


[bookmark: _GoBack]3GPP TSG-RAN WG4 Meeting #98-bis-e	R4-2107187
Electronic Meeting, 12th – 20th April, 2021
Source:		Rohde & Schwarz
Title:	Analysis of NF based solutions
Agenda Item:		9.1.2
Document for:	Approval
Introduction
According to the SID [1] the first objective is to improve the test methodology for high DL and low UL power test cases based on the feedback RAN5 provided in [2] declaring testability issues on some of the core requirements in TS 38.101-2 [3].
In this contribution we present our views and proposal for this first objective. 
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]CFFNF based on asymptotic expansion
During past few meetings, Near Field systems based on asymptotic expansion approach using a rate-of-decay estimation has been presented in [4][5], but little information has been provided on the basics for such approach or how the method has been validated considering a novel Near Field methodology that has not been possible ever before. We present in this section an analysis of this approach in order to verify all assumptions.
Mathematical and electromagnetic formulation
Contribution to previous meetings in [4][5] propose the following formulation for the asymptotic expansion approach:
  The EIRP of the DUT at an arbitrary far-field distance df from the DUT may be determined according 
			      			(1)
where EIRP(d1) is the measured EIRP with the probe antenna at a near-field distance d1, ∂p/∂d is the derivation of power p to distance d, and d∆d is the differentiation of the distance d. Because the near-field distance d1 is unknown, measurements of the EIRP at multiple measurement distances are needed to derive both the derivation ∂p/∂d and the first near-field distance d1. 
The position of the array phase centre relative to the probe antenna at the first near-field distance d1 and the derivation of power to distance  may be estimated, using 
				
where d is the near-field measurement distance, a is a coefficient of expansion to be determined, and ∆(d) is a redundant term for consisting of terms having a lower order than d-2.  The term ∆(d) may be ignored in analyses. It was found that measurements at three different near-field distances are sufficient to accurately estimate EIRP and the unknown offset of the antenna phase centre.

This formulation presents several issues. Conceptually, no power measured in the NF can be defined as EIRP and therefore the power measured with the probe antenna in the NF can only be defined in terms of Radiation Intensity, which is the active power density (the real part of the Poynting vector crossing the measurement surface normally) multiplied by the elementary surface at the considered point. Besides that, we understand the proposed formulation defines the Radiated Power (  in the paper) and p as quantities that are proportional to the square of the E-field magnitude (i.e. ), but that is not valid in the NF as far as it contains both active and reactive field components.
[bookmark: _Hlk68165348]The so called “derivation of power to distance”, estimated by , implies that the E-field magnitude has unprecedented dependence of  to  , or the corresponding  to  , being  the propagation constant and r the distance from the radiating source, what has never been proved in electromagnetics.
Without further details, our analysis suggests some issues with the formulation where this approach actually assumes that p already integrates a  path loss correction and that would mean an actual variation of the square of the E-field in  in  . This drives into the assumption that E-Field varies in  , what has no precedent in electromagnetic theory.
[bookmark: _Toc68077043][bookmark: _Toc68077155][bookmark: _Toc68077193][bookmark: _Toc68077286][bookmark: _Toc68077295][bookmark: _Toc68077308][bookmark: _Toc68077347][bookmark: _Toc68095264][bookmark: _Toc68167439][bookmark: _Toc68167451][bookmark: _Toc68168363][bookmark: _Toc68198775][bookmark: _Toc68269283][bookmark: _Toc68270268][bookmark: _Toc68271431][bookmark: _Toc68284844][bookmark: _Toc68289201][bookmark: _Toc68289247][bookmark: _Toc68303415]Observation 1: the asymptotic expansion approach definition is not complete and has fundamental issues in the formulation.
Expansion using  polynomials
As said above, the expansion approach proposed in [4][5] seems to omit basic considerations for the spherical wave propagation in the Near Field. Using the expression of spherical wave functions in Hansen [6], equations 2.20 through 2.22 more precisely, it can be noticed that the E-field has two types of radial dependencies on  and derivatives of  , being  the spherical Hankel function of order n. In the convention chosen by Hansen [6], the Hankel function is of the first kind and denoted by .
Looking at the radial dependencies, and relating them to the spherical wave functions, it can be seen that when the antenna excites:
· Mode of radial order 0 maximum (i.e. elementary electric dipole), the E-field has a dependence to  and  .
· Modes up to order 1 maximum, the E-field has a dependence to  .
· Modes up to order 2 maximum, the E-field has a dependence to  .
· Etc.

From R.F. Harrington [7] and many other publications [6][8], it is considered that any antenna typically excites with non-negligible energy modes of radial order up to , where a is the radius of the smallest sphere containing the antenna and  is the first integer just above . As an example, 8x2 antenna array at 28GHz correspond to ,  and therefore radial modes should be considered up to order 23.
Even considering the decomposition into single elements from the patch array, the radial modes should be considered up to order 12 for the same example at 28GHz.
[bookmark: _Hlk68165319][bookmark: _Hlk68165389]It has to be noted that an antenna that excites only modes or radial order 2 maximum is most likely a very small antenna. Using the same definition of radial order defined as  and removing the empirical factor , an antenna that excites only up to radial order 2 leaves us with an aperture radius  . For 28GHz, this corresponds to a maximum aperture diameter of 0.68cm.
[bookmark: _Toc68077044][bookmark: _Toc68077156][bookmark: _Toc68077194][bookmark: _Toc68077287][bookmark: _Toc68077296][bookmark: _Toc68077309][bookmark: _Toc68077348][bookmark: _Toc68095265][bookmark: _Toc68167440][bookmark: _Toc68167452][bookmark: _Toc68168364][bookmark: _Toc68198776][bookmark: _Toc68269284][bookmark: _Toc68270269][bookmark: _Toc68271432][bookmark: _Toc68284845][bookmark: _Toc68289202][bookmark: _Toc68289248][bookmark: _Toc68303416]Observation 2: E-field dependence to  and  imply very small antenna aperture size.
NF transform without full spherical wave expansion
Following the analysis above, it can be seen that any NF measurement performed at distances close to the reactive NF boundary cannot be approximated by simple expansion techniques considering only lower order modes that neglect the complex components of the field. At this close distances, NF to FF transform techniques like full spherical wave expansion based on magnitude and phase measurements are required to reconstruct the Far Field data.
[bookmark: _Toc68077045][bookmark: _Toc68077157][bookmark: _Toc68077195][bookmark: _Toc68077288][bookmark: _Toc68077297][bookmark: _Toc68077310][bookmark: _Toc68077349][bookmark: _Toc68095266][bookmark: _Toc68167441][bookmark: _Toc68167453][bookmark: _Toc68168365][bookmark: _Toc68198777][bookmark: _Toc68269285][bookmark: _Toc68270270][bookmark: _Toc68271433][bookmark: _Toc68284846][bookmark: _Toc68289203][bookmark: _Toc68289249][bookmark: _Toc68303417]Observation 3: measurement distance close to reactive NF boundary requires NF to FF transform techniques based on magnitude and phase measurements, necessary to reliably reconstruct the Far Field data.
A simple expansion technique, like the asymptotic expansion approach, based only on power measurements could eventually be considered by limiting the applicability to concrete study cases (e.g. NxM patch array with Xº HPBW per element), bounding the maximum error and treating it as Measurement Uncertainty, but such approaches are still too much sensitive to extrapolation error and may only be feasible under high SNR conditions. In addition, it would be very difficult to generalize such MU evaluation to any possible current and future antenna implementation in actual devices.
The following figures show the divergence of power estimation over distance using the formulation in [4][5] when a certain minimum SNR is considered. Over ~300 quadratic fits are obtained with three measurements performed in the NF, at 22, 23 and 24cm, for an 8x2 array in boresight direction, in order to calculate the correction factor corresponding to the derivation of power to distance  . 
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(a)						(b)
Figure 2.3‑1: Power estimation over distance for SNR = 40dB: (a) Quadratic fit of derivation of power to distance; (b) EIRP error estimation
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(a)						(b)
Figure 2.3‑2: Power estimation over distance for SNR = 10dB: (a) Quadratic fit of derivation of power to distance; (b) EIRP error estimation
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(a)						(b)
Figure 2.3‑3: Power estimation over distance for SNR = 6dB: (a) Quadratic fit of derivation of power to distance; (b) EIRP error estimation
The following table show the statistical results for the same ~300 fits under the three SNR conditions:
Table 2.3‑1: Extrapolation error due to SNR, 8x2 antenna array at boresight, Distance (22cm 23cm 24cm)
	SNR (dB)
	Peak to Peak error (dB)
	Mean error (dB)
	Std. Deviation (dB)

	40
	0.069
	-0.072
	0.012

	10
	2.985
	0.381
	0.747

	6
	6.656
	0.941
	1.424



As it can be seen, simple expansion techniques are too much sensitive to extrapolation error and may only be feasible under high SNR conditions. Therefore, they are not suitable to solve the kind of testability issues defined in the scope of this SI.
[bookmark: _Toc68077062][bookmark: _Toc68077116][bookmark: _Toc68077150][bookmark: _Toc68077182][bookmark: _Toc68077197][bookmark: _Toc68077200][bookmark: _Toc68077352][bookmark: _Toc68168368][bookmark: _Toc68198779][bookmark: _Toc68269287][bookmark: _Toc68270273][bookmark: _Toc68271436][bookmark: _Toc68284849][bookmark: _Toc68289205][bookmark: _Toc68289251][bookmark: _Toc68303419]Proposal 1: do not consider CFFNF with transform as enhanced methodology for FR2 testing.


CFFDNF based solutions
Following the discussion in previous meetings, the applicability for CFFDNF was defined in [9] as follows: 
The CFFDNF has the following applicability:
-	Beam peak searches and spherical coverage test cases are performed with black box approach using the FF probe. Performing these tests with the NF measurement probe would require the extensive black&white-box approach which is not deemed a feasible enhancement of the methodology..
-	The low UL power/high DL power EIRP/EIS test cases in the known FF BP direction are applicable to the black&white-box approach.
-	Whether a local search to determine the NF test direction and/or optimize EIRP/EIS is FFS. 
-	EIRP/EIS can be approximated in the NF (min. range lengths for PC1 and PC3 are FFS) 
-	TRP test cases at very close distances require offset compensation while range lengths beyond 32cm for PC3 do not necessarily require offset compensations. At those range lengths, the relaxations are minimized by up to 10dB. 

This section aims to present the missing data to clarify the pending FFS items.

Simulation campaign 
In order to clarify the applicability for EIRP/EIS measurements and corresponding minimum range length, an extensive simulation campaign using CST 3D EM simulator was defined following the assumptions presented in Table 3.1‑1.
[bookmark: _Ref68012746]


[bookmark: _Ref68303371]Table 3.1‑1: Simulation assumptions for CFF(D)NF
	Parameter
	Value(s) / Assumptions
	Notes

	Methodology
	CFFDNF with black&white box approach
	Phase centre of active antenna yielding Far Field Beam Peak direction is known

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

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

	HPBW of Individual Array Element
	90o/90o
	as suggested in [10]

	Offsets of Active Array Panel
	PC3 (8x2 and 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)
	1k 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. With compensation (uniform pattern assumed in simulations)
1. Without compensation (typical horn pattern with ~50o HPBW pattern applied)
	A wider beamwidth probe might be considered.

	Tool Used for Simulations
	CST (or any other full EM simulator) 
Matlab
	Other tools are not precluded.

H- and E-plane pattern comparison between EM simulator and Matlab (or any other tool) will be provided to verify the NF pattern behavior. This comparison must include at least one extreme offset of Active Array Panel.

	Range Lengths
	CFFDNF: 20cm, 25cm, 30cm, 35cm, 40cm, 45cm, 20m
	Additional range lengths can be considered.

	Frequency
	28GHz (other not precluded)
	Additional frequencies can be considered.




For completeness, the figures of the antenna models used for the simulations and the reference radiation patterns are provided in the Appendix to this contribution.



The following figures show the histograms of the respective offsets in x, y, and z for the 1,000 simulations.
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(a)						(b)
Figure 3.1‑1: Distribution of 1,000 random offsets within 12.5cm in a single hemisphere for 8x2 array (a) Histogram of the offsets in x, y, and z; (b) 3D distribution of offsets

Unfortunately, the complete set of simulations did not finish before the submission deadline and only the results for 8x2 array are presented in Table 3.1‑2:
[bookmark: _Ref68268736]Table 3.1‑2: Impact of EIRP and TRP measurements with offset correction, 8x2 antenna array
	Range Length
	Mean EIRP error (dB)
	EIRP Std. Deviation (dB)
	Mean TRP error (dB)
	TRP Std. Deviation (dB)

	20cm
	-0.555
	0.538
	-0.519
	0.357

	25cm
	-0.209
	0.400
	-0.360
	0.215

	30cm
	-0.049
	0.360
	-0.274
	0.145

	35cm
	0.007
	0.364
	-0.220
	0.105

	40cm
	0.076
	0.418
	-0.184
	0.080

	45cm
	0.094
	0.391
	-0.159
	0.063

	20m
	0.036
	0.058
	-0.015
	0.014



After a first analysis, it was confirmed that the limited performance in terms of EIRP can be explain by the 5º step grid selected for these simulations. Thus, revised results with a smaller grid together with the corresponding simulation results for 4x2 and 12x12 antenna array cases will be shared in a revised (late) contribution for this meeting. 


Minimum range length
As presented in previous contributions [11][12], measurement distances between Fraunhofer distance and Reactive Near Field boundary can be also be used as described in [13]. In this paper, a new definition of the minimum range length for DNF measurements is defined as Derat Distance () which is the shortest distance at which the decay in power is still in  :

Using the effective radiating aperture based on a λ/2 inter-element spacing, the following minimum range lengths can be defined:
Table 3.2‑1: Range length comparison, PC3 device (8x2 array), QZ size = 30cm, Black box approach
	Minimum Range Length [m]

	f [GHz]
	Effective Aperture [cm]
Deff
	FF

	DNF

	NF


	24.25
	5.10
	0.54
	0.32
	0.19

	28
	4.41
	0.49
	0.29
	0.18

	30
	4.12
	0.47
	0.28
	0.18

	40
	3.09
	0.39
	0.25
	0.17

	43.5
	2.84
	0.37
	0.24
	0.17

	52.6
	2.35
	0.33
	0.23
	0.17



Table 3.2‑2: Range length comparison, PC3 device (4x2 array), QZ size = 30cm, Black box approach
	Minimum Range Length [m]

	f [GHz]
	Effective Aperture [cm]
Deff
	FF

	DNF

	NF


	24.25
	2.76
	0.26
	0.21
	0.16

	28
	2.39
	0.25
	0.20
	0.16

	30
	2.23
	0.24
	0.20
	0.16

	40
	1.68
	0.22
	0.18
	0.16

	43.5
	1.54
	0.21
	0.18
	0.16

	52.6
	1.27
	0.20
	0.18
	0.16



[bookmark: _Toc68269288][bookmark: _Toc68270274][bookmark: _Toc68271437][bookmark: _Toc68284850][bookmark: _Toc68289206][bookmark: _Toc68289252][bookmark: _Toc68303420]Proposal 2: define 32 cm as minimum range length for CFFDNF systems to perform EIRP/EIS and TRP measurements for PC3.

Manufacturer declarations
As defined in [9], CFF(D)NF solutions assume the usage of offset correction methods, although they require a knowledge of the offset of the UE active array providing the Beam Peak with regards to the center of the DUT. This was defined as “Black&white box approach” in the draft TR [9]:
Table 5.1.3-2: Sample Vendor Declaration for white-box approach supporting low UL power test cases
Antenna Panel (yielding TX beam peak radiation)
Phase-centre offset from geometric centre of DUT

(xoff, yoff, zoff)

Two different black&white-box approaches could be further considered, i.e., 
-	Extensive Black&white-box approach: When the NF methodology is used for spherical coverage test cases and for beam peak searches, all active antenna locations are declared together with the angular ranges (theta, phi) each active antenna performs best (when compared to the remaining antenna panels, i.e., the vendor declaration is as outlined in Table 5.1.3-1. Very much similar to the white-box approach with the only difference that the geometric centre of DUT is aligned with the centre of QZ.
-	Black&white box: When the NF methodology is used only for EIS based high DL power or EIRP/TRP based low UL power test cases, only the antenna location of the antenna that yields the beam peak needs to be declared, i.e., the vendor declaration is as outlined in Table 5.1.3-2. The geometric centre of DUT is aligned with the centre of QZ.


The easiest and most consistent way to obtain this information is by means of a manufacturer declaration, in a similar way the antenna locations are required by regulatory bodies for certification purposes.
[bookmark: _Toc68077290][bookmark: _Toc68077299][bookmark: _Toc68077312][bookmark: _Toc68077351][bookmark: _Toc68095267][bookmark: _Toc68167442][bookmark: _Toc68167454][bookmark: _Toc68168366][bookmark: _Toc68198778][bookmark: _Toc68269286][bookmark: _Toc68270272][bookmark: _Toc68271435][bookmark: _Toc68284848][bookmark: _Toc68289204][bookmark: _Toc68289250][bookmark: _Toc68303418]Observation 4: manufacturer declaration is the easiest and most consistent way to obtain the antenna offset required for offset correction.
Although there might be practical methods to determine this antenna offset, these would have a major impact in the test system definition that can be reflected in, but not limited to: test time increase, additional complexity in system validation (e.g. QoQZ), higher impact on MU, etc.
[bookmark: _Toc68077117][bookmark: _Toc68077151][bookmark: _Toc68077183][bookmark: _Toc68077198][bookmark: _Toc68077201][bookmark: _Toc68077353][bookmark: _Toc68168369][bookmark: _Toc68198780][bookmark: _Toc68269289][bookmark: _Toc68270275][bookmark: _Toc68271438][bookmark: _Toc68284851][bookmark: _Toc68289207][bookmark: _Toc68289253][bookmark: _Toc68303421]Proposal 3: adopt Black&white box approach as manufacturer declaration.
[bookmark: _Ref473660868][bookmark: _Ref473660708][bookmark: OLE_LINK6][bookmark: OLE_LINK7]Conclusion
In this contribution we make the following observations and proposals:
Observation 1: the asymptotic expansion approach definition is not complete and has fundamental issues in the formulation.
Observation 2: E-field dependence to  and   imply very small antenna aperture size.
Observation 3: measurement distance close to reactive NF boundary requires NF to FF transform techniques based on magnitude and phase measurements, necessary to reliably reconstruct the Far Field data.
Observation 4: manufacturer declaration is the easiest and most consistent way to obtain the antenna offset required for offset correction.

Proposal 1: do not consider CFFNF with transform as enhanced methodology for FR2 testing.
Proposal 2: define 32 cm as minimum range length for CFFDNF systems to perform EIRP/EIS and TRP measurements for PC3.
Proposal 3: adopt Black&white box approach as manufacturer declaration.
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Appendix – Informative figures
Antenna models and Far Field pattern
Table 7.1‑1: Single element antenna model
	Antenna model
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	3D radiation pattern
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	E-plane cut
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	H-plane cut
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Table 7.1‑2: 8x2 array antenna model
	Antenna model
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	3D radiation pattern
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	E-plane cut
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	H-plane cut
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Sample Near Field patterns
Table 7.2‑1: 8x2 array antenna model
	RL = 20cm
xoff = 0cm
yoff = 0cm
zoff = 0cm
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	RL = 20cm
xoff = 12.5cm
yoff = 0cm
zoff = 0cm
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	RL = 20cm
xoff = 7.5cm
yoff = -10.0cm
zoff = 0cm
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	RL = 20cm
xoff = 0cm
yoff = -12.5cm
zoff = 0cm
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