna gain in radiative near-field. And we discuss the MU elements in the NFWOTF setup and compare the NFWOTF with the conventional DFF setup in the lowest power density condition in the UE RF test cases.


2. Discussion

2.1  Requirements in Low PSD Test Cases
The UE RF signal levels in low PSD (power spectrum density) test cases in FR2 are shown in Table 2.1.1. And the lowest power densities are summarised in Table 2.1.2, which need to be measured over-the-air. Considering the path-loss, thermal noise and an actually-attainable NF (noise figure) of a power-measurement equipment, the power densities in Table 2.1.2 are too low to be measured directly in the DFF measurement setup, which imposes on us the necessity to think of another permitted measurement setup. For more analysis in DFF measurement setup, refer to 2.4.
Observation1: The lowest power densities to be measured over-the-air in UE RF tests are so low that it seems necessary to think of another permitted measurement setup having strong points in measuring low-level TRPs.
Table 2.1.1  UE RF Signal levels in low PSD test cases in FR2
	Test case
	Signal level
	Power Density per Hz
	Frequency Range
	Metrics

	OFF Power
	-35dBm/400MHz
	-121dBm/Hz
	[24.0GHz] <= f <= 43.5GHz
	TRP

	Tx Spurious
	-30dBm/1MHz
	-90dBm/Hz
	1GHz <= f <= 12.75GHz
	TRP

	
	-13dBm/1MHz
	-73dBm/Hz
	12.75GHz <= f <= 87.0GHz
	TRP

	Rx Spurious
	-47dBm/1MHz
	-107dBm/Hz
	1GHz <= f <= 87.0GHz
	TRP


Table 2.1.2  The lowest power densities to be measured as TRP
	Frequency Range
	Power Density in Hz

	1GHz <= f <= [24.0GHz]

43.5GHz <= f <= 87.0GHz
	-107dBm/Hz

	[24.0GHz] <= f <= 43.5GHz
	-121dBm/Hz


2.2  Measurement Distance in Radiative Near-field
As shown in Figure 2.2.1, the distance range R of the radiative near-field can be calculated based on the equation : [image: image1.png]2 207
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 where D is the diameter of the smallest sphere that encloses the radiating parts of antennas larger than a wavelength; the value of D shall be determined by the larger one of the DUT-antenna or the measurement antenna.
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Figure 2.2.1  Distance to test object
We can find the justification in [5] for saying that the boundary between the reactive near-field and the radiative near-field is determined by [image: image2.png]


. Following is the excerpt from [5]. (For more information about the radiative near-field, refer to A.3)
==================================================

The radiating properties of an antenna depend on the distance from the antenna structure to the considered field point. From an examination of the field from a Hertzian dipole, it turns out that the field expressions involve terms which vary as r-1 (radiated field), r-2 (inductive field), and r-3 (static field), where r is the distance between the dipole and the field point. It is easily shown that for the terms involving the inverse distance dependence r-1 are the largest ones. Since any antenna structure may be considered as composed of small dipoles, the region around an antenna structure may be divided into two major regions, viz., a reactive near-field region close to the antenna and a radiating-field region. The boundary between the two regions is determined by (1).

[image: image3.png]r> A/2m







(1)

==================================================
Except for fulfilling the radiative near-field condition of [image: image4.png]r> A/2m



, it would be necessary to keep the distance to avoid overlapping among the measurement-antenna effective areas centred at the measurement grids as shown in Figure 2.2.2. This condition is necessary to collect independently-sampled radiation pattern data. Although the DUT-radiation pattern at the radiative near-field could be different from the one at the far-field, it would be reasonable to assume that the measurement grid in far-field can be applied commonly for measurements in the radiative near-field. If we know the required maximum angle between adjacent measurement grids ([image: image5.png]


), which shall be determined by the beam-width of the DUT, the distance to avoid the overlapping ([image: image6.png]Rrot_to_overiap(min)



) can be calculated as below.
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Here, the meaning of the notations are as below.
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: Effective area size of measurement antenna
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: Radius of effective area
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: Linear power gain of measurement antenna
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: Gain in dB of measurement antenna
Considering the two factors above, the minimum measurement distance in the radiative near-field([image: image18.png]Rradys (min)



) is determined as below.
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Observation2: The minimum measurement distance in the radiative near-field should be determined not only by the radiative near-field criteria ([image: image20.png]r> A/2m



) but also the requirement to sample the DUT-radiation pattern independently enough with a required sampling interval.
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Figure 2.2.2  The minimum distance not to overlap the effective area of measurement antenna
2.3  TRP Measurements in Radiative Near-field with NFWOTF
As long as TRP measurements are concerned, the measurements can be performed in the radiative near-field region ( outside the reactive near-field region ), because the total radiated power through the whole sphere area does not depend on the distance between the DUT and the measurement antenna.[1] Based on this idea, it would be possible to measure TRP in radiative near-field without the near-field to far-field transform (NFWOTF), which is useful in such situations where the signals to be measured can not be replaced with CWs, because the near-field to far-field transform shall be difficult without using CWs.

The minimum distance of radiative near-field ([image: image21.png]Rradys (min)



), which is proportional to the wavelength as shown in 2.2, gets shorter in higher frequency region. So for the improvement of SNR, it is principally possible to shorten the measurement distance in the radiative near-field in higher frequency, which would be beneficial to curtail the large path-loss in mmWave.
Observation3: By adjusting the distance between the DUT and the measurement antenna so that the radiative near-field criteria and the condition to sample the DUT-radiation pattern independently enough are met while keeping the distance as short as possible, it would be possible to curtail the large path-loss in mmWave, which is beneficial to secure a good SNR condition.

[image: image22]
Figure 2.2.2  NFWOTF measurement setup of UE RF characteristics
The image of NFWOTF setup is shown in Figure 2.2.2, and the key aspect of the NFWOTF setup are :

· Radiative near-field measurement system in an anechoic chamber

· A dual-polarized measurement antenna placed in the radiative near-field region from the DUT

· A link antenna for NR connections placed in the far-field region from the DUT

· A positioning system such that the angle between the dual-polarized measurement antenna and the DUT has at least two axes of freedom and the distance between the dual-polarized measurement antenna and the DUT is adjustable

· A positioning system such that the angle between the link antenna and the DUT has at least two axes of freedom and maintains a polarization reference; this positioning system for the link antenna may or may not provide independent control from the measurement antenna.

· If the positioning system for the link antenna does not provide independent control from the measurement antenna, there needs to be a measure to keep the NR link during measurements.

· For setups intended for measurements of UE RF characteristics in non-standalone (NSA) mode with 1UL configuration, an LTE link antenna is used to provide the LTE link to the DUT
· The LTE link antenna provides a stable LTE signal without precise path loss or polarization control
· The same link antenna could be used also for FR2 NR link.

Observation4: The NFWOTF setup can be applied to any of Black-box, Gray-box and White-box approach depending on the conditions.
· Black-box approach
: A test approach where the positions and sizes of antennas in a DUT are not known

· Gray-box approach
: A test approach where the positions of antennas in a DUT are not known but the sizes or the upper-limit size of antennas in the DUT are known by manufacturer’s declaration
· White-box approach
: A test approach where the positions and sizes of antennas in a DUT are known by manufacturer’s declaration
2.3  Calibration in NFWOTF

The calibration measurement is done by using a calibration antenna, whose gain value is not necessarily known in the radiative near-field but the radiation efficiency is known in order to be able to calculate the radiation power from the power fed through the cable. For the calibration measurement, the reference antenna is placed at the centre of the quiet zone so that TRP values in necessary measurement conditions are to be measured for references. The calibration process determines the composite loss, LTRP,pol, of the entire transmission and receiver chain path gains (measurement antenna, amplification) and losses (switches, combiners, cables, path loss, etc.). The calibration measurement is repeated for each measurement path (two orthogonal polarizations and each signal path).
It is possible to calculate the composite loss (LTRP,pol) as : 

LTRP,pol = P0 - Lrefant - TRPref
Here,

P0 [dBm] 
: Known power fed to the reference antenna through the cable

Lrefant [dB] 
: Power loss in the reference antenna according to the known radiation efficiency

TRPref [dBm] 
: Measured reference TRP using the reference antenna

Obervation5: Even without knowing the gain value of the calibration antenna in the radiative near-field region, the calibration can be performed by comparing the measured TRP with the radiation power calculated by the power fed to the reference antenna through the cable and the radiation efficiency.
2.4  Probe Compensation

Due to the fact that the radiation wave is not plane in the radiative near-field region, the concept of “probe compensation” would be useful to improve the MUs, which compensates the impact of the radiation pattern of the measurement antenna.
Here, for the simplicity of the discussion, the signal sources on a DUT are assumed to be composed of multiple small signal sources emitting independent signals omni-directionally with an equal EIRP power (=EIRP0) so that the power density difference depending on the positions within the DUT can be expressed by the signal-source densities. As shown in Figure 2.4.1, the number of the small signal sources is supposed to be M (m = 0 to M-1) and the number of the measurement antenna positions is supposed to be N (n = 0 to N-1). The area size corresponding to the n-th measurement antenna position is denoted as [image: image23.png]


. The gain of the measurement antenna at the n-th position towards the line-of-sight link with the m-th small signal source is denoted as GMeas(n,m) [dB].
The TRP w.r.t. the m-th small signal source can be calculated as :
[image: image24.png]



and the TRP w.r.t. all the M small signal sources can be calculated as :
[image: image25.png]I
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The TRP value to be measured at a far-field distance can be written as :
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and the ratio between [image: image27.png]TRP.pear
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 is defined as [image: image29.png]Crgp
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In short, TRP values measured at the radiative near-field would be as small as [image: image31.png]1/@rge



-times of the far-field-measured TRP (in linear power) due to the measurement-antenna radiation pattern, so the radiative-near-field-measured TRP can be adjusted by multiplying [image: image32.png]Crgp



 in linear ( or by adding [image: image33.png]10 - logs o (args)



 in dB ) as the process of “Probe compensation”. It is necessary to note here that all the powers discussed here are the ones within a frequency bandwidth where the measurement-antenna-gain characteristics can be assumed to be constant.

Figure 2.4.1  Arrangement model of signal sources and the measurement antenna
One idea to derive the compensation factor is to firstly estimate the value of the possible-worst-case ([image: image34.png]e —



) and to determine the probe compensation factor ([image: image35.png]@rza (probeomp)



) as the following equation.
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By applying this probe compensation, the original uncertainty range shall be changed to the compensated uncertainty range as below.
· Original uncertainty range
: [image: image37.png]—10 - luglo(ﬂmp(warst)) ~0




· Compensated uncertainty range
: [image: image39.png]—0.5 X 10 - log1o(@rrp worsty) ~ 0-5 X 10 - o gso (etrrp awors))




Observation6: If we can estimate the worst TRP deviation due to the radiation pattern of the measurement antenna, which spans only towards minus direction, it would be possible to compensate the deviation so that the uncertainty range spans over plus and minus symmetrically.
Considering that the level fluctuation would be moderate when averaging antenna-gains at multiple points and that the main reason to have a value of [image: image41.png]1/@rge



 less than 1 is that the antenna gain at off-center angle is lower than the gain at the center of the beam, we should have the worst deviation ([image: image42.png]1/ @rpp(worst)



) in the case where the signal source is a point source and it radiates a beam with a possible-narrowest beam towards the lowest measurement-antenna-gain direction.
For TRP test procedure optimization, it also should be necessary to apply “probe compensation” to the EIRP measurements in the radiative near-field. The biggest deviation of the EIRP-measurement levels due to the radiation pattern of the measurement antenna can be calculated as the ratio between the minimum and the maximum measurement antenna gain.
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Here, the notations “min( )” and “max( )” are the operators to find the maximum and the minimum antenna gain respectively among the ones at all the combinations of the line-of-sight links between the m-th (m = 0 to M-1) signal source within the quiet zone and the n-th (n = 0 to N-1) position of the measurement antenna. In the same way as the discussion for the TRP compensation factor, one way to determine the EIRP compensation factor is to apply the worst case compensation factor to the following equation.
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By applying this probe compensation, the original uncertainty range shall be changed to the compensated uncertainty range as below.

· Original uncertainty range
: [image: image46.png]—10 - lnglo(ﬂzzmp(wurst)) ~0




· Compensated uncertainty range
: [image: image48.png]—0.5x10- lDHm(“EmP(wurs:)) ~0.5x10- ngm(“EmP(wurst))




Observation7: Considering the fact that what is called the spurious in LTE spec was the one coming out of the antenna connectors, the spurious to be measured in NR in FR2 should also be the one coming out of the active antennas. So even in spurious test cases, there could be the concept of White-box approach or Gray-box approach, and the D size could be the declared antenna size.
2.5  MU elements in NFM without Near-to-Far Transform
Table 2.5.1 lists the uncertainty elements and Table 2.5.2 shows MU assessment in NFWOTF. The values in Table 2.5.2 are still in brackets, since they are just example MU values estimated with the parameters in the last line of Table 2.6.1 and are not optimized MU values. We can, however, understand that the DFF setup should not be able to attain the MU values shown in Table 2.6.1, considering the fact that those are estimated under the lowest PSD condition.
Table 2.5.1  Uncertainty contributions for TRP measurement

	UID
	Description of uncertainty contribution
	Details in paragraph

	
	Stage 2: TRP Near Field DUT power measurement

	1
	Positioning misalignment
	2.5-1

	2
	Quality of quiet zone
	2.5-2

	3
	Mismatch
	2.5-3

	4
	Uncertainty of the RF power measurement equipment
	2.5-4

	5
	Amplifier uncertainties
	2.5-5

	6
	Random uncertainty
	2.5-6

	7
	Influence of the XPD
	2.5-7

	8
	Probe Pattern Effect 
	2.5-8

	9
	Multiple Reflections:  Coupling between Measurement Antenna and DUT
	2.5-9

	10
	Noise floor
	2.5-10

	
	Stage 1: Calibration measurement

	11
	Mismatch
	2.5-4

	12
	Reference antenna positioning misalignment
	2.5-11

	13
	Quality of quiet zone for calibration process
	2.5-12

	14
	Amplifier uncertainties
	2.5-5

	15
	Reference antenna feed cable loss measurement uncertainty
	2.5-13

	16
	Uncertainty of the radiation efficiency of the calibration antenna
	2.5-14


2.5-1
Positioning misalignment
Same as in B.1.1.4.1 of [2].

2.5-2
Quality of quiet zone
The quality of the quiet zone procedure characterizes the quiet zone performance of the anechoic chamber, specifically the effect of reflections within the anechoic chamber including any positioners and support structures. The MU term additionally includes the amplitude variations effect of offsetting the directive antenna array inside a DUT from the centre of the quiet zone as well as the directivity MU, i.e., the variation of antenna gains in the different direct line-of-sight links.  (Although the main metric in the NFWOTF setup is TRP, the EIRP measurement is also required considering the TRP test procedure optimization, which is the reason why the quality of quiet zone for EIRP measurement needs to be evaluated in the NFWOTF setup. )
2.5-3
Mismatch 

Same as in B.1.1.4.4 of [2].

2.5-4
Uncertainty of the RF power measurement equipment

Same as in B.1.1.4.6 of [2].

2.5-5
Amplifier uncertainties 

Same as in B.1.1.4.8 of [2].

2.5-6
Random uncertainty

Same as in B.1.1.4.9 of [2].
2.5-7
Influence of the XPD 

Same as in B.1.1.4.10 of [2].
2.5-8
Probe Pattern Effect

This contribution is included in the quality of quiet zone in 2.3-2.

2.5-9
Multiple Reflections: Coupling Measurement Antenna and DUT

The multiple reflections occur when a portion of the transmitted signal is reflected from the receiving antenna back to the transmitting antenna and re-reflected by the transmitting antenna back to the receiving antenna. This uncertainty can be determined by multiple measurements of the DUT when at different distance from the probes. This uncertainty is assumed to have a normal distribution.
2.5-10

Noise floor

When signal power is measured with a certain level of noise floor, the measured power should have the offset as much as the following equation. For the estimation of the signal power level, it would be necessary to take account of the mean signal level drop caused by the measurement-antenna radiation pattern and DUT offset from the centre of rotation, as the incidence directions from possible signal sources may not be parallel one another in the radiative near-field measurement, in other words, the signal to be measured may not be a plane wave.
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2.5-11

Reference antenna positioning misalignment

This contribution originates from reference antenna alignment and pointing error. However, as the position of the reference antenna could be precise enough, this MU term would be negligible for TRP measurements.
2.5-12

Quality of quiet zone for calibration process 

The quality of the quiet zone procedure characterizes the quiet zone performance of the anechoic chamber, specifically the effect of reflections within the anechoic chamber including any positioners and support structures. As the position of the reference antenna could be precise enough, any additional MU terms caused by the measurement-antenna radiation pattern would not be included in the calibration stage.
2.5-13

Reference antenna feed cable loss measurement uncertainty
Same as in B.1.1.4.13 of [2].
2.5-14

Uncertainty of the radiation efficiency of the calibration antenna

Since the antenna gain of a calibration antenna in the radiative near-field may not be known, the radiation power calculated by the power fed to the calibration antenna and its radiation efficiency shall be used as the ideal TRP power to be measured over-the-air. So the uncertainty of the radiation efficiency should be one of the MU elements in the NFWOTF setup.
Table 2.5.2  Uncertainty assessment for [EIRP and] TRP measurement (D=15cm)
	Description of uncertainty contribution
	Uncertainty Value
	Distribution of the probability
	Divisor
	Standard uncertainty (σ) [dB

	Stage 2: TRP Near Field DUT power measurement

	Positioning misalignment (NOTE 6)
	[0.00]
	Rectangular
	1.73
	[0.00]

	Quality of quiet zone (NOTE 5)
	[0.97]
	Actual
	1.00
	[0.97]

	Mismatch
	1.30
	Actual
	1.00
	[1.30]

	Uncertainty of the RF power measurement equipment  (NOTE 2)
	[0.10]
	Normal
	2.00
	[0.05]

	Amplifier uncertainties
	[2.00]
	Normal
	2.00
	[1.00]

	Random uncertainty
	0.40
	Rectangular
	1.73
	[0.23]

	Influence of the XPD
	0.68
	U-shaped
	1.41
	0.48

	Probe Pattern Effect 
	0.00
	Actual
	1.00
	0.00

	Multiple Reflections:  Coupling between Measurement Antenna and DUT
	[0.00]
	Normal
	2.00
	[0.00]

	Noise floor (NOTE 4)
	[1.27]
	Rectangular
	1.73
	[0.73]

	Stage 1: Calibration measurement

	Mismatch
	0.00
	Actual
	1.00
	0.00

	Reference antenna positioning misalignment
	0.00
	U-shaped
	1.41
	0.00

	Quality of quiet zone for calibration process
	[0.80]
	Actual
	1
	[0.8]

	Amplifier uncertainties
	0.00
	Normal
	2.00
	0.00

	Reference antenna feed cable loss measurement uncertainty
	0.29
	Rectangular
	1.73
	0.17

	Uncertainty of the radiation efficiency of the calibration antenna
	[1.63]
	Actual
	1.00
	[1.63]

	EIRP Expanded uncertainty (1.96σ - confidence interval of 95 %) [dB] (NOTE 3)
	[5.93]

	TRP Expanded uncertainty (1.96σ - confidence interval of 95 %) [dB]
	[5.47]

	NOTE 1: The analysis was done only for the case of operating at Tx-Spurious emission, OFF power, Rx-Spurious emission 
NOTE 2: The linearity of a spectrum analyzer
NOTE 3: The uncertainty for EIRP is only for TRP test procedure optimization.
NOTE 4: SNR 5.6dB is assumed as worst case scenario (OFF Power). The mean signal-level drops caused by the measurement-antenna radiation pattern are assumed to be 0.897dB and 1.048dB for TRP and EIRP respectively.
NOTE 5: The quality of quiet zone is different for EIRP and TRP. For TRP, the standard uncertainty is [0.97dB]; for EIRP, the standard uncertainty of quiet zone is [1.49dB].
NOTE 6: The positioning misalignment is different for EIRP and TRP. For TRP, the standard uncertainty is [0.00dB]; for EIRP, the standard uncertainty is [0.50dB].


2.6  Comparison between NFM without Near-to-Far Transform and DFF
The lowest TRP levels to be measured in UE RF test cases are shown in Table 2.1.2. The levels are so low that the SNR to be attained in each of the measurement setups should be a key testability factor. Here, the SNR values in the NFWOTF setup are compared with the ones in the DFF setup at several frequency points.
In the first five lines of Table 2.6.1, the distances between the centre of the rotation and the measurement antenna in the NFWOTF setup have been determined as shown in Figure 2.6.1, which would be the radiative near-field distance, and the typical SNR, which is the SNR in the case of having a signal source at the centre of the rotation, and the power deviation due to the noise floor are shown for the case of measuring the lowest TRP in Table 2.1.2. Although these conditions would be appropriate to make possible best SNR for each conditions, these are not necessarily the best conditions to attain the smallest MUs (measurement uncertainties); there remains room to improve the MUs in the first five lines of Table 2.6.1 as the following.
· By adjusting the distance between the centre of the rotation and the measurement antenna, the quality of the quiet zone degraded by the measurement antenna radiation pattern and DUT offset from the centre of rotation could be improved. (The total MU could be improved by making the distance between the centre of rotation and the measurement antenna longer than shown in Figure 2.6.1.)
· By adjusting the beam width of the measurement antenna, the quality of the quiet zone degraded by the measurement antenna radiation pattern and DUT offset from the centre of rotation could be improved.
In the last line of Table 2.6.1, the distances between the centre of the rotation and the measurement antenna in the NFWOTF setup have been determined as 1.5-times of the DUT size D=15cm, so that the quality of the quiet zone degraded by the measurement-antenna radiation pattern shall be alleviated. The estimated MUs in Table 2.5.2 are based on this condition.
In radiative near-field region, the gain of the measurement-antenna would be different from the one in the far-field. We have confirmed that practical horn antennas have different gains at the measurement distances in Table 2.6.1 (DUT_size/2+Min.RadiativeNF[m]), but the shape of the radiation pattern is similar with the one in the far-field and don’t have complicated beam peaks by a simulation based on the Huygens’ principle.

In Table 2.6.2, the typical SNR in the DFF setup, which is the SNR in the case of having a signal source at the centre of the rotation, and the power deviation due to the noise floor in DFF setup are shown for the case of measuring the lowest TRP in Table 2.1.2. The OFF power measurement at 43.5GHz makes the worst SNR value -4.2dB, which cause power deviation 5.61dB. Taking also account of the fact that the DFF setup can’t be applied to the measurements in D=15cm cases, the MU in the NFWOTF setup can be understood to be much better than the one in the DFF setup.
Observation8: Even the lowest TRP levels in UE RF test cases can be measured in NFWOTF setup with the SNR as well as 7.9dB, assuming the measurement antenna gain of 10dB, the NF of 10dB, Device size=15cm, while the same lowest TRP levels can’t be measured directly in DFF setup having -4.2dB SNR in 43.5GHz.
Proposal1: The NFWOTF setup should be adopted as one of the permitted measurement setups, which has the strong point that it can keep better SNR even in low PSD test cases.

Table 2.6.1  Minimum radiative near-field distances and Power deviation due to SNR in NFWOTF setup 

(NF = 10dB. , DUT_size = 15cm)
	Frequency [GHz]
	[image: image51.png]27



 [m]
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 [m]
	Min.
Radiative NF distance [m]
	Centre of rotation to Meas.Ant distance [m]
	Path-loss [dB] (Note3)
	Meas. Ant. gain [dBi]
	Target Level [dBm/Hz]
	SNR [dB]
	Power deviation due to SNR [dB]

	1.0 
	0.0477 
	1.153 
	1.153 
	1.228 (Note1)
	34.2 
	10.0
	-107.0 
	32.8 
	0.00 

	6.0 
	0.0080 
	0.192 
	0.192 
	0.267 (Note1)
	36.5 
	10.0
	-107.0 
	30.5 
	0.00 

	24.0 
	0.0020 
	0.048 
	0.048 
	0.123 (Note1)
	41.8 
	10.0
	-120.8 
	11.4 
	0.31 

	43.5 
	0.0011 
	0.027 
	0.027 
	0.102 (Note1)
	45.3 
	10.0
	-120.8 
	7.9 
	0.66 

	87.0 
	0.0005 
	0.013 
	0.013 
	0.088 (Note1)
	50.1 
	10.0
	-107.0 
	16.9 
	0.09 

	45.5
	0.0011 
	0.027 
	0.027 
	0.225 (Note2)
	52.3
	14.70
	-120.8
	5.6
	1.05


(Note1) Centre of rotation to Meas.Ant distance is determined as shown in Figure 2.6.1.
(Note2) Centre of rotation to Meas.Ant distance is determined as 1.5-times of the device size D=15cm.
(Note3) Path-loss here means an attenuation rate of the mean power density. Although the path-loss in the radiative near-field does not precisely follow the free space path-loss equation, the mean power density drops at the same rate as the free-space path-loss, because the constant TRP divided by the spherical area size makes the mean power density.
Table 2.6.2  Power deviation due to SNR in DFF setup (NF = 10dB. D in Table A.1.2 assumed.)
	Frequency [GHz]
	2*D^2/ lambda [m]
	Path-loss [dB]
	Target Level [dBm/Hz]
	SNR [dB]
	Power deviation due to SNR [dB]

	1.0 
	4.639 
	45.8 
	-107.0 
	26.2 
	0.01 

	6.0 
	1.186 
	49.5 
	-107.0 
	22.5 
	0.02 

	24.0 
	0.400 
	52.1 
	-120.8 
	6.1 
	0.95 

	43.5 
	0.725 
	62.4 
	-120.8 
	-4.2 
	5.61 

	87.0 
	1.450 
	74.5 
	-107.0 
	-2.5 
	4.41 
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Figure 2.6.1  Minimum distance between the centre of rotation and the measurement antenna in NFWOTF setup
2.7  Consideration on TRP Test Procedure Optimization for Spurious Emission
As discussed in 2.6, the main merit of the NFWOTF setup is to be able to measure TRP with better SNR even in low power-spectrum-density cases, which means that the NFWOTF setup should be useful for spurious emission measurements. Since it takes a long time to perform spurious emission measurements in a straight direct way, the TRP test procedure optimization method has been devised as shown in [3], where the following concept is used to skip measuring TRP by just knowing the maximum EIRP.
· According to the definition of EIRP, the maximum EIRP of all the EIRPs at all three-dimensional directions should be bigger than or equal to TRP. This means reporting a maximum EIRP result below a TRP limit is sufficient to show compliance with the respective TRP limit.
Observation9: It should be understood that EIRP values to be measured in the radiative near-field could be different from the one in the far-field. Even in the radiative near-field measurements, however, the same concept as in the far-field that the maximum EIRP should be bigger than or equal to TRP can be applied, because it is also true in radiative near-field that integrating EIRP makes TRP.
The idea in Observation9 can be explained by the following equations.
(i) TRPfarfield = average(EIRPifarfield)
· TRPfarfield <= Max(EIRPifarfield)
(ii) TRPnearfield = average(EIRPinearfield)
· TRPnearfield <= Max(EIRPinearfield)
(iii) TRPfarfield= TRPnearfield
· TRPfarfield <= Max(EIRPinearfield)


3.  Conclusion
In this paper, the following observations and a proposal were made.
Observation1: The lowest power densities to be measured over-the-air in UE RF tests are so low that it seems necessary to think of another permitted measurement setup having strong points in measuring low-level TRPs.

Observation2: The minimum measurement distance in the radiative near-field should be determined not only by the radiative near-field criteria ([image: image53.png]r> A/2m



) but also the requirement to sample the DUT-radiation pattern independently enough with a required sampling interval.
Observation3: By adjusting the distance between the DUT and the measurement antenna so that the radiative near-field criteria and the condition to sample the DUT-radiation pattern independently enough are met while keeping the distance as short as possible, it would be possible to curtail the large path-loss in mmWave, which is beneficial to secure a good SNR condition.

Observation4: The NFWOTF setup can be applied to any of Black-box, Gray-box and White-box approach depending on the conditions.

Obervation5: Even without knowing the gain value of the calibration antenna in the radiative near-field region, the calibration can be performed by comparing the measured TRP with the radiation power calculated by the power fed to the reference antenna through the cable and the radiation efficiency.
Observation6: If we can estimate the worst TRP deviation due to the radiation pattern of the measurement antenna, which spans only towards minus direction, it would be possible to compensate the deviation so that the uncertainty range spans over plus and minus symmetrically.

Observation7: Considering the fact that what is called the spurious in LTE spec was the one coming out of the antenna connectors, the spurious to be measured in NR in FR2 should also be the one coming out of the active antennas. So even in spurious test cases, there could be the concept of White-box approach or Gray-box approach, and the D size could be the declared antenna size.

Observation8: Even the lowest TRP levels in UE RF test cases can be measured in NFWOTF setup with the SNR as well as 7.9dB, assuming the measurement antenna gain of 10dB, the NF of 10dB, Device size=15cm, while the same lowest TRP levels can’t be measured directly in DFF setup having -4.2dB SNR in 43.5GHz.
Proposal1: The NFWOTF setup should be adopted as one of the permitted measurement setups, which has the strong point that it can keep better SNR even in low PSD test cases.
Observation9: It should be understood that EIRP values to be measured in the radiative near-field could be different from the one in the far-field. Even in the radiative near-field measurements, however, the same concept as in the far-field that the maximum EIRP should be bigger than or equal to TRP can be applied, because it is also true in radiative near-field that integrating EIRP makes TRP.
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Appendix A
A.1  Horn Antennas assumed for Calculations
For the purpose of SNR estimation in 2.6, the standard gain horn antennas are assumed to be the characteristics of the measurement antenna in the NFWOTF setup and DFF setup. Although an actual measurement antenna should be a cross-polarized one, the radiation patterns of the standard gain horn antennas, which are linear polarized antennas, are used as typical and realistic radiation patterns for one of the polarizations.

In Table A.1.1 and Table A.1.2, the horn-antenna sizes are listed, where the definitions of W, H and rho1/2 are as shown in Figure A.1.1. The far-field distances based on the D size of “max{the measurement antenna size (D(horn)), the AUT size (5cm)}” are shown in Table A.1.2.
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Figure A.1.1  Pyramidal horn size definition

Table A.1.1  10-dB horn-antenna sizes assumed to be used for NFWOTF
	Frequency [GHz]
	Waveguide band
	W [m]
	H [m]
	rho1/2 [m]

	1.0 
	WR770
	0.384 
	0.284 
	0.570 

	6.0 
	WR159
	0.072 
	0.055 
	0.155 

	24.0 
	WR34
	0.018 
	0.014 
	0.038 

	43.5 
	WR22
	0.013 
	0.010 
	0.063 

	87.0 
	WR12
	0.007 
	0.007 
	0.045 


Table A.1.2  15-dB horn-antenna sizes assumed to be used for DFF
	Frequency [GHz]
	Waveguide band
	W [m]
	H [m]
	D(horn) [m]
	D= max{D(horn), 0.05} [m]

	1.0 
	WR770
	0.667 
	0.501 
	0.834 
	0.834 

	6.0 
	WR159
	0.138 
	0.103 
	0.172 
	0.172 

	24.0 
	WR34
	0.031 
	0.022 
	0.038 
	0.050 

	43.5 
	WR22
	0.021 
	0.014 
	0.025 
	0.050 

	87.0 
	WR12
	0.011 
	0.008 
	0.013 
	0.050 


A.2  Estimation of MU
It is explained here how the MU-element values shown in Table 2.5.2 have been derived.
A.2.1  Positioning misalignment
The positioning misalignment doesn’t affect the TRP measurement uncertainty, because the total radiated power through the whole sphere area does not depend on the position of the antenna under test. That explains NOTE 6 in Table 2.5.2.
A.2.2  Quality of the quiet zone
The quality of the quiet zone for the calibration process is assumed to be equivalent to the one for the DFF (Direct Far-Field) measurement setup, which, however, doesn’t include the effects of offset from the centre of the rotation; the value is assumed to be [0.80dB] here.
The quality of the quiet zone for the DUT measurement stage is calculated as RSS between the same value as the quality of the quiet zone for the calibration process (0.8dB) and the effects of the measurement-antenna radiation pattern. The effects of the measurement-antenna radiation pattern have been calculated assuming that omni-directional signal sources could be placed within a square area just fit into the quiet-zone circle (the quiet-zone circle here means the circle created by cutting the quiet-zone sphere by a plane crossing the centre of the rotation); the calculated values are 0.551dB and 1.252dB for TRP and EIRP respectively.
· TRP 
: [image: image54.png]v0.5512 + 0.80% = 0.97




· EIRP
: [image: image55.png]V1.2522 + 0.80% = 1.49




A.2.3  Uncertainty of the RF power measurement equipment
Since the absolute value of TRP/EIRP should be determined through the calibration measurement (Stage1), the only concerned performance of the RF power measurement equipment is linearity. The value of [0.01dB] is the linearity of a spectrum analyzer.
A.2.4  Multiple Reflections: Coupling between Measurement Antenna and DUT
Since the effects of multiple reflections could be avoided somehow, for example by tilting a little bit the measurement antenna surface towards the DUT, the value of 0.00dB has been adopted for the meantime in Table 2.5.2.
A.2.5  Noise floor
Ideally, the only signal power should be measured. But actually, not only the signal power but also the noise power shall be measured additionally. Assuming that the worst SNR is 5.6dB in the OFF power measurement scenario and that the mean signal-level drops caused by the measurement-antenna radiation pattern are 0.897dB and 1.048dB for TRP and EIRP respectively, the measurement power could have offset as much as :
· For TRP :
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· For EIRP :
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A.2.3  Uncertainty of the radiation efficiency of the calibration antenna
The power loss due to the radiation efficiency of the calibration antenna can be calculated as the difference between a power fed to the reference antenna through the cable and a measured TRP from the reference antenna.
  Lrefant [dB] = P0 - TRPref0
Here,
P0 [dBm] 
: Measured power fed to the reference antenna through the cable

Lrefant [dB] 
: Power loss in the reference antenna due to the radiation efficiency

TRPref0 [dBm] 
: TRP measured at far-field using the reference antenna
So the uncertainty of Lrefant [dB] can be calculated by RSS of uncertainties of P0 [dBm] and TRPref0 [dBm].
The uncertainty of P0 [dBm] is assumed to be the measurement uncertainty of a power meter; the value here is 0.55[dB].
The measurement uncertainty of TRPref0 [dBm] can be calculated as shown in Table A.2.1, which is based on Table B.1.1.3-1 of TR38.810 [2], because the TRP is assumed here to be measured by the DFF setup. The red-colored values in Table A.2.1 are modified based on the justification written on the same table.
The standard uncertainty of the radiation efficiency of the calibration antenna can be calculated as:

  [image: image67.png]V1.53% + 0.552 = 1.63




Table A.2.1  MU of TRP measured at far-field using the reference antenna
	UID
	Uncertainty source
	Un-

certainty value
	Distribution of the probability
	Divisor 
	Standard uncertainty (σ) [dB]
	Justification for modifications of MU-element values

	Stage 2: DUT measurement

	1
	Positioning misalignment
	0
	Rectangular
	1.73
	0.00 
	Positioning misalignment does not make any difference in TRP measurement.

	2
	Measure distance uncertainty
	0
	Rectangular
	1.73
	0.00 
	Measurement distance does not make any difference in TRP measurement.

	3
	Quality of quiet zone (NOTE 2)
	1
	Actual
	1
	1.00 
	

	4
	Mismatch (NOTE 3)
	0
	Actual
	1
	0.00 
	There shall be no mismatch, as the connection is common for both of the calibration and measurement stages. The reason why the connection is common is that what needs to be measured is TRP of the reference antenna itself.

	5
	Absolute antenna gain uncertainty of the measurement antenna
	0
	Normal
	2
	0.00 
	

	6
	Uncertainty of the RF power measurement equipment (NOTE 4)
	1
	Normal
	2
	0.50 
	Required performance for the RF power measurement equipment is only linearity, because the absolute power shall be derived based on the calibration; the value of 1dB can be fulfilled w.r.t the linearity.

	7
	Phase curvature
	0
	U-shaped
	1.41
	0.00 
	

	8
	Amplifier uncertainties
	0
	Normal
	2
	0.00 
	No amplifier shall be necessary for the TRP measurement here, as long as the power to be measured is selected as strong enough power.

	9
	Random uncertainty
	0.4
	Rectangular
	1.73
	0.23 
	

	10
	Influence of the XPD
	0.68
	U-shaped
	1.41
	0.48 
	

	Stage 1: Calibration measurement

	11
	Mismatch
	0
	U-shaped
	1.41
	0.00 
	

	12
	Reference antenna positioning misalignment
	0.29
	Rectangular
	1.73
	0.17 
	

	13
	Quality of quiet zone for calibration process (NOTE 2)
	0
	Actual
	1
	0.00 
	The TRP measurement here is for the calibration antenna itself, so the calibration and the measurement stages can be commonly performed; the calibration can be performed using commonly one of the measured EIRP values for TRP measurement, That is the reason why the quality of quiet zone at calibration stage can be regarded as 0dB.

	14
	Amplifier uncertainties
	0
	Normal
	2
	0.00 
	

	15
	Uncertainty of the Network Analyzer
Uncertainty of the power meter
	0.55
	Normal
	2
	0.28 
	The power fed to the reference antenna can be confirmed by using a power meter. (The uncertainty of the power meter is assumed to be 0.55dB here.)

	16
	Reference antenna feed cable loss measurement uncertainty
	0
	Rectangular
	1.73
	0.00 
	The power fed to the reference antenna is assumed to be confirmed at the end of the cable to be connected to the reference antenna.

	17
	Uncertainty of an absolute gain of the calibration antenna
	1.6
	Normal
	2
	0.80 
	

	18
	Positioning and pointing misalignment between the reference antenna and the receiving antenna
	0.35
	Rectangular
	1.73
	0.20 
	

	19
	Phase centre offset of calibration antenna
	0
	Rectangular
	1.73
	0.00 
	The phase-centre shift of the reference antenna should not cause any impact on the TRP measurement uncertainty.

	TRP Standard uncertainty (1.00σ) [dB]
	1.53
	

	TRP Expanded uncertainty (1.96σ - confidence interval of 95 %) [dB]
	2.99
	

	NOTE 1: The impact of phase variation on EIRP is FFS.

	NOTE 2: The quality of quiet zone is different for EIRP and TRP. For TRP, the standard uncertainty is [1dB]; for EIRP, the standard uncertainty of quiet zone is [1.5dB].

	NOTE 3:  The analysis was done only for the case of operating at max output power, in-band, non-CA.

	NOTE 4: The assessment assumes maximum DUT output power.

	　


A.3  Radiative near-field region
In Figure A.3.1, the physical image that the boundary between the reactive near-field and the radiative near-field is determined by [image: image68.png]


 irrespective of the size D of the antenna is shown based on the understanding that any antenna structure may be considered as composed of small dipoles.
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Figure A.3.1  Boundary between the reactive near-field and the radiative near-field
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In Figure 10.2.2.5-2 of [1], the boundary distance between the reactive near-field and the radiative near-field is shown to be calculated as [image: image69.png]0.62
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. However, this equation has been originally derived with the geometrical idea shown in Figure A.3.2 [6].  The distance of [image: image70.png]0.62
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 can be derived with the condition that the maximum value of the fourth term of the Taylor-expanded equation in Figure A.3.2 becomes 1/16 of the wave-length. In short, the distance of [image: image71.png]0.62
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 has nothing to do with the concept of the physical phenomenon of “Reactive” energy staying around an antenna.
Figure A.3.2   Linear-signal source with length D and distances to an observation point
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