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Introduction
[bookmark: _Hlk47108417]This contribution outlines our view on topic #1 (Test methodology for high DL power and low UL power test cases) of the Enhanced Testability SI [1]. Simulations for the CFFDNF and the CFFNF methodologies were performed to determine the uncertainties for these methodologies. This contribution is largely based on the latest RAN4#98bis-e contribution on this topic with several new Annexes outlining information requested in RAN4#98bis-e, e.g., Annex B, G, and H. 
CFFDNF and CFFNF Methodologies
The two methodologies considered for conformance testing with much reduced relaxations compared to the de-facto permitted IFF methodology are [4][5]: 
· The Combined far-field/near-field (CFFNF) methodology
· The Combined far-field/direct-near-field (CFFNF) methodology
These methodologies are defined in TR38.884 as follows [5]: 
	-	The Combined far-field/near-field (CFFNF) system utilizing a transform-based approach  assumes that the UE beamlock function (UBF) activation is performed towards the FF beam peak direction based on the far-field method and then test case procedures are performed with measurement probe(s) in the NF of the DUT. 
-	Combined far-field/direct-near-field (CFFDNF) system assumes that the UE beamlock function (UBF) activation is performed towards the FF beam peak direction based on the far-field method and then test case procedures are performed based on the direct near-field method. 


Both methodologies have in common that a FF probe, e.g., reflector&feed probe from the IFF methodology, is used for the test cases that are not considered low UL power/high DL power. This FF probe is used for the low UL/high DL power test cases to steer and lock the beam in the known FF direction before the NF measurements are performed with a NF probe that exhibits much lower free-space path losses. An example test setup of such hybrid system is shown in Figure 1.
The main differences between the two measurement approaches are outlined in Table 1. More information on the test procedures are outlined in Annex A and B. 
[bookmark: _Ref67322544]Table 1: Main differences between CFFDNF and CFFNF measurement approaches
	►Methodology ►
▼Test Approach▼
	CFFDNF
	CFFNF

	Black Box
	N/A
	Wide local search at initial radius r1, narrow local searches at radii r2, r3, i.e., multiple NF measurements at r1, r2, and r3

	Black&white-box
	Single NF measurement or wide local search at r1 (further investigated in Annex C)
	Single NF measurements at r1, and r2



[image: ]
[bookmark: _Ref54195200]Figure 1: Hybrid NF/(I)FF test setup suitable for NF measurements utilizing black-box approach [Figure 16 of [4]]. 
The applicability of the two methodologies are outlined in detail in [5] and summarized in Table 2. Additional changes to this table could be made following the discussions in RAN4#99-e. 
[bookmark: _Ref67320689]Table 2: Applicability of CFFDNF and CFFNF
	►Test Case ►
	BP Searches & Spherical Coverage
	TRP
	EIRP/EIS

	►Methodology ►
▼Test Approach▼
	CFFDNF
	CFFNF
	CFFDNF
	CFFNF
	CFFDNF
	CFFNF

	Black Box
	Yes (FF)
	Yes (FF)
	Yes (Note 1)
	No (Note 6)
	No (Note 7)
	Yes (Note 4)

	Black & White Box
	Yes (FF)
	Yes (FF)
	Yes (Note 2)
	No (Note 6)
	Yes (Note 3)
	Yes (Note 5)

	Note 1: At >32cm, no offset compensation is required. If offset is determined from CFFNF approach, range length ≤32cm are applicable with offset approach
Note 2: At range length ≤32cm, offset compensation is required while at >32cm, no offset compensation is required. 
Note 3: Whether a local search to determine the NF test direction and/or optimize EIRP/EIS is FFS; min. range lengths are FFS
Note 4: Three radii approach with local searches can be used; EIRP/EIS can be approximated at very close distances (~22cm PC3; ~27cm PC1); unknown offset can be estimate accurately; other approaches no precluded
Note 5: Two radii approach without local searches can be used; EIRP/EIS can be approximated at very close distances (~21cm PC3; ~26cm PC1); other approaches no precluded
Note 6: not applicable since this approach is test time prohibitive
Note 7: This can be revised whenever empirical methods to determine the offset location are shown feasible





Simulation Assumptions for CFFDNF and CFFNF
The simulation assumptions for the CFFDNF and CFFNF methodologies are summarized in Table 3 for CFFNF and CFFDNF. 
[bookmark: _Ref66190314][bookmark: _Hlk66208745]Table 3: Simulation assumptions for CFFDNF and CFFNF simulations
	Parameter
	Value(s)/Assumptions
	Comment

	Methodology
	CFFDNF: with black&white-box approach
CFFNF: with black-box and black&white-box approach
	

	Simulation Frequency [GHz]
	28 (others are not precluded)
	

	UE Antenna Array Configuration
	PC3: 8x2 and 4x1
PC1: 12x12
	

	Beam Steering Assumptions
	N/A
	Not needed for CFFDNF as beam peak searches and spherical coverage measurements are based on FF probe

	HPBW of Individual Array Element
	90o/90o
	as suggested in [3]

	Offsets of Active Array Panel
	PC3 8x2&4x1:
0 ≤ xoffset ≤ 12.5cm
-12.5cm ≤ yoffset ≤ 12.5cm
-12.5cm ≤ zoffset ≤ 12.5cm
(The maximum radial offset cannot exceed 12.5cm)
 
PC1 12x12:
0 ≤ xoffset ≤ 10 cm
-10cm ≤ yoffset ≤ 10cm
-10cm ≤ zoffset ≤ 10cm
(The maximum radial offset cannot exceed 10cm)
	Offsets should be picked randomly (for uniform distribution)

Min of 500 offsets selected randomly with uniform distribution


	Path Loss Correction
	Compensation of antenna array offset
	Path loss applied to the EIRP measurements is not referenced to the centre of QZ but to the phase centre of the active antenna array

	NF Measurement Direction
	Determined theoretically from range length, FF BP direction, and array offsets
	Local search is not precluded

	Probe antenna pattern/gain compensation
	1. [bookmark: _Ref67316449]With compensation (uniform pattern assumed in simulations)
2. Without compensation (typical horn pattern with ~50o HPBW pattern applied)
	

	Tool Used for Simulations
	Matlab or EM simulator
	

	Range Lengths
	CFFDNF: 20cm, 25cm, 30cm, 35cm, 40cm, 45cm, 20m
	




EIRP Simulation Results for CFFDNF
The EIRP simulations for the CFFDNF methodology were performed using Matlab and CST with the assumptions outlined in Table 3; additional details and simulation results are outlined in Annex C of this contribution which provide more detailed information of the assumptions and additional background on the simulation results. Some of the relevant observations from Annex C are listed below:
	Observation 3: When performing measurements in the NF with CFFDNF methodology assuming the black&white-box approach, the path loss and probe antenna pattern must be compensated
Observation 4: CFFDNF simulations with 250 random offsets approximate the MUs (mean error and standard deviation) very well
Observation 5: CFFDNF simulations at 49GHz yield smaller MUs than at 28GHz.
Observation 6: A local search to determine the optimized NF beam peak direction/EIRP after pathloss and feed pattern compensation is not necessary.
Observation 7: The Matlab and CST antenna array patterns in the NF and FF are very similar.
Observation 8: The Matlab and CST MU analyses for CFFDNF with black&white-box approach yield very similar MU results.


As outlined in Annex C, reasonable MUs can be achieved only when not just the antenna panel offset is compensated but also the probe antenna pattern is compensated. The results for the mean error (from the FF reference EIRP) and the standard deviation of the 100k simulations for the three different antenna configurations is shown in Table 4. These results assume that the known array offset and the feed antenna patterns are compensated. Clearly, the 4x1 antenna configuration allows accurate NF measurements with insignificant MUs for 20cm range lengths, while the 8x2 antenna configurations allows accurate NF measurements with insignificant MUs down to 45cm range lengths; MUs in excess of ~0.5dB would apply for a range length of 20cm. The PC1 12x12 antenna configuration requires measurement uncertainties of ~0.5dB for range lengths exceeding 45cm. 
[bookmark: _Ref67480703]Table 4: CFFDNF simulation results utilizing black&white-box with antenna array offset and feed antenna pattern compensated. 
	Antenna Configuration
	Range Length [m]
	|Mean EIRP Error| w.r.t. FF [dB]
	Std. Dev of EIRP at NF BP [dB]

	4x1
	0.2
	0.04
	0.02

	
	0.25
	0.02
	0.01

	
	0.3
	0.01
	0.00

	
	0.35
	0.01
	0.00

	
	0.4
	0.01
	0.00

	
	0.45
	0.00
	0.00

	
	20
	0.00
	0.00

	8x2
	0.2
	0.48
	0.22

	
	0.25
	0.23
	0.08

	
	0.3
	0.14
	0.04

	
	0.35
	0.09
	0.02

	
	0.4
	0.07
	0.01

	
	0.45
	0.05
	0.01

	
	20
	0.00
	0.00

	12x12
	0.2
	3.41
	1.09

	
	0.25
	1.84
	0.44

	
	0.3
	1.16
	0.22

	
	0.35
	0.80
	0.13

	
	0.4
	0.59
	0.08

	
	0.45
	0.45
	0.05

	
	20
	0.00
	0.00



Based on these simulation results, the following observations were made in Annex C:
	Observation 2: The CFFDNF methodology assuming the black&white-box approach with array offsets and the probe antenna pattern compensated is suitable for EIRP/EIS measurements with insignificant MU for PC3 devices with 8x2 antenna configuration when range length is greater or equal to 45cm. At smaller range lengths, small MUs (>0dB) must be applied to the measurements.
Observation 9: The CFFDNF methodology assuming the black&white-box approach with array offsets and the probe antenna pattern compensated is suitable for EIRP/EIS measurements with insignificant MU for PC3 devices with 4x1 antenna configuration when range length is greater or equal to 20cm.
Observation 10: The CFFDNF methodology assuming the black&white-box approach with array offsets and the probe antenna pattern compensated is suitable with small MUs (>0dB) for EIRP/EIS measurements for PC1 devices with 12x12 antenna configuration when range length is greater or equal to 45cm.





TRP Simulation Results for CFFDNF
The TRP simulations using Matlab for the CFFDNF methodology were performed based on the same assumptions outlined in Table 3. The results are summarized in Table 5 for the 8x2 antenna configuration.
[bookmark: _Ref68187697]Table 5: CFFDNF TRP simulation results with and without path loss correction. 
	Antenna Configuration
	Range Length [cm]
	Constant Density Grid Step Size Dq=Df [o]
	With Path Loss Correction
	Without Path Loss Correction

	
	
	
	|Mean TRP Error| [dB]
	TRP Std. Dev. [dB]
	|Mean TRP Error| [dB]
	TRP Std. Dev. [dB]

	8x2
	20
	5
	0.01
	0.04
	0.39
	0.24

	
	
	10
	0.03
	0.17
	0.39
	0.29

	
	25
	5
	0.02
	0.02
	0.24
	0.14

	
	
	10
	0.03
	0.08
	0.24
	0.16

	
	30
	5
	0.02
	0.01
	0.16
	0.09

	
	
	10
	0.03
	0.04
	0.16
	0.10

	
	35
	5
	0.02
	0.01
	0.12
	0.07

	
	
	10
	0.04
	0.03
	0.12
	0.07

	
	40
	5
	0.02
	0.01
	0.09
	0.05

	
	
	10
	0.04
	0.03
	0.09
	0.05



The results show that 
· no additional MU is needed for range lengths exceeding 20cm if the path loss correction is applied for measurement grids with step size of at most 5o. 
· no additional MU is needed for range lengths exceeding 25cm if the path loss correction is applied for measurement grids with step size of at most 10o. 
· no additional MU is needed for range lengths exceeding 40cm if the path loss correction is not applied for measurement grids with step size of at most 10o.
[bookmark: _Ref68104215]Observation 1: For PC3 TRP analyses based on the CFFDNF approach, 
- no additional MU is needed for range lengths exceeding 20cm if the path loss correction is applied for measurement grids with step size of at most 5o
- no additional MU is needed for range lengths exceeding 25cm if the path loss correction is applied for measurement grids with step size of at most 10o
- no additional MU is needed for range lengths exceeding 40cm if the path loss correction is not applied for measurement grids with step size of at most 10o


EIRP Simulation Results for CFFNF
The EIRP simulations for the CFFNF methodology were performed using CST with the assumptions outlined in Table 3 with exceptions and clarifications outlined in Annex D and Annex E of this contribution. The results for CFFNF using the black, black&white-box approaches are summarized in Table 6 and compared to the CFFDNF results using the black&white-box approach for the 8x2 and the 12x12 antenna configurations.
[bookmark: _Ref68188717]Table 6: Statistical results of 500 EIRP CFFNF & CFFDNF CST simulations based on black&white-box approach with random 8x2 (12x12) antenna array offsets uniformly spaced within 12.5cm (10cm) in a single hemisphere. The antenna array offsets and probe pattern were compensated.
	Antenna Configuration
	Method
	Range Length(m)
	|Mean Error| (dB)
	Std. Dev (dB)

	8x2
	CFFNF 
Black Box
	0.22
	0.04
	0.13

	
	
	0.27
	0.04
	0.06

	
	
	0.32
	0.04
	0.05

	
	CFFNF 
B&W Box
(r2=r1+1cm)
	0.21
	0.04
	0.04

	
	
	0.26
	0.03
	0.03

	
	
	0.31
	0.03
	0.03

	
	CFFNF 
B&W Box
(r2=r1+2cm)
	0.22
	0.04
	0.04

	
	
	0.27
	0.03
	0.04

	
	
	0.32
	0.03
	0.04

	
	CFFDNF 
B&W Box
	0.20
	0.42
	0.19

	
	
	0.25
	0.22
	0.07

	
	
	0.30
	0.14
	0.04

	12x12
	CFFNF 
B&W Box
(r2=r1+1cm)
	0.26
	0.36
	0.15

	
	
	0.31
	0.18
	0.07

	
	
	0.36
	0.10
	0.05

	
	CFFNF 
B&W Box
(r2=r1+2cm)
	0.27
	0.36
	0.15

	
	
	0.32
	0.18
	0.07

	
	
	0.37
	0.10
	0.05

	
	CFFDNF 
B&W Box
	0.25
	1.98
	0.47

	
	
	0.30
	1.26
	0.24

	
	
	0.35
	0.89
	0.14

	Note: 
The range length for CFFNF with black&white-box approach is reported for radius r2>r1.
The range length for CFFNF with black-box approach is reported for radius r3>r2>r1 and r3=r2+1=r1+2cm.



Some of the relevant observations from Annex D are listed below for the black&white-box approach:
	Observation 11: The CFFNF methodology assuming the black&white-box approach with array offsets and the probe antenna pattern compensated is suitable for EIRP/EIS measurements with insignificant MU for PC3 devices with 8x2 antenna configuration when range length is greater or equal to 21cm.
Observation 12: The CFFNF methodology assuming the black&white-box approach with array offsets and the probe antenna pattern compensated is suitable for EIRP/EIS measurements with small MU for PC1 devices with 12x12 antenna configuration when range length is greater or equal to 31cm.



Some of the relevant observations from Annex E are listed below for the black-box approach:
	Observation 13: Local searches of the CFFNF methodology using black box approach can be accelerated using coarse&fine search grids and continuous scan measurements.
Observation 14: The CFFNF methodology with black&white box has lower MUs than the CFFNF methodology with black box which has lower MUs than CFFDNF methodology with black&white box.
Observation 15: the combination of black and black&white-box approaches using the hybrid CFFNF approach allows the black-box approach to be applied to one low UL power test case while the black&white box approach can be applied to the remaining low UL power test cases.



Given the presented results, procedures, impact of SNR and power measurement uncertainties on MU, it is proposed to continue to consider all three methodologies for low UL power and high DL power test cases: CFFDNF using black&white-box approach, CFFNF using black&white-box approach, and CFFNF using black-box approach in the TR 38.884
[bookmark: _Ref68104219]Proposal 1: Incorporate the presented information on CFFDNF using black&white-box approach, CFFNF using black&white-box approach, and CFFNF using black-box approach into TR 38.884
It was determined that CFFNF and CFFDNF methodologies require the compensation of path loss (w.r.t. to the active antenna array) and the compensation of the probe antenna pattern. It is therefore proposed to capture this accordingly in TR 38.884.
[bookmark: _Ref68267770]Proposal 2: Capture in TR 38.884 that CFFNF and CFFDNF methodologies require the compensation of the path loss (w.r.t. to the active antenna array) and the compensation of the probe antenna pattern


Conclusion
The following observations and proposals were made in this contribution
Observation 1: For PC3 TRP analyses based on the CFFDNF approach, 
- no additional MU is needed for range lengths exceeding 20cm if the path loss correction is applied for measurement grids with step size of at most 5o
- no additional MU is needed for range lengths exceeding 25cm if the path loss correction is applied for measurement grids with step size of at most 10o
- no additional MU is needed for range lengths exceeding 40cm if the path loss correction is not applied for measurement grids with step size of at most 10o
Observation 2: The CFFDNF methodology assuming the black&white-box approach with array offsets and the probe antenna pattern compensated is suitable for EIRP/EIS measurements with insignificant MU for PC3 devices with 8x2 antenna configuration when range length is greater or equal to 45cm. At smaller range lengths, small MUs (>0dB) must be applied to the measurements.
Observation 3: When performing measurements in the NF with CFFDNF methodology assuming the black&white-box approach, the path loss and probe antenna pattern must be compensated
Observation 4: CFFDNF simulations with 250 random offsets approximate the MUs (mean error and standard deviation) very well
Observation 5: CFFDNF simulations at 49GHz yield smaller MUs than at 28GHz.
Observation 6: A local search to determine the optimized NF beam peak direction/EIRP after pathloss and feed pattern compensation is not necessary.
Observation 7: The Matlab and CST antenna array patterns in the NF and FF are very similar.
Observation 8: The Matlab and CST MU analyses for CFFDNF with black&white-box approach yield very similar MU results.
Observation 9: The CFFDNF methodology assuming the black&white-box approach with array offsets and the probe antenna pattern compensated is suitable for EIRP/EIS measurements with insignificant MU for PC3 devices with 4x1 antenna configuration when range length is greater or equal to 20cm.
Observation 10: The CFFDNF methodology assuming the black&white-box approach with array offsets and the probe antenna pattern compensated is suitable with small MUs (>0dB) for EIRP/EIS measurements for PC1 devices with 12x12 antenna configuration when range length is greater or equal to 45cm.
Observation 11: The CFFNF methodology assuming the black&white-box approach with array offsets and the probe antenna pattern compensated is suitable for EIRP/EIS measurements with insignificant MU for PC3 devices with 8x2 antenna configuration when range length is greater or equal to 21cm.
Observation 12: The CFFNF methodology assuming the black&white-box approach with array offsets and the probe antenna pattern compensated is suitable for EIRP/EIS measurements with small MU for PC1 devices with 12x12 antenna configuration when range length is greater or equal to 31cm.
Observation 13: Local searches of the CFFNF methodology using black box approach can be accelerated using coarse&fine search grids and continuous scan measurements.
Observation 14: The CFFNF methodology with black&white box has lower MUs than the CFFNF methodology with black box which has lower MUs than CFFDNF methodology with black&white box.
Observation 15: the combination of black and black&white-box approaches using the hybrid CFFNF approach allows the black-box approach to be applied to one low UL power test case while the black&white box approach can be applied to the remaining low UL power test cases.
Observation 16: The asymptotic expansion approach for CFFNF methodology is limited to EIRP/EIS approximation at/near the beam peak direction
Observation 17: The asymptotic expansion approach formulation presented in this contribution yields good estimates of EIRP/EIS based on measurements in the radiative NF
Observation 18: The CFFNF approach shows good agreements with measurements in both FR1 and FR2.
Observation 19: The simulated mean EIRP errors for DFF/IFF and CFFDNF with a single range length as a function of SNR match the analytical Influence of Noise MUs very well.
Observation 20: The asymptotic expansion approach has a small effect on the mean EIRP error with respect to the FF reference especially at low SNR when compared to the analytical Influence of Noise term for the largest radius/measurement distance.
Observation 21: Regardless of the reference IFF/DFF SNR, the Influence of Noise for CFFNF is still smaller than CFFDNF due to the improved SNR/reduced FSPL
Observation 22: The effect of relative power measurement uncertainties applied to the NF measurements have no significant effect on the FF EIRP MUs.
Proposal 1: Incorporate the presented information on CFFDNF using black&white-box approach, CFFNF using black&white-box approach, and CFFNF using black-box approach into TR 38.884
Proposal 2: Capture in TR 38.884 that CFFNF and CFFDNF methodologies require the compensation of the path loss (w.r.t. to the active antenna array) and the compensation of the probe antenna pattern
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Annex A: Comparison of CFFDNF and CFFNF test procedures
In a NF system, the NF BP direction for an offset antenna is not necessarily the same as the FF BP direction; however, the knowledge of the antenna phase centre offset, i.e., black&white-box approach, can be leveraged to measure at the NF BP direction as illustrated in Figure 2. The knowledge of the offset together with the probe antenna pattern will allow the calculation of the optimized DUT orientation to optimize the NF measurement. The beam peak direction in the NF can either be calculated [4] or determined via a local search [7]. The results in this contribution are primarily based on calculating the NF BP direction based on the range length, the known phase centre offset of the active antenna array, and the FF BP direction. Additionally, simulations are performed to determine whether a local search is able to identify directions different from the calculated directions to further optimize EIRP/MUs. 
[image: ] [image: ]
[bookmark: _Ref54108123]Figure 2: Illustration of NF testing utilizing the black&white-box approach. 
To guarantee that the correct beam is measured for when the black&white-box measurement approach is applied, the CFFDNF approach utilizes a FF probe that allows the UE to select the proper beam in the known beam peak direction. A beam lock activation via the UBF makes sure that the UE no longer changes its antenna pattern when the NF measurement probe is used to perform the measurements with significantly reduced free-space path losses than in existing IFF systems. The appropriate test steps required for NF testing based on the CFFDNF approach of DUTs with known phase-centre offsets (black&white-box) are illustrated in Figure 3. 
[image: ]
[bookmark: _Ref54097809][bookmark: _Ref67326689]Figure 3: Test Steps for CFFDNF testing of DUTs with known antenna phase centre offset (black&white-box approach). 
For the CFFNF methodology that supports both the black-box and the black&white-box approach, the initial test steps are the same as steps 1-3 in Figure 3. The test steps for the NF measurement portion of the black-box approach are further outlined in Figure 4 while the NF test steps for the black&white-box approach are outlined in Figure 5. The diagrams on the right of Figure 4 illustrate the different local searches required for the measurements at each of the three radii. The measurements at the very first radius r1 require a wide sector of grid points around the known FF beam peak direction big enough so that the local/NF beam peak is captured properly. For the initial local search at r1=20cm, the width of the sector is about ±40o, see Table 16, which can be covered using coarse and fine scans to further reduce the number of points. On the other hand, the sector of grid points for measurements at radius r2 and r3 can be significantly smaller as only a small region around the local NF beam peak found at r1 is needed. 
[image: ]
[bookmark: _Ref54100117]Figure 4: Illustration of the CFFNF test steps with asymptotic expansion transform utilizing the black-box approach. 
[image: ]
[bookmark: _Ref67327840]Figure 5: Illustration of the CFFNF test steps with asymptotic expansion transform utilizing the black&white-box approach.


[bookmark: _Ref70515574]Annex B: Sample Sequence of CFFNF Test Steps
The sample sequence of test steps for the CFFNF test methodology with the black&white-box approach is as follows (aligned in principle with Clause K.1.3 of [9]): 
1. Connect the SS (System Simulator) with the DUT through the FF measurement antenna with polarization reference PolLink to form the TX beam towards the FF TX beam peak direction. Allow at least BEAM_SELECT_WAIT_TIME for the UE TX beam selection to complete.
2. SS activates the UE Beamlock Function (UBF) by performing the procedure as specified in TS 38.508-1 clause 4.9.2 using condition Tx only.
3. Connect the SS (System Simulator) with the DUT through the NF measurement antenna at range length r1 with polarization reference PolLink to form the TX beam towards the NF TX beam peak direction (determined from the antenna offset, range length r1, and FF beam peak direction). Allow at least BEAM_SELECT_WAIT_TIME for the UE TX beam selection to complete. The range length r1 is left up to system implementation.
4. Measure N averages of the mean power Pmeas(d1, PolMeas= PolLink) of the modulated signal arriving at the power measurement equipment (such as a spectrum analyser, power meter, or gNB emulator).
5. Calculate the normalized NF power p(d1, PolMeas= PolLink from the measured power Pmeas(d1, PolMeas= PolLink
a. adding the calibrated composite loss of the entire transmission path between the TE and the centre of QZ (displaced from measurement probe by r=r1), LEIRP,θ
b. compensating the actual measurement distance d=d1 (between the centre of the array to the measurement probe) using term 20 log10(d1/r1)
c. applying the probe antenna gain NF correction
6. Measure N averages of the mean power Pmeas(d1, PolMeas=f PolLink) of the modulated signal arriving at the power measurement equipment (such as a spectrum analyser, power meter, or gNB emulator). The number of averages is left up to system implementation.
7. Calculate the normalized NF power p(d1, PolMeas=f PolLink from the measured power Pmeas(d1, PolMeas=f PolLink
a. adding the calibrated composite loss of the entire transmission path between the TE and the centre of QZ (displaced from measurement probe by r=r1), LEIRP,ϕ
b. compensating the actual measurement distance d=d1 (between the centre of the array to the measurement probe) using term 20 log10(d1/r1)
c. applying the probe antenna gain NF correction
8. Move the NF measurement antenna to range length r2 > r1 with polarization reference PolLink to form the TX beam towards the NF TX beam peak direction (determined from the antenna offset, range length r2, and FF beam peak direction) and respective polarization. Allow at least BEAM_SELECT_WAIT_TIME for the UE TX beam selection to complete.
9. Repeat Steps 4-8 for r=r2 and d=d2
10. Calculate the total normalized NF power for the chosen PolLink of oras follows:
	p(di = p(di, PolMeas= PolLink + p(di, PolMeas= PolLink) with i={1,2}
11. Based on the selected asymptotic expansion formulation, determine the “total FF EIRP(PolLink)” from the two total normalized NF power measurement measurements, p(d1) and p(d2). For an asymptotic expansion formulation of 

The resulting “total FF EIRP(PolLink)”, for the chosen PolLink of or is calculated as follows

12. SS deactivates the UE Beamlock Function (UBF) by performing the procedure as specified in TS 38.508-1 clause 4.9.3.
The sample sequence of test steps for the CFFNF test methodology with the black-box approach is as follows (aligned in principle with Clause K.1.3 of [9]: 
1. Connect the SS (System Simulator) with the DUT through the FF measurement antenna with polarization reference PolLink to form the TX beam towards the FF TX beam peak direction. Allow at least BEAM_SELECT_WAIT_TIME for the UE TX beam selection to complete.
1. SS activates the UE Beamlock Function (UBF) by performing the procedure as specified in TS 38.508-1 clause 4.9.2 using condition Tx only.
2. Connect the SS (System Simulator) with the DUT through the NF measurement antenna at range length r1 with polarization reference PolLink to form the TX beam towards the FF TX beam peak direction. Allow at least BEAM_SELECT_WAIT_TIME for the UE TX beam selection to complete. The range length r1 is left up to system implementation.
3. Perform a NF BP search on a sector around the FF BP direction at radius r=r1, which could determine K (≥1) possible NF BP directions and corresponding antenna array phase centre positions and thus distances between the antenna array and the measurement probe, d1,k. Based on the NF BP directions and antenna array phase centre positions, the corresponding NF BP directions at radius r=r2 and r=r3 can be determined. Details including the range lengths r2 and r3 are left up to system implementation.  
4. Measure N averages of the mean power Pmeas,k(di,k, PolMeas= PolLink), k={1,2,…, K} of the modulated signal arriving at the power measurement equipment (such as a spectrum analyser, power meter, or gNB emulator) at each of the K possible NF BP direction at radius r=ri with i={1,2,3} determined in Step 4. The number of averages is left up to system implementation.
5. Calculate the normalized NF power pmeas,k(di,k, PolMeas= PolLink, k={1,2,…, K}, from the measured power Pmeas,k(di,k, PolMeas= PolLink), k={1,2,…,K}, at radius r=ri with i={1,2,3}
a. adding the calibrated composite loss of the entire transmission path between the TE and the centre of QZ (displaced from measurement probe by r=ri), LEIRP,θ
b. compensating the actual measurement distance d=di (between the centre of the array to the measurement probe) using term 20 log10(di,k/ri)
c. applying the probe antenna gain NF correction
6. Measure N averages of the mean power Pmeas,k(di,k, PolMeas=f PolLink), k={1,2,…,K}, of the modulated signal arriving at the power measurement equipment (such as a spectrum analyser, power meter, or gNB emulator) at each of the possible NF BP direction at radius r=ri with i={1,2,3} determined in Step 4. The number of averages is left up to system implementation.
7. Calculate the normalized NF power pmeas,k(di,k, PolMeas=f PolLink, k={1,2,…, K},  from the measured power Pmeas,k(di,k, PolMeas=f PolLink), k={1,2,…, K}, at radius r=ri with i={1,2,3}
a. adding the calibrated composite loss of the entire transmission path between the TE and the centre of QZ (displaced from measurement probe by r=ri), LEIRP,f 
b. compensating the actual measurement distance d=di (between the centre of the array to the measurement probe) using term 20 log10(di,k/ri)
c. applying the probe antenna gain NF correction
8. Calculate the total normalized NF power for each of possible NF BP directions with the chosen PolLink of oras follows:
	pmeas,k(di = pmeas(di,k, PolMeas= PolLink + pmeas(di,k, PolMeas= PolLink) with k={1,2,…,K} and  i={1,2,3}
9. For each of K possible NF BP directions, based on the pmeas,k, k={1,2,…,K}, results at r=r1, r=r2, and r=r3 perform a linear fitting to determine far-field normalized power “total FF EIRPk(PolLink)” and fitting error errk, based on the selected expansion formulation, e.g., 

10. Determine the final NF BP direction by choosing the NF BP direction with minimum fitting error 
Details of this step are left up to system implementation. 
11. Based on the selected NF BP direction in Step 11,  the resulting “total FF EIRP(PolLink)”, for the chosen PolLink of or is determined as “”
12. SS deactivates the UE Beamlock Function (UBF) by performing the procedure as specified in TS 38.508-1 clause 4.9.3.


Annex C: Combined Far-Field Direct Near Field (CFFDNF) EIRP Simulations based on Black & White-Box Approach
In this section, we present results and detailed assumptions for near-field and far-field simulations of Ny x Nz antenna arrays for the CFFDNF methodology based on the black&white-box approach, i.e., the active antenna panel for the FF beam peak direction is known/declared. The assumptions are summarized in Table 3. 
The test procedure for this methodology is further outlined in Annex A, specifically Figure 3.
The main intention of this section is to estimate the measurement uncertainties of EIRP measurements performed in the NF at various range lengths. Since the beam peak search and spherical coverage analyses are performed with the FF probe, the beam steering assumptions and CDF analyses previously agreed in [6] are not required here. The definitions of offsets (xoffset/yoffset/zoffset), maximum offsets (≤12.5cm for PC3 and ≤10cm for PC1), array configurations (PC3: 8x2 and 4x1, PC1: 12x12), range lengths (30cm, 20m, etc) have been adopted from [6]. 
The NF and FF patterns were determined using the superposition approach outlined in [4] for the Matlab based results.
As outlined in [4], the HPBW assumptions (Clause G1.1 of [8]) of the individual antenna elements were chosen to be 90o/90o as suggested in [3]. The FF 8x2 and 4x1 array patterns with the 90o/90o HPBW assumption are shown in Figure 6. 
[image: ] [image: ]
[bookmark: _Ref60753480]Figure 6: FF antenna pattern with 90o/90o HPBW for 8x2 antenna array configuration (left) and 4x1 antenna array configuration (right).

The pattern simulations assume superpositions of individual, single-element far-field antenna patterns; this approach requires that the NF of Ny x Nz antenna array is well in the FF of the single-element antenna as discussed in [4]. The EIRP simulations in this section were primarily performed using Matlab. 
The simulations assume that the FF beam peak direction of the DUT is known, i.e., (q, f) = (90o, 0o) for the sample DUT considered.
Since these simulations do not require 3D scans but just single-directional measurements, the simulation time using Matlab is relatively reasonable. For the statistical analyses, a total of 100,000 simulations with random and uniformly spaced offsets were performed. These offsets were varied between 0 to 12.5cm (10cm) in x and from -12.5cm (-10cm) to 12.5cm (10cm) in y and z for PC3 (PC1) while making sure that the maximum radial offset cannot exceed 12.5cm (10cm). The offsets in x were limited to positive values since it is assumed that the front antenna of the DUT is always in the upper hemisphere since the geometric centre of the device is aligned with the centre of the QZ. A sample set of 100,000 random offsets is visualized in Figure 7. Histograms of the respective offset radii, and offsets in x, y, and z are shown in Figure 8. 
[image: ]
[bookmark: _Ref60941393]Figure 7: Illustration of 100,000 random offsets uniformly spaced within 12.5cm in a single hemisphere.
[image: ]
[bookmark: _Ref60941408]Figure 8: Histograms of 100,000 random offsets uniformly spaced within 12.5cm in a single hemisphere.
Since each of the offsets are known/declared, the offset can be properly compensated, i.e., the pathloss applied to the EIRP measurements is not referenced to the centre of QZ but to the phase centre of the active antenna array. The results in this section focus only on the EIRP results after the path loss with respect to the offset antenna array was compensated. 

Additionally, for the best/optimized measurement uncertainties, the probe antenna pattern/gain must be compensated since the array offsets can result in the NF beam peak to be observed from directions with large deviations from the peak gain direction of the measurement probe/horn as illustrated in Figure 2. In the simulations, probe pattern/gain compensation can be modelled in the simplest approximation by assuming an omnidirectional pattern of the probe. To quantify the effect of not compensating the probe antenna pattern, this section will present measurement uncertainties for a typical horn antenna. For these simulations, a symmetric pattern of a horn antenna with ~50o HPBW pattern is assumed as plotted in Figure 9, which was obtained using the following Matlab commands:
ProbeTheta=-180:1:180;
HPBW=50;
ProbePattern_norm=-12*(ProbeTheta/HPBW);
[image: ]
[bookmark: _Ref66192172]Figure 9: Assumed measurement probe antenna pattern.

The NF beam peak direction, illustrated in Figure 2, was calculated using the known FF beam peak direction, the offset of the antenna array, and the range length. 
A histogram of the 100k EIRP simulations for 4 different NF range lengths (20cm, 25cm, 30cm, 45cm) and the 20m FF range lengths is shown in Figure 10 and the statistical results of these simulations are tabulated in Table 7. These results assume that the antenna array offsets and the probe pattern/gain were compensated. 
[image: ]
[bookmark: _Ref61436263]Figure 10: Histogram of 100,000 EIRP CFFDNF simulations based on black&white-box approach with random 8x2 antenna array offsets uniformly spaced within 12.5cm in a single hemisphere. The antenna array offsets and the probe pattern/gain were compensated 

[bookmark: _Ref67331268]Table 7: Statistical results of 100,000 EIRP CFFDNF simulations based on black&white-box approach with random 8x2 antenna array offsets uniformly spaced within 12.5cm in a single hemisphere. The antenna array offsets and the probe pattern/gain were compensated 
	Range Length [m]
	Max-Min EIRP [dB]
	Max EIRP Error w.r.t. FF [dB]
	|Mean EIRP Error| w.r.t. FF [dB]
	Std. Dev of EIRP [dB]

	0.2
	1.17
	1.36
	0.48
	0.22

	0.25
	0.37
	0.50
	0.23
	0.08

	0.3
	0.17
	0.26
	0.14
	0.04

	0.35
	0.09
	0.16
	0.09
	0.02

	0.4
	0.06
	0.10
	0.07
	0.01

	0.45
	0.04
	0.07
	0.05
	0.01

	20
	0.00
	0.00
	0.00
	0.00



Figure 11 illustrates which simulations for the 20cm range length result in the minimum and maximum EIRPs after antenna offset and probe pattern compensation. 
[bookmark: _Ref60858504] 
 
[image: ][image: ]
[bookmark: _Ref66204334]Figure 11: Illustration of simulations for the 20cm range length with 8x2 antenna configuration resulting in smallest (left) and largest (right) EIRPs after antenna offset and probe pattern compensation.  

When the antenna array offset is towards the probe antenna, shown in the left plot of Figure 11, the EIRP without the offset compensation is very high (20.7dBm in this example); however, the offset compensation, i.e., applying the pathloss between the probe antenna and the active antenna array, helps to significantly improve the EIRP measurement uncertainty with respect to the EIRP measured in the FF.

Once the array offsets and the probe antenna pattern are compensated in the NF with CFFDNF methodology assuming the black&white-box approach, almost insignificant measurement uncertainties for PC3 devices can be observed at 45cm. At distances less than 45cm, measurement uncertainties must be taken into account. 
[bookmark: _Ref68267766]Observation 2: The CFFDNF methodology assuming the black&white-box approach with array offsets and the probe antenna pattern compensated is suitable for EIRP/EIS measurements with insignificant MU for PC3 devices with 8x2 antenna configuration when range length is greater or equal to 45cm. At smaller range lengths, small MUs (>0dB) must be applied to the measurements. 

When the probe pattern/gain is not compensated, a much larger variation of the measured EIRP results is expected due to the large off broadside directions of the antenna panels from the probe antenna, as illustrated schematically in Figure 2. This is further quantified in Figure 12 and in Table 8 for the same simulations. These results assume that the antenna array offsets are compensated while the probe pattern/gain were not compensated, i.e., the pattern in Figure 9 was applied to the simulations. 

[image: ]
[bookmark: _Ref66202377]Figure 12: Histogram of 100,000 EIRP CFFDNF simulations based on black&white-box approach with random 8x2 antenna array offsets uniformly spaced within 12.5cm in a single hemisphere. The antenna array offsets were compensated while the probe pattern/gain was not compensated 

[bookmark: _Ref66202390]Table 8: Statistical results of 100,000 EIRP CFFDNF simulations based on black&white-box approach with random 8x2 antenna array offsets uniformly spaced within 12.5cm in a single hemisphere. The antenna array offsets were compensated while the probe pattern/gain was not compensated. 
	Range Length [m]
	Max-Min EIRP at (90,0) [dB]
	Max EIRP Error w.r.t. FF [dB]
	|Mean EIRP Error| w.r.t. FF [dB]
	Std. Dev of EIRP at (90,0) [dB]

	0.2
	7.31
	7.51
	3.15
	1.82

	0.25
	4.36
	4.49
	1.89
	1.11

	0.3
	2.93
	3.02
	1.27
	0.75

	0.35
	2.11
	2.18
	0.92
	0.54

	0.4
	1.60
	1.65
	0.69
	0.41

	0.45
	1.25
	1.29
	0.54
	0.32

	20
	0.00
	0.00
	0.00
	0.00


The latter results clearly demonstrate that when performing measurements in the NF with CFFDNF methodology assuming the black&white-box approach, the probe antenna pattern must be compensated. 
[bookmark: _Ref68095287][bookmark: _Ref67413829]Observation 3: When performing measurements in the NF with CFFDNF methodology assuming the black&white-box approach, the path loss and probe antenna pattern must be compensated
Figure 13 illustrates which simulations for the 20cm range length result in the minimum and maximum EIRPs after antenna offset compensation. These simulations do not take the probe pattern compensation into account. 

 
 
[image: ][image: ]
[bookmark: _Ref66725268]Figure 13: Illustration of simulations for the 20cm range length with 8x2 antenna configuration resulting in smallest (left) and largest (right) EIRPs. The antenna array offsets were compensated while the probe pattern/gain was not compensated.
When the antenna array offset is towards the top of the device (z direction), shown in the left plot of Figure 13, the the angle between the probe and the antenna array is maximized at ~39o and thus yields the lowest EIRP without probe pattern compensation; however, with an antenna placed near the centre of the QZ, the angle between the probe and antenna is minimized.

A study to determine whether 1k or even 250 offset simulations are sufficient for the MU results, a comparison of 100k vs 1k vs 250 offset simulations was made. The visualization of 100k vs 1k random offsets is illustrated in Figure 14. Clearly, the 100k offsets are uniformly distributed in the hemisphere while the random 250 and 1k offsets are distributed rather sparsely. 
  
[image: ] [image: ] [image: ]
[bookmark: _Ref67336366]Figure 14: Illustration of 100k (left) vs 1k (middle) vs 250 (right) offsets.
The results summarizing the different simulations are tabulated in Table 9. The results show that regardless of range length and antenna configuration, the difference in mean error and standard deviation is almost insignificant. 
[bookmark: _Ref67413833]Observation 4: CFFDNF simulations with 250 random offsets approximate the MUs (mean error and standard deviation) very well

[bookmark: _Ref67338130]Table 9: Statistical results of 100k vs 1k vs 250 EIRP CFFDNF offset simulations based on black&white-box approach with random  antenna array offsets uniformly spaced within 12.5cm (PC3)/10cm (PC1) in a single hemisphere. The antenna array offsets were compensated.
	Antenna Configuration
	Number of Offsets
	Range Length [m]
	Mean EIRP Error w.r.t. FF [dB]
	Std. Dev of EIRP at NF BP [dB]

	8x2
	100k
	0.2
	0.48
	0.22

	
	
	0.25
	0.23
	0.08

	
	
	0.3
	0.14
	0.04

	
	
	0.35
	0.09
	0.02

	
	
	0.4
	0.07
	0.01

	
	
	0.45
	0.05
	0.01

	
	
	20
	0.00
	0.00

	8x2
	1k
	0.2
	0.48
	0.21

	
	
	0.25
	0.23
	0.07

	
	
	0.3
	0.14
	0.03

	
	
	0.35
	0.09
	0.02

	
	
	0.4
	0.07
	0.01

	
	
	0.45
	0.05
	0.01

	
	
	20
	0.00
	0.00

	8x2
	250
	0.2
	0.49
	0.23

	
	
	0.25
	0.23
	0.08

	
	
	0.3
	0.14
	0.04

	
	
	0.35
	0.09
	0.02

	
	
	0.4
	0.07
	0.01

	
	
	0.45
	0.05
	0.01

	
	
	20
	0.00
	0.00

	12x12
	100k
	0.2
	3.41
	1.09

	
	
	0.25
	1.84
	0.44

	
	
	0.3
	1.16
	0.22

	
	
	0.35
	0.80
	0.13

	
	
	0.4
	0.59
	0.08

	
	
	0.45
	0.45
	0.05

	
	
	20
	0.00
	0.00

	12x12
	1k
	0.2
	3.43
	1.10

	
	
	0.25
	1.85
	0.44

	
	
	0.3
	1.17
	0.22

	
	
	0.35
	0.81
	0.13

	
	
	0.4
	0.59
	0.08

	
	
	0.45
	0.45
	0.05

	
	
	20
	0.00
	0.00

	12x12
	250
	0.2
	3.47
	1.13

	
	
	0.25
	1.87
	0.45

	
	
	0.3
	1.18
	0.23

	
	
	0.35
	0.81
	0.13

	
	
	0.4
	0.60
	0.08

	
	
	0.45
	0.46
	0.06

	
	
	20
	0.00
	0.00



Another investigation focused on the MUs at two different frequencies at opposite ends of FR2, i.e., 28GHz and 49GHz using the same fixed range lengths. The simulation results are tabulated in Table 10 which show that the MUs at 28GHz are larger than at 49GHz. 



As outlined in the table below, the range lengths as a function of wavelength are different between those two frequencies. The MUs are smaller for 49GHz when compared to 28GHz since the distances in wavelength are larger for the 40GHz case. 
	Range Length [m]
	Frequency [GHz]

	
	28
	49

	
	Distance [l]
	Distance [l]

	0.2
	19
	33

	0.3
	28
	49

	0.45
	42
	74

	20
	1868
	3269



[bookmark: _Ref67341666]Table 10: Statistical results of 28GHz vs 49GHz EIRP CFFDNF offset simulations based on black&white-box approach with random  antenna array offsets uniformly spaced within 12.5cm (PC3)/10cm (PC1) in a single hemisphere. The antenna array offsets were compensated.
	Antenna Configuration
	Simulation Frequency [GHz]
	Range Length [m]
	|Mean EIRP Error| w.r.t. FF [dB]
	Std. Dev of EIRP at NF BP [dB]

	8x2
	28
	0.2
	0.48
	0.22

	
	
	0.25
	0.23
	0.08

	
	
	0.3
	0.14
	0.04

	
	
	0.35
	0.09
	0.02

	
	
	0.4
	0.07
	0.01

	
	
	0.45
	0.05
	0.01

	
	
	20
	0.00
	0.00

	8x2
	49
	0.2
	0.16
	0.07

	
	
	0.25
	0.08
	0.02

	
	
	0.3
	0.05
	0.01

	
	
	0.35
	0.03
	0.01

	
	
	0.4
	0.02
	0.00

	
	
	0.45
	0.02
	0.00

	
	
	20
	0.00
	0.00


[bookmark: _Ref67413835][bookmark: _Ref68267767]Observation 5: CFFDNF simulations at 49GHz yield smaller MUs than at 28GHz. 

A separate investigation was performed to determine whether a local search in q and f around the calculated NF BP direction, as illustrated in Figure 15, is able to identify an even further optimized EIRP. 
[image: ]
[bookmark: _Ref67474749]Figure 15: Illustration of Near-Field and Far-field direction.
Here, a separate local search was performed around a ±15o cone centred around the calculated NF BP direction with 1o increments in q and f. A total of 10k offsets with a local search performed for each simulation were investigated and the results are summarized in Figure 16 which is showing the difference of the EIRPs before and after the local search as a function of the 10k offsets. Clearly, these results show that no local search is necessary to determine the appropriate NF EIRP/EIS and that the NF beam peak direction can be calculated. 
[image: ]
[bookmark: _Ref67477002]Figure 16: Difference in EIRP after pathloss and feed pattern compensation before and after local searches around the calculated NF beam peak direction.

[bookmark: _Ref67478241]Observation 6: A local search to determine the optimized NF beam peak direction/EIRP after pathloss and feed pattern compensation is not necessary. 


Another investigation focused on whether Matlab which is using an analytical approximation of the radiation pattern of the antenna arrays in the NF and FF based on the superposition approach [4] yields similar uncertainties as a full EM simulation tool, i.e., CST, which is calculating the NF and FF patterns based on a numerical approach. Figure 17 illustrates the differences of the simulated 8x2 antenna patterns between Matlab (solid lines) and CST (dashed lines) both for the FF interface distance of 2D2/l, i.e., 47cm at 28GHz with D=5cm, (red lines) and the NF interface distance of , i.e., 7cm at 28GHz with D=5cm, (blue lines) in two principal cuts. Clearly, the agreement between Matlab and CST simulations of a dipole-based antenna element array placed over a ground plane is very good in both NF and FF. CFFDNF analyses were performed with the data used for the CFFNF simulations (see Annex D and Annex E) based on the EM simulation tool CST. These analyses which used a grid size of 1o in Dq and Df were used to compare them with the analyses performed with Matlab Only a limited number of offsets were performed with CST; however, as shown earlier, even 250 offset simulations were shown to yield very accurate MU results. Those results are summarized in Table 11 and assume that array offsets and the feed probe have been compensated. The simulations with the limited number of offsets assumed the same offsets were used in Matlab and CST. Overall, these results show that were good agreement between 100k and the limited number of offsets can be achieved and that the Matlab and CST simulations yield excellent agreement. 

[image: ]
[bookmark: _Ref67409728]Figure 17: Comparison of CST and Matlab 8x2 antenna pattern.

[bookmark: _Ref67668574]Table 11: Statistical results of EIRP CFFDNF simulations performed with Matlab and CST. 
	Antenna Configuration
	Simulation Tool
	Number of Offsets
	Range Length [m]
	Max-Min EIRP at NF BP [dB]
	Max EIRP Error w.r.t. FF [dB]
	|Mean EIRP Error| w.r.t. FF [dB]
	Std. Dev of EIRP at NF BP [dB]

	8x2
	Matlab
	100k
	0.2
	1.17
	1.36
	0.48
	0.22

	
	
	
	0.25
	0.37
	0.50
	0.23
	0.08

	
	
	
	0.3
	0.17
	0.26
	0.14
	0.04

	8x2
	Matlab
	500
	0.2
	1.05
	1.25
	0.48
	0.22

	
	
	
	0.25
	0.34
	0.47
	0.23
	0.07

	
	
	
	0.3
	0.16
	0.25
	0.14
	0.03

	8x2
	CST
	500
	0.2
	0.93
	1.10
	0.42
	0.19

	
	
	
	0.25
	0.34
	0.45
	0.22
	0.07

	
	
	
	0.3
	0.18
	0.26
	0.14
	0.04

	12x12
	Matlab
	100k
	0.25
	2.07
	3.26
	1.84
	0.44

	
	
	
	0.3
	1.02
	1.85
	1.16
	0.22

	
	
	
	0.35
	0.58
	1.19
	0.80
	0.13

	12x12
	CST
	500
	0.25
	2.15
	3.45
	1.98
	0.47

	
	
	
	0.3
	1.09
	2.00
	1.26
	0.24

	
	
	
	0.35
	0.63
	1.31
	0.89
	0.14



[bookmark: _Ref67413808]Observation 7: The Matlab and CST antenna array patterns in the NF and FF are very similar. 
[bookmark: _Ref67668860]Observation 8: The Matlab and CST MU analyses for CFFDNF with black&white-box approach yield very similar MU results. 
The results for the other antenna configurations are tabulated in Table 12.

[bookmark: _Ref66730709]Table 12: Statistical results of 100,000 EIRP CFFDNF simulations based on black&white-box approach with random  antenna array offsets uniformly spaced within 12.5cm (PC3)/10cm (PC1) in a single hemisphere. The antenna array offsets were compensated.
	Antenna Configuration
	Probe Pattern Compensation
	Range Length [m]
	Max-Min EIRP at NF BP [dB]
	Max EIRP Error w.r.t. FF [dB]
	|Mean EIRP Error| w.r.t. FF [dB]
	Std. Dev of EIRP at NF BP [dB]

	4x1
	yes
	0.2
	0.10
	0.11
	0.04
	0.02

	
	
	0.25
	0.03
	0.04
	0.02
	0.01

	
	
	0.3
	0.01
	0.02
	0.01
	0.00

	
	
	0.35
	0.01
	0.01
	0.01
	0.00

	
	
	0.4
	0.01
	0.01
	0.01
	0.00

	
	
	0.45
	0.00
	0.01
	0.00
	0.00

	
	
	20
	0.00
	0.00
	0.00
	0.00

	
	no
	0.2
	7.19
	7.21
	2.73
	1.84

	
	
	0.25
	4.32
	4.33
	1.68
	1.12

	
	
	0.3
	2.91
	2.92
	1.15
	0.76

	
	
	0.35
	2.10
	2.11
	0.84
	0.55

	
	
	0.4
	1.59
	1.60
	0.64
	0.42

	
	
	0.45
	1.25
	1.25
	0.50
	0.33

	
	
	20
	0.00
	0.00
	0.00
	0.00

	12x12
	yes
	0.2
	5.38
	7.24
	3.41
	1.09

	
	
	0.25
	2.07
	3.26
	1.84
	0.44

	
	
	0.3
	1.02
	1.85
	1.16
	0.22

	
	
	0.35
	0.58
	1.19
	0.80
	0.13

	
	
	0.4
	0.36
	0.82
	0.59
	0.08

	
	
	0.45
	0.24
	0.61
	0.45
	0.05

	
	
	20
	0.00
	0.00
	0.00
	0.00

	
	no
	0.2
	5.63
	7.49
	5.07
	1.41

	
	
	0.25
	3.05
	4.25
	2.89
	0.73

	
	
	0.3
	1.98
	2.81
	1.88
	0.47

	
	
	0.35
	1.40
	2.02
	1.33
	0.33

	
	
	0.4
	1.05
	1.52
	0.99
	0.25

	
	
	0.45
	0.82
	1.19
	0.77
	0.20

	
	
	20
	0.00
	0.00
	0.00
	0.00


[bookmark: _Ref68104217]Observation 9: The CFFDNF methodology assuming the black&white-box approach with array offsets and the probe antenna pattern compensated is suitable for EIRP/EIS measurements with insignificant MU for PC3 devices with 4x1 antenna configuration when range length is greater or equal to 20cm. 
[bookmark: _Ref68104218]Observation 10: The CFFDNF methodology assuming the black&white-box approach with array offsets and the probe antenna pattern compensated is suitable with small MUs (>0dB) for EIRP/EIS measurements for PC1 devices with 12x12 antenna configuration when range length is greater or equal to 45cm. 
The following analysis is to determine the uncertainties on EIRP/EIS when the antenna offset is declared incorrectly, i.e., when the actual antenna offset deviates from the declared antenna offset. These analyses are based on differences in path losses between the declared and the actual offsets and the difference in compensated probe gains. Here, the following assumptions were made:
· 1000 random offsets (xoffset, yoffset, zoffset), illustrated with red dots in Figure 18, were simulated and each offset was considered the actual offset of the antenna array. The same assumptions for the offsets as in Table 3 were used 
· For each random offset, 1000 random declaration errors (xerror, yerror, zerror), illustrated with blue dots in Figure 18, were generated with a fixed radius from the actual offset
· For each actual offset and for each of the declared offsets, the device orientation was calculated so that the NF probe is placed in the actual/declared NF beam peak direction
· For each actual offset and for each of the declared offsets, the corresponding path losses between the (actual/declared) antenna offsets and the probe were determined
· For each actual offset and for each of the declared offsets, the corresponding probe antenna gains were determined in the respective NF beam peak directions. 
[image: ][image: ]
[bookmark: _Ref71630276]Figure 18: Illustration of simulation assumptions. The 1000 random offsets considered the actual antenna offsets shown on the left; 1000 random errors around each offset shown on the right.

The results for this analysis are tabulated in Table 12.
Table 13: Statistical results of 1M EIRP CFFDNF simulations to determine the effect of offset declaration error on EIRP/EIS
	Error in declared offset [cm]
	Range Length [m]
	Std. Dev of EIRP [dB]

	0.5
	0.2
	0.17

	0.5
	0.25
	0.12

	0.5
	0.3
	0.10

	0.5
	0.35
	0.08

	0.5
	0.4
	0.07

	0.5
	0.45
	0.06

	0.5
	1
	0.03

	0.5
	20
	0.00

	1
	0.2
	0.35

	1
	0.25
	0.24

	1
	0.3
	0.19

	1
	0.35
	0.16

	1
	0.4
	0.14

	1
	0.45
	0.12

	1
	1
	0.05

	1
	20
	0.00

	2
	0.2
	0.71

	2
	0.25
	0.49

	2
	0.3
	0.38

	2
	0.35
	0.32

	2
	0.4
	0.28

	2
	0.45
	0.24

	2
	1
	0.10

	2
	20
	0.01




Annex D: Combined Far-Field Near Field (CFFNF) EIRP Simulations based on Black & White-Box Approach
In this section, we present results for near-field and far-field simulations of Ny x Nz antenna arrays for the CFFNF methodology based on the black&white-box approach, i.e., the location of active antenna panel for the FF beam peak direction is known/declared. The simulation assumptions are, for the most part, the same as those in Table 3. 
The test procedure for this methodology is further outlined in Annex A, specifically Figure 5, for the black&white-box approach. A detailed sequence of test steps is outlined in Annex B. All simulations are performed with an EM simulator, CST, using the same antenna array model introduced in Annex C. 
The grid size used for the CST simulations had step sizes of 1o in Dq and Df. Given the longer simulation times, only a limited number of offset simulations were performed and only a subset of the number of range lengths, and antenna array configurations in Table 3 were considered. Given the previous observation regarding the need to offset the probe pattern, i.e., Observation 3, the simulations for CFFNF using black&white approach only focused on the feed probe pattern compensated. 
Since the CFFNF approach using the black&white-box approach relies on measurements in the NF BP direction at two different radii r1 and r2, the same r1 simulations taken into account for the CFFDNF results using CST, Table 11, were used here. Those CFFNF results are tabulated in Table 14 for 8x2 (PC3) and in Table 15 for 12x12 (PC1) and compared with the CFFDNF results (same as those in Table 11). Clearly, the measurement at the additional radius r2 significantly reduces the measurement uncertainties and allows EIRP/EIS measurements of PC3 (PC1) devices at 21cm (31cm) range length without additional (with very small) MU. These simulations assume that r2 is either r2=r1+1cm or r2=r1+2cm. 
[bookmark: _Ref68097022]Table 14: Statistical results of 500 EIRP CFFNF & CFFDNF CST simulations based on black&white-box approach with random 8x2 antenna array offsets uniformly spaced within 12.5cm in a single hemisphere. The antenna array offsets and probe pattern were compensated.
	[bookmark: _Ref68850052][bookmark: _Ref68267768][bookmark: _Ref68103722]Method
	Range Length(m)
	Max-Min EIRP (dB)
	Max Error w.r.t. FF (dB)
	|Mean Error| (dB)
	Std. Dev (dB)

	CFFNF 
B&W Box
(r2=r1+1cm)
	0.21
	0.24
	0.16
	0.04
	0.04

	
	0.26
	0.22
	0.13
	0.03
	0.03

	
	0.31
	0.25
	0.15
	0.03
	0.03

	CFFNF 
B&W Box
(r2=r1+2cm)
	0.22
	0.30
	0.23
	0.04
	0.04

	
	0.27
	0.25
	0.16
	0.03
	0.04

	
	0.32
	0.25
	0.17
	0.03
	0.04

	CFFDNF 
B&W Box
	0.20
	0.93
	1.10
	0.42
	0.19

	
	0.25
	0.34
	0.45
	0.22
	0.07

	
	0.30
	0.18
	0.26
	0.14
	0.04

	Note: 
The range length for CFFNF with black&white-box approach is reported for radius r2>r1.


[bookmark: _Ref71630973]Table 15: Statistical results of 500 EIRP CFFNF & CFFDNF CST simulations based on black&white-box approach with random 12x12 antenna array offsets uniformly spaced within 10cm in a single hemisphere. The antenna array offsets and probe pattern were compensated.
	Method
	Range Length(m)
	Max-Min EIRP (dB)
	Max Error w.r.t. FF (dB)
	|Mean Error| (dB)
	Std. Dev (dB)

	CFFNF 
B&W Box
(r2=r1+1cm)
	0.26
	0.74
	0.89
	0.36
	0.15

	
	0.31
	0.40
	0.42
	0.18
	0.07

	
	0.36
	0.32
	0.29
	0.10
	0.05

	CFFNF 
B&W Box
(r2=r1+2cm)
	0.27
	0.73
	0.87
	0.36
	0.15

	
	0.32
	0.37
	0.39
	0.18
	0.07

	
	0.37
	0.28
	0.25
	0.10
	0.05

	CFFDNF 
B&W Box
	0.25
	2.15
	3.45
	1.98
	0.47

	
	0.30
	1.09
	2.00
	1.26
	0.24

	
	0.35
	0.63
	1.31
	0.89
	0.14

	Note: 
The range length for CFFNF with black&white-box approach is reported for radius r2>r1.


[bookmark: _Ref68267769]Observation 11: The CFFNF methodology assuming the black&white-box approach with array offsets and the probe antenna pattern compensated is suitable for EIRP/EIS measurements with insignificant MU for PC3 devices with 8x2 antenna configuration when range length is greater or equal to 21cm. 
[bookmark: _Ref68850204]Observation 12: The CFFNF methodology assuming the black&white-box approach with array offsets and the probe antenna pattern compensated is suitable for EIRP/EIS measurements with small MU for PC1 devices with 12x12 antenna configuration when range length is greater or equal to 31cm. 



Annex E: Combined Far-Field Near Field (CFFNF) EIRP Simulations based on Black-Box Approach
In this section, we present results for near-field and far-field simulations of Ny x Nz antenna arrays for the CFFNF methodology based on the black-box approach, i.e., the location active antenna panel for the FF beam peak direction is unknown while only the FF BP direction is known. The simulation assumptions are, for the most part, the same as those in Table 3. 
The test procedure for this methodology is further outlined in Annex A, specifically Figure 4 for the black-box approach. A detailed sequence of test steps is outlined in Annex B. All simulations are performed with an EM simulator, CST, using the same antenna array model introduced in Annex C. 
All simulations are performed with an EM simulator, CST, using the same antenna array model introduced in Annex C. Given the longer simulation times, only a subset of the number of range lengths, and antenna array configurations in Table 3 were considered. Given the previous observation regarding the need to offset the probe pattern, i.e., Observation 3, the simulations for CFFNF using black&white approach only focused on the feed probe pattern compensated. 
The angular widths of the cone needed for the local searches as a function of the range length is tabulated in Table 16.
[bookmark: _Ref71628614]Table 16: Local search cone angles for PC3 device with maximum offset of 12.5cm
	Range Length [cm]
	Single-Sided Cone Angle [deg]

	20
	38.7

	25
	30.0

	30
	24.6

	35
	20.9


Since the black-box approach utilizes/requires relatively wide area local searches at r = r1, e.g., the width of the sector is about ±40o for r1=20cm, with limited local searches at r2 and r3 as illustrated in Figure 4, the test time for the black-box approach is inherently longer than the black&white-box approach due to the 3 vs 2 radii and the need for local searches vs no local search requirements. On the other hand, this approach does not require the declaration of the active antenna array location. 
Suitable approaches to reduce the test time of these local searches include coarse and fine search approaches, e.g., Figures M.2.2-3 and M.2.2-4 of [9]. Alternatively, continuous non-demodulated EIRP measurements on sectors with fixed angular distance could be utilized to speed up the local searches, as illustrated in Figure 19 for BP directions near the poles. For this accelerated search approach, the positioner is moved continuously while the measurements are performed in close succession. 

[image: ]
[bookmark: _Ref68103311]Figure 19: Stepped (left) vs continuous (right) search approach for EIRP for a FF BP near the pole.

Even for arbitrary FF BP directions not near the pole, a continuous scan over the sector, can be performed since the beam is locked with the UBF towards the FF beam peak direction. An illustration of this approach is in Figure 20. 
[image: ]
[bookmark: _Ref71554563]Figure 20: Stepped (left) vs continuous (right) search approach for EIRP for an arbitrary FF BP direction.

[bookmark: _Ref68103733]Observation 13: Local searches of the CFFNF methodology using black box approach can be accelerated using coarse&fine search grids and continuous scan measurements.
Since the CFFNF approach using the black-box approach relies on measurements in the NF BP direction at three different radii r1, r2, and r3, the same r1 simulations taken into account for the CFFDNF results using CST, Table 11, were used here. Those CFFNF results are tabulated in Table 17 for 8x2 (PC3) and compared with the CFFDNF results (same as those in Table 11). These simulations assume that r2 is either r2=r1+1cm or r2=r1+2cm.
[bookmark: _Ref71297940]Table 17: Statistical results of 500 EIRP CFFNF & CFFDNF CST simulations based on black-box, black&white-box approach with random 8x2 antenna array offsets uniformly spaced within 12.5cm in a single hemisphere. The antenna array offsets and probe pattern were compensated.
	Method
	Range Length(m)
	Max-Min EIRP (dB)
	Max Error w.r.t. FF (dB)
	|Mean Error| (dB)
	Std. Dev (dB)

	CFFNF 
Black Box
	0.22
	1.48
	0.82
	0.04
	0.13

	
	0.27
	0.56
	0.32
	0.04
	0.06

	
	0.32
	0.31
	0.21
	0.04
	0.05

	CFFNF 
B&W Box
(r2=r1+1cm)
	0.21
	0.24
	0.16
	0.04
	0.04

	
	0.26
	0.22
	0.13
	0.03
	0.03

	
	0.31
	0.25
	0.15
	0.03
	0.03

	CFFNF 
B&W Box
(r2=r1+2cm)
	0.22
	0.30
	0.23
	0.04
	0.04

	
	0.27
	0.25
	0.16
	0.03
	0.04

	
	0.32
	0.25
	0.17
	0.03
	0.04

	CFFDNF 
B&W Box
	0.20
	0.93
	1.10
	0.42
	0.19

	
	0.25
	0.34
	0.45
	0.22
	0.07

	
	0.30
	0.18
	0.26
	0.14
	0.04

	Note: 
The range length for CFFNF with black&white-box approach is reported for radius r2>r1.
The range length for CFFNF with black-box approach is reported for radius r3>r2>r1 and r3=r2+1=r1+2cm.


[bookmark: _Ref71633483]Observation 14: The CFFNF methodology with black&white box has lower MUs than the CFFNF methodology with black box which has lower MUs than CFFDNF methodology with black&white box.
For the CFFNF (black box) simulations shown in Table 17, the local searches were performed using a 1o step size in q and f to establish the reference MUs for the CFFNF methodology. This would obviously require an unreasonable number of test points/measurements, e.g., more than 4700 per radius for r1= 20cm. The results in Table 18 show how coarser local searches can reduce the local searches with only small increases in MU. The results with the angular step size of 5o clearly still shows good agreement with the FF results at very close range lengths without the need for the vendor declaration while significantly reducing the number of local search grid points.  
[bookmark: _Ref71302134]Table 18: Statistical results of 500 EIRP CFFNF (black box) simulations with random 8x2 antenna array offsets uniformly spaced within 12.5cm in a single hemisphere. The antenna array offsets and probe pattern were compensated.
	Methodology
	Angular Step Size for Local Search [deg]
	Range Length [m]
	|Mean EIRP Error| w.r.t. FF [dB]
	Std. Dev of EIRP at NF BP [dB]

	CFFNF
(black box)
	1 
(r1, r2, and r3)
	0.22
	0.04
	0.13

	
	
	0.27
	0.04
	0.06

	
	
	0.32
	0.04
	0.05

	CFFNF
(black box)
	5
(r1, r2, and r3)
	0.22
	0.00
	0.18

	
	
	0.27
	0.01
	0.11

	
	
	0.32
	0.02
	0.09

	Note: 
The range length for CFFNF with black-box approach is reported for radius r3>r2>r1 and r3=r2+1=r1+2cm.


As outlined earlier, constant step size measurement grids can leverage continuous scans to speed up the searches while 5o searches yield between 200-500 grid points for a ~±40o cone at r1=20cm. Leveraging coarse and fine search approaches, e.g., a coarse search grid of 10o (between 40-110 grid points for a ~±40o cone) over the entire cone with localized fine 5o searches could likely significantly drop the number of grid points for the NF BP search. The total number could be further reduced when utilizing constant density search grids instead of constant-step size grids. More work is currently on-going to quantify and further optimize the local search. 
As outlined earlier [4], a hybrid CFFNF approach could be used which combines the advantages in terms of test time of the black&white-box approach without the need of a vendor declaration, i.e., black box. Instead of having to declare the phase centre offset, this offset is determined first using the CFFNF methodology based on black-box approach. Here, the following sample approach could be leveraged:
· For low UL power test case #1
· Apply the black-box CFFNF test methodology using FF probe
· Use the FF probe to steer the antenna beam towards the known BP direction
· Lock the beam using UBF
· Switch operation to NF probe
· Perform local searches around sectors centred around the FF peak at three different radii in the NF 
· Determine FF EIRP 
· Determine phase centre offset of the active antenna
· For low UL power test cases ≥#2
· Apply the black&white-box NF test approach using NF probe
· Use the FF probe to steer the antenna beam towards the known BP direction
· Lock the beam using UBF
· Switch operation to NF probe
· Perform EIRP measurements at two different radii in the NF BP direction
· Determine EIRP
[bookmark: _Ref54196921][bookmark: _Ref71633489]Observation 15: the combination of black and black&white-box approaches using the hybrid CFFNF approach allows the black-box approach to be applied to one low UL power test case while the black&white box approach can be applied to the remaining low UL power test cases. 


Annex F: Background on CFFNF Methodology/Asymptotic Expansion Approach
This Annex is meant to provide additional theoretical background information of the CFFNF approach including supporting information using simulations. Various clarifications from the approach originally introduced in [10] are provided here. Additionally, measurement results from previous empirical investigations using BS antenna configurations are presented here. 
The asymptotic expansion approach that is using measurements
· at three different radii including local searches around the FF BP direction (black-box approach) or 
· at two different radii without local searches as the NF BP direction can be calculated (black&white-box approach) 
was primarily meant to estimate the FF EIRP/EIS at the beam peak with NF EIRP/EIS measurements performed in the radiative NF instead of the reactive NF. This expansion approach is not suitable to determine the FF pattern given the required overhead with the measurements at multiple radii.
[bookmark: _Ref69128098]Observation 16: The asymptotic expansion approach for CFFNF methodology is limited to EIRP/EIS approximation at/near the beam peak direction
A NF to FF transform would a more suitable candidate to determine the pattern and EIRP/EIS in directions other than the FF BP direction. 
The asymptotic expansion approach is based on the superposition approach originally introduced in [10]


with
· Signal(𝜃, ϕ): signal at measurement grid point (𝜃, ϕ, 𝑟) 
· : complex coefficient for kth antenna array element
· : field pattern for kth antenna element
· : field pattern for probe antenna 
· (𝜃k, ϕk): EL and AZ angles of kth antenna element with respect to measurement grid point (𝜃, ϕ, 𝑟)
· (𝛼k, 𝛽k): EL and AZ angles of probe antenna with respect to the kth antenna element
· : wavelength
· : distance between kth antenna element to measurement grid point (𝜃, ϕ, 𝑟)
· r: range length/measurement distance between centre of QZ and probe antenna
· : amplitude loss caused by propagation on length of  
· : the phase variation caused by propagation on length of 
The estimate of the FF EIRP based on NF measurements, p(d), can be expressed as follows

with


where EIRP(df) is the estimated EIRP in the far-field and df is the distance between the phase centre of the antenna array and the far-field BP at range length r (in the FF: r ~ df) while p(d1) is the measured power with the probe antenna at a near-field distance d1 (measured from the phase centre of the antenna array to probe antenna), ∂p/∂d is the derivative of power p to distance d. Because the near-field distance d1 is unknown for the black box approach, measurements of the EIRP at multiple measurement distances are needed to determine the parameters of the ∂p/∂d derivative and the first near-field distance d1.
Following the implementation of the CFFNF simulations and an in-depth analysis of the derivative of the superposition expression above, the approximation of normalized power to distance ∂p/∂d was determined to be

which yields dependency of normalized power to d of

This approximation in turn corresponds to a power (field) dependence in the NF of 1/r4 (1/r2) which is commonly observed in the radiative NF [10][11]. CST simulations were used to further support this revised formulation. Here, an 8x2 antenna array, placed at (0,0,0), was evaluated. Two measurements at r1 and r2 were used to estimate the asymptotic expansion coefficients bi; this allowed to estimate the power/EIRP at various distances which was can be compared with actual CST simulations at those distances. The behaviour and the normalized power (compensating the path loss) estimated from two sets of two measurements at (r1, r2) of (7.5cm, 9.5cm) and (20cm, 22cm) simulated at various distances (>r2) are shown in Figure 21. 
[image: ][image: ]
[image: ][image: ]
[bookmark: _Ref68869244]Figure 21:Normalized power (left) and power derivative (right) and as a function of transformed distance. The NF evaluations were performed at r1=7.5cm, r2=8.5cm, r3=9.5cm (top) and at r1=20cm, r2=21cm, r3=22cm (bottom)
These curves show that the  asymptotic expansion formulation yields good estimates of EIRP/EIS based on measurements in the radiative NF. 
[bookmark: _Ref69128103]Observation 17: The asymptotic expansion approach formulation presented in this contribution yields good estimates of EIRP/EIS based on measurements in the radiative NF

Two separate measurement results are presented next. The first one is for a NF FR1 BS 12x8 antenna array with operating frequency at 2.6GHz. This resulted in a Fraunhofer FF interface distance of 12m [14]. The NF measurements were performed in a NF system shown in Figure 22.
[image: ][image: ]
[bookmark: _Ref71641931]Figure 22: NF system supporting asymptotic expansion approach. Combined-axes/3D Positioner (left) with 3-axes positioner (right).

The NF range lengths of r1=2m and r2=2.5m were selected and the BS antenna was placed in the centre of the QZ, i.e., white box approach. For different beam steering states/directions, comparisons between the asymptotic expansion approach and measurements performed in a IFF CATR showed excellent agreement as tabulated in Table 19.
[bookmark: _Ref71641977]Table 19: IFF vs CFFNF Differences for NR FR1 BS
	Beam Steering State
	EIRP Differences IFF vs CFFNF [dB]
	EIS Differences IFF vs CFFNF [dB]

	H0V6
	-0.3
	0.34

	H60V6
	0.33
	-0.1

	H0V19
	-0.61
	0.05

	H0V-7
	-0.23
	0.16



[bookmark: _Hlk70537214]The second experiment is for an NR FR2 8x8 BS antenna with operating frequency at 28GHz. This resulted in a Fraunhofer FF interface distance of 0.69m [14]. The NF measurements were performed in a compact NF system measuring 2m x 2m x 2m which is supporting both NF and FF measurements. The NF range lengths of r1=10cm and r2=20cm were selected and the BS antenna was placed in the centre of the QZ, i.e., white box approach. Sample 2D cut measurements at r1, r2, the resulting EIRP estimate, and the DFF measurement in the FF at 84cm are all shown in Figure 23. 
[image: ]
[bookmark: _Ref70532425]Figure 23: 2D Pattern Measurements in the NF at r1 and r2, CFFNF FF EIRP estimate, and FF EIRP measurement. 

[bookmark: _Ref71638079][bookmark: _Ref71642813]Observation 18: The CFFNF approach shows good agreements with measurements in both FR1 and FR2. 


[bookmark: _Hlk70665043]Annex G: Influence of Noise Analyses of DFF/CFFDNF/CFFNF Methodology/Asymptotic Expansion Approach
This Annex is meant to provide influence of noise simulation assumptions and results for IFF/DFF, CFFDNF, and CFFNF methodologies. 
The influence of noise quantifies the effect of a SNR at the TE input on EIRP measurements as outlined in [13] 
	[bookmark: _Toc21004780][bookmark: _Toc36041553][bookmark: _Toc36548777][bookmark: _Toc43901252][bookmark: _Toc52371984][bookmark: _Toc58253441]B.2.1.27	Influence of noise
This contributor describes an offset uncertainty factor caused by a noise floor especially in a case of low SNR. This contributor works as a bias to measured results only to a direction to increase values and thus this shall be included in the uncertainty budget table as a systematic uncertainty. The uncertainty value can be derived by the following equation.




For low UL power test cases, the ~1m path losses due to range length (DFF) or focal distance (IFF) yield very poor SNR conditions at the TE input. Assuming a fixed noise level at the TE input, a reduction in measurement distance/range loss will significantly improve the SNR conditions for CFFDNF and CFFNF when compared to DFF/IFF as illustrated in Figure 24.
[image: ]
[bookmark: _Ref70079316]Figure 24: SNR Conditions for different test methodologies

The analyses in this annex are focused on the following PC3 assumption: 
· For an r1=20cm CFFNF range length (distance between probe and centre of QZ), the min distance between the probe and the antenna array is dCFFNF,min= r1-12.5cm (max offset)=7.5cm
· For an r1=20cm CFFNF range length, the max distance between the probe and the antenna array is dCFFNF,max=r1=20cm
· Similarly, for the CFFDNF methodology with a range length of rCFFDNF=32cm, the min (max) distance between the probe and the antenna array is dCFFDNF,min = rCFFDNF-12.5cm=19.5cm (dCFFDNF,max = rCFFDNF=32cm). 
· For the DFF/IFF calculations, we considered a rDFF/IFF=1m range length for simplicity. 
The improvements in SNR for CFFNF and CFFDNF compared to DFF/IFF are tabulated in Table 20.
[bookmark: _Ref70077438]Table 20: SNR Improvement due to reduced measurement distance w.r.t. 1m DFF/IFF FSPL with fixed noise at TE Input
	Methodology ►►
	DFF/IFF
	CFFDNF
	CFFNF

	▼f [GHz]▼
	@100cm
	@32cm
	@19.5cm
	@20cm
	@7.5cm

	24
	0.0
	9.9
	14.2
	14.0
	22.5

	30
	0.0
	9.9
	14.2
	14.0
	22.5

	35
	0.0
	9.9
	14.2
	14.0
	22.5

	40
	0.0
	9.9
	14.2
	14.0
	22.5

	45
	0.0
	9.9
	14.2
	14.0
	22.5

	50
	0.0
	9.9
	14.2
	14.0
	22.5


In our influence of noise calculations, we assumed a range of SNR values for the DFF/IFF methodology at the TE input and scaled the effective SNR at the TE input for the CFFDNF/CFFNF analyses as shown in Table 21 based on the FSPL/SNR improvements in Table 20. 
[bookmark: _Ref70078063]Table 21: Effective SNRs at the TE Input based on assumed SNR at the TE input for DFF/IFF
	Methodology ►►
	DFF/IFF
	CFFDNF
	CFFNF

	▼DFF/IFF SNR [dB] ▼
	@100cm
	@32cm
	@19.5cm
	@20cm
	@7.5cm

	-15
	-15.0
	-5.1
	-0.8
	-1.0
	7.5

	-10
	-10.0
	-0.1
	4.2
	4.0
	12.5

	-5
	-5.0
	4.9
	9.2
	9.0
	17.5

	0
	0.0
	9.9
	14.2
	14.0
	22.5

	5
	5.0
	14.9
	19.2
	19.0
	27.5

	10
	10.0
	19.9
	24.2
	24.0
	32.5

	15
	15.0
	24.9
	29.2
	29.0
	37.5


The analyses of the difference in EIRP when compared to the FF EIRP due to noise were based on 10k different AWGN simulations and N=30 averages were taken for each EIRP analysed. In each of the 10k AWGN simulations, a signal is generated first with 1000 samples, subsequently AWGN with specified SNR on the signal is applied, and in the end power of signal + AWGN was measured. These simulated results, labelled ‘|Mean Err to FF Reference|’ in the following tables are then compared with the calculations using the analytical  equation and labelled ‘Influence of Noise’ in the following tables: for rDFF/IFF, dCFFDNF,min, and dCFFNF,min in Table 22 and for rDFF/IFF, dCFFDNF,max, and dCFFNF,max in Table 23. In these simulations, it was assumed that r2 = r1 + 2cm. 
[bookmark: _Ref70663035]Table 22: Influence of Noise Simulations and Calculations for DFF/IFF, CFFDNF, CFFNF based on shortest measurement distance dmin 
	DFF/IFF
	CFFDNF
	CFFNF

	rDFF/IFF=100cm
	dCFFDNF,min=19.5cm
	(dCFFNF,min, dCFFNF,min+2cm)
=(7.5, 9.5)cm

	SNR @ rDFF/IFF (dB)
	|Mean Err to FF Reference| (dB)
	Influence of Noise (dB)
	SNR @ dmin (dB)
	|Mean Err to FF Reference| (dB)
	Influence of Noise (dB)
	SNR @ dmin (dB)
	SNR @ dmin+2cm (dB)
	|Mean Err to FF Reference| (dB)
	Influence of Noise with SNR@ dmin +2cm (dB)

	-15.00
	15.1
	15.1
	-0.8
	5.8
	3.4
	7.5
	5.4
	1.44
	1.1

	-10.00
	10.4
	10.4
	4.2
	2.7
	1.4
	12.5
	10.4
	0.45
	0.4

	-5.00
	6.2
	6.2
	9.2
	1.0
	0.5
	17.5
	15.4
	0.09
	0.1

	0.00
	3.0
	3.0
	14.2
	0.3
	0.2
	22.5
	20.4
	0.04
	0.0

	5.00
	1.2
	1.2
	19.2
	0.0
	0.1
	27.5
	25.4
	0.07
	0.0

	10.00
	0.4
	0.4
	24.2
	0.0
	0.0
	32.5
	30.4
	0.09
	0.0

	15.00
	0.1
	0.1
	29.2
	0.1
	0.0
	37.5
	35.4
	0.09
	0.0



[bookmark: _Ref70663058]Table 23: Influence of Noise Simulations and Calculations for DFF/IFF, CFFDNF, CFFNF based on largest measurement distance dmax between antenna array and 
	DFF/IFF
	CFFDNF
	CFFNF

	rDFF/IFF=100cm
	dCFFDNF,max=32cm
	(dCFFNF,max, dCFFNF,max+2cm)
=(20, 22)cm

	SNR @ rDFF/IFF (dB)
	|Mean Err to FF Reference| (dB)
	Influence of Noise (dB)
	SNR @ dmax (dB)
	|Mean Err to FF Reference| (dB)
	Influence of Noise (dB)
	SNR @ dmax (dB)
	SNR @ dmax+2cm (dB)
	|Mean Err to FF Reference| (dB)
	Influence of Noise with SNR@ dmax +2cm (dB)

	-15.00
	15.1
	15.1
	-5.1
	5.8
	6.3
	-1.0
	-1.8
	5.7
	4.0

	-10.00
	10.4
	10.4
	-0.1
	2.7
	3.1
	4.0
	3.2
	2.7
	1.7

	-5.00
	6.2
	6.2
	4.9
	1.0
	1.2
	9.0
	8.2
	1.0
	0.6

	0.00
	3.0
	3.0
	9.9
	0.3
	0.4
	14.0
	13.2
	0.4
	0.2

	5.00
	1.2
	1.2
	14.9
	0.0
	0.1
	19.0
	18.2
	0.1
	0.1

	10.00
	0.4
	0.4
	19.9
	0.0
	0.0
	24.0
	23.2
	0.0
	0.0

	15.00
	0.1
	0.1
	24.9
	0.1
	0.0
	29.0
	28.2
	0.0
	0.0


[bookmark: _Ref71638080]Observation 19: The simulated mean EIRP errors for DFF/IFF and CFFDNF with a single range length as a function of SNR match the analytical Influence of Noise MUs very well. 
[bookmark: _Ref71638081]Observation 20: The asymptotic expansion approach has a small effect on the mean EIRP error with respect to the FF reference especially at low SNR when compared to the analytical Influence of Noise term for the largest radius/measurement distance. 
[bookmark: _Ref71642951]Observation 21: Regardless of the reference IFF/DFF SNR, the Influence of Noise for CFFNF is still smaller than CFFDNF due to the improved SNR/reduced FSPL


Annex H: Influence of Power Measurement Uncertainties on Asymptotic Expansion Approach
This annex is meant to provide simulation assumptions for how uncertainties of power measurements in the NF, p(di), affect the estimates for EIRP/EIS measurements based on the asymptotic expansion approach. As outlined in Annex A, Figure 2, d is the distance between the NF measurement probe and the centre of the antenna array, while r is the range length defined as the distance between the centre of QZ and the NF measurement probe. 
The asymptotic expansion approach expression for the normalized power as a function of d is assumed as follows

and is illustrated for two cases, i.e., d1 & d2 maximized and minimized, in Figure 25. For the simulations in this annex, it is assumed that r2 = r1 + 2cm.
[image: ]
[bookmark: _Ref70513253]Figure 25: Illustration of the asymptotic expansion approach using two radii approach with the antenna array located closer to the NF probe on the left than on the right. 
Power measurement uncertainties, ui, on the NF measurements p(di) can have an effect on the resulting estimate of the estimated FF EIRP/EIS due to the asymptotic expansion transformation. This effect is illustrated schematically in Figure 26.
[image: ]
[bookmark: _Ref70513855]Figure 26: Illustration of the effect of power measurement uncertainties ui applied to NF measurements p(di) on the estimated FF EIRP/EIS. 
For these simulations, ui is assumed to be a Gaussian distribution with std. deviation of s varying from 0 to 0.4dB. It should be noted that the test equipment uncertainties, e.g., Uncertainty of the RF power measurement equipment (B.2.1.6 of [13]) or gNB emulator uncertainty (B.2.1.17 of [13]), are not applicable in full here since the measurements at r1 and r2 are performed with the same equipment in close succession. Instead, the relative power measurement MU could apply here which is currently discussed in RAN5 with a target expanded MU of 0.4dB [16][17], i.e., with a standard deviation of 0.2dB. 
In these simulations, it is furthermore assumed that N=30 averages are taken for each power measurement p(di).
For fixed offsets, the effect of ui with fixed standard deviations are shown in Table 24 for the two extreme cases with dCFFNF,min=7.5cm and dCFFNF,max=20cm, visualized schematically in Figure 25. For each offset, 100K random Gaussian distributions for ui with fixed standard deviations (ranging from 0 to 0.4dB) were simulated to get obtain the mean errors with respect to the FF EIRP and the standard deviation. 
[bookmark: _Ref71561563]Table 24: Impact of power measurement uncertainty ui applied to p(d) measurements on FF EIRP for fixed offsets. 
	Std. Deviation of ui (dB)
	dCFFNF,min=7.5cm&dCFFNF,min+2cm=9.5cm
	dCFFNF,max=20cm&dCFFMF,max+2cm=22cm

	
	|Mean Error of FF EIRP Error| (dB)
	Std. Deviation of FF EIRP Error (dB)
	|Mean Error of FF EIRP Error| (dB)
	Std. Deviation of FF EIRP Error (dB)

	0
	0.09
	0
	0.01
	0

	0.1
	0.09
	0.05
	0.01
	0.14

	0.2
	0.09
	0.11
	0.02
	0.31

	0.3
	0.10
	0.19
	0.04
	0.52

	0.4
	0.12
	0.27
	0.07
	0.77



In order to obtain an overall estimate of the MUs, 1000 random offsets were evaluated. For each of the 1000 random offsets, 100K random Gaussian distributions for ui with fixed standard deviations (ranging from 0 to 0.4dB) were simulated to get obtain the mean errors and standard deviation for the FF EIRP; these results are tabulated in Table 25. 
[bookmark: _Ref71562031]Table 25: Impact of measurement uncertainty ui applied to p(d) measurements on FF EIRP with random offsets
	Std. Deviation of ui (dB)
	|Mean Error of FF EIRP Error| (dB)
	Std. Deviation of FF EIRP Error (dB)

	0
	0.04
	0.0

	0.1
	0.04
	0.07

	0.2
	0.04
	0.16

	0.3
	0.05
	0.27

	0.4
	0.06
	0.40


[bookmark: _Ref71642952]Observation 22: The effect of relative power measurement uncertainties applied to the NF measurements have no significant effect on the FF EIRP MUs. 
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