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1. Introduction

During RAN4#e-97, a WF was agreed [1] for enhanced test methods for NR FR2. Specifically, it was agreed on studying further DNF (direct NF). This contribution provides further simulation results for the DNF test method with the aim of comparing 4x1, 8x2 antenna arrays in Free Space (FS) and on phone model ground plane in terms of peak EIRP, TRP, and Spherical Coverage.
2. Background
When performing UL type of measurements such as beam search and/or max EIRP, the UE beam management is triggered based on the DL reference signal. Basically, the beam will be formed toward the direction to where the DL signal is coming from (Beam Correspondence), and the error on beam directivity and beam pointing must be understood. When the measurement antenna is in NF, the DL signal is no longer a plane wave but rather a spherical wave with a certain phase curvature which would mainly depend on:

1. Range length

2. Antenna array offset with respect to the physical center of the DUT (black-box approach)
During the last RAN4#e-97 meeting, simulation results were provided from MVG [2] by taking into account 4x1 antenna arrays in FS and on phone model ground plane. Going through the results, the following observations could be made:
Observation 1. DNF does suffer from a Beam Selection Error. It means beam steered in NF is different than beam steered at classical FF distance. 
Observation 2. For the case of 4x1 antenna arrays, the error on Peak EIRP, TRP, and Spherical Coverage is less than 0.5dB when the antenna arrays are on a phone model ground plane (realistic case). The errors are approximately the same when the arrays are in FS (the same offset along X, Y, and Z axis is considered). Errors are DUT dependent.

Observation 3. There is a limit in terms of range length for DNF. This limit seems to be 30cm for the simulated 4x1 antenna array.
3. Simulation assumptions
In this section, the simulation assumptions are reported for both 4x1 and 8x2 antenna arrays. It can be seen the simulation assumptions for the 4x1 antenna array are the same as in [2]:

3.1 4x1 Antenna Array 

The simulated 4x1 linear antenna arrays with their locations on a phone size ground plane are shown in Figure 1:
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Figure 1. 4x1 antenna Arrays positions on PCB
This simulated setup is in line with the agreed WF [3]. The two antenna arrays are offset by 7.5cm on  Z and 3.5cm on Yaxis from the physical center of the simulated PCB. This is also in line with the agreed WF, where the radius offset should go beyond 0.075m and below 0.125m. The simulated frequency is at 28GHz.
Each array is capable of steering 9 beams on the elevation plane with a 22.5° phase step on the element. The coverage is smaller than +/-90°. A total of 18 beams are steered over the 0-180° elevation angular range. A 3D pattern of some beam ID is reported in Figure 2 for top and bottom arrays: 
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Figure 2. 3D patterns of different beams from the two antenna panels
In Figure 3, the accumulated power in azimuth is shown for each beam:
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Figure 3. Averaged EIRP elevation cut – (left – bottom array’s beams; right - top array’s beams)
This plot is showing how the energy is distributed in the elevation plane. In other words, how beams synthesized by each antenna array are spread. Beams are selected over both elevation and azimuth plane. Specifically, the elevation angular range is [0; π] while is [0; 2π] for azimuth angular range. 
Results are reported for a sampling grid of 2° over elevation and 2° over azimuth. 
3.2 8x2 Antenna Array 
In figure 4, the simulated 8x2 antenna arrays on a phone size ground plane are shown:
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Figure 4. 8x2 antenna Arrays positions on PCB
This simulated setup is the same as the 4x1 antenna array setup. The two arrays are offset by 6.2cm on Z axis and 3.4cm on Y axis with respect to the physical center of the PCB. The simulated frequency is at 28GHz.
Each array is capable of steering 27 beams on the elevation plane with a 22.5° phase step on the element. The coverage is smaller than +/-90°. A total of 54 beams are steered over the 0-180° elevation angular range. A 3D pattern of some beam ID is reported in Figure 5 for top and bottom arrays: 
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Figure 5. 3D patterns of different beams from the two antenna panels
4. Simulated scenarios

Based on the agreed simulation assumptions, the effect of the measurement distances will be analysed for the following scenarios:
· Static Beam -> Beam state is selected based on the FF condition of the DL signal. Beam state doesn’t change when the measurement antenna is at distances less than FF. 
· Dynamic Beam -> Beam State is selected based on the DL signal for given simulated distances.
Dynamic beams scenario was considered in order to determine whether there is a difference in beam selection when the DL signal is at FF and at any distance less than FF. Specifically, the simulated range lengths are 100 m (FF-Reference), 4,2m (2D^2/λ at 28GHz when D=full DUT size), 0.9m, 0.45m, 0.3m.
5. Multibeam OTA Measurement Emulation

In Figure 6, the simulated environment is shown:
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Figure 6. Simulated Environment
UE is placed with its physical center aligned with the center of the system reference coordinate system (black box approach). DL signal is sent by the measurement antenna at ϑ= ϑ0   when the azimuth is at ϕ = ϕ0 
In this setup, UE does select the beam (among the 18 available for 4x1 and among the 54 available for 8x2) that is closest to the (ϑ0 ϕ0) direction (beam selection). This procedure is repeated for each ϑ and ϕ direction.
The following are the parameters used for tests:

· Δ ϑ= 2° (0:2:180)
· Δ ϕ=2°  (0:2:358)

· R=100 m; 4.2 m; 0.9 m; 0.45 m; 0.3 m

· Ideal FF considered as reference

· Two scenarios

· Static Beam -> beam selection is done in FF, but the selected beam is measured at distances R
· Dynamic Beam -> beam selection is made at the distance R between measurement antenna and UE, and the selected beam is also measured at distances R.

6. Results for antenna arrays on phone model ground plane

The following figure of merits (FoM) have been analysed:
· Beam selection Error
· EIRP Peak Error
· TRP Error

· Spherical Coverage (CDF curve)

In all the above FoMs, the error is always computed with FF as a reference.

6.1 Beam Selection Error
The dynamic beam scenario has been simulated. Beam selection error is the difference between the beam ID steered at distance R (which is less than FF) and the reference FF beam ID. In Figure 7, and 8 the beam selection error is plotted for each emulated range length:
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Figure 7. 3D representation of Beam Selection Error for 4x1 antenna arrays on phone model ground plane
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Figure 8. 3D representation of Beam Selection Error for 8x2 antenna arrays on phone model ground plane

It can be noted that a high value means the selected beam is far off from the beam that is selected based on the theoretical FF beam. This happens in some cases, near the poles where the coverage is poor. It can also be observed that even at FF distance – R=100m, there is a beam selection error. This could be explained by the fact that near-by beams at those angle directions are at slightly different power levels (few tenths of dBm).
Observation 1: At distances less than classical FF (ideal case) distance, the selected beams are different with respect to the FF case.
6.2 EIRP, TRP, and Spherical Coverage Error

In Figure 9 and 10, the emulated 3D EIRP are shown for each range length and both static and dynamic beam scenarios:
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Figure 9. EIRP - 3D representation of the EIRP spherical coverage for 4x1 antenna arrays
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Figure 10. EIRP - 3D representation of the EIRP spherical coverage for 8x2 antenna arrays

The Peak EIRP and TRP errors are summarized in Table 1 and Table 2, respectively for 4x1 and 8x2 antenna arrays:
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Table 1. Peak EIRP, and TRP Errors - Summary table for 4x1 antenna arrays
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Table 2. Peak EIRP, and TRP Errors - Summary table for 8x2 antenna arrays
In Figure 11, and 12 the spherical coverage curves are plotted and compared for each range length and both static (a) and dynamic (b) beam scenarios:
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(a)                                                                                                  (b)
Figure 11. Spherical coverage comparison for 4x1 antenna arrays – (a) Static beam (b) Dynamic Beam
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Figure 12. Spherical coverage comparison for 8x2 antenna arrays – (a) Static beam (b) Dynamic Beam

Spherical coverage curves are in better agreement for dynamic than the static scenario. This could be explained by the fact that for the dynamic scenario, there are two possible errors: beam selection and beam pattern. The change in the pattern shape due to the reduced distance (range length) is compensated by the beam selection itself.
With considering the overall results from the actual model simulations, the following observation is given: 

Observation 2: With the considered UE models (arrays on a phone size ground plane), figure of merits such as EIRP, TRP, and Spherical Coverage are not influenced dramatically from range length especially if the dynamic beam scenarios is considered.
7. Results for antenna arrays in Free Space
In the following presented simulation results, the same 4x1 and 8x2 antenna arrays have been simulated when in Free Space. Peak EIRP has been computed for each offset and each antenna array. As before, the error is always computed with FF as a reference. The array is composed of Gaussian elements of 7dBi directivity to match the directivity of the patch-array simulated on a phone model ground plane. Element spacing is 4mm. 

Specifically, errors have been computed when considering the following offsets (mirrored offsets of the two arrays wrt the origin).
· (X, Y, Z) = (0, 3.5, -7.5) cm (same as 4x1 arrays on a phone size ground plane)
· (X, Y, Z) = (0, -3.4, 6.2) cm (same as 8x2 arrays on a phone size ground plane)
· (X, Y, Z) = (0, 12.5, 0) cm 
· (X, Y, Z) = (0, 0, 12.5) cm 
· (X, Y, Z) = (12.5, 0, 0) cm 
· (X, Y, Z) = (10.0, 0, 0) cm (only for the 8x2 arrays)
· (X, Y, Z) = (7.5, 0, 0) cm (only for the 8x2 arrays)
It should be noted that offset along the X axis means a translation along the array pointing direction (worst case scenario).
To be consistent with the simulation results from other companies, 0.25, 0.3, 0.45, and 20m have been considered as range lengths. It must be said the FS test case would allow applying the offset in the beam direction. This was not the case for the arrays simulated on the phone size ground plane.
Table 3 and Table 4 do summarize Peak EIRP Error for respectively 4x1 and 8x2 antenna arrays:
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Table 3. Peak EIRP Error - 4x1 antenna arrays

In Figure 14, spherical coverage curves are highlighted for 4x1 antenna arrays in FS and for each simulated offset:
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Figure 14. Spherical Coverage Curves Comparison – 4x1 antenna arrays
As a general observation, the free space array error is slightly higher than the actual UE models, which were used in the previous section. In addition, it can also be observed that the highest Peak EIRP Error does occur when the antenna arrays are offset on the X-axis (beam peak direction).
Observation 3: When considering antenna arrays in Free Space, the FoMs’ errors increase especially when the offset is along the beam peak direction.

Observation 4: FoMs’ errors is DUT dependent

7.1  Results for antenna arrays in Free Space with compensation
Knowing the offsets (white box approach), a path loss compensation could be applied. Without compensation, the EIRP is obtained considering range length at each measurement point (origin in the center of the measurement sphere), while applying offset compensation, each sample is compensated considering the distance from the fed array and the measurement point (origin on the fed array).

This is depicted in figure 13,
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Figure 13. Compensation mechanism

The path loss compensation has been applied to the simulated EIRP for the 8x2 antenna arrays. Table 4 and 5 do summarize the Peak EIRP Error:
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Table 4. Peak EIRP Error – 8x2 antenna arrays without path loss compensation

In figure 16, spherical coverage curves have been computed for each simulated offset with and without compensation:
[image: image20.png](XYZ) = (0, -3.4, 6.2)cm

(XYZ) = (0, -3.4, 6.2)cm
Ground Plane

Free-Space

% s 0
EIRP (dBm) EIRP (48]




[image: image21.png](XYz) = (0, 0, 0)cm (XYz) = (7.5, 0, 0)cm (XYZ) = (12.5, 0, 0)cm
Free-Space Free-Space Free-Space

03]
o8|
07

o8|

Bos
o
N
o
—riem o
=
e T B T T T B N N

EIRP [dBm] EIRP (48] EIRP [dBm)




Figure 16. Spherical Coverage Curves Comparison – 8x2 antenna arrays with and without path loss compensation
As it was observed for the 4x1 antenna arrays, Peak EIRP error gets worse when the offset is in the beam peak direction (X direction). Specifically, x=12.5cm offset has a higher peak EIRP Error.

Applying for the depicted compensation, the Peak EIRP Error gets lower as it is summarized in Table 5:
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Table 5. Peak EIRP Error – 8x2 antenna arrays with path loss compensation

As it was expected, due to the compensation, there is an improvement for Peak EIRP Error -> CDF=1 for each simulated offset while the spherical coverage curves do not change much. There is still error.
Knowing the antenna array offset (X0, Y0, Z0) with respect to the physical center of the DUT, and measuring the whole 3D pattern of each beam state, not only path loss can be compensated but also the angular coordinate variation (θ,φ) due to the offset. In this way, the beam selection error could potentially be corrected.
For the 8x2 antenna arrays in FS, and when on UE model both path loss, and angular coordinate variation have been applied by knowing the antenna array offset. Specifically, for the FS test case the worst offset X=12.5cm in the beam direction is simulated. Peak EIRP, and spherical coverage are then compared with and without compensation.
In figure 17, and 18 EIRP maps are compared for respectively 8x2 in FS and on UE model:
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Figure 17. EIRP - 3D representation of the EIRP spherical coverage for 8x2 antenna arrays in FS with (12.5,0,0)cm offset
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Figure 18. EIRP - 3D representation of the EIRP spherical coverage for 8x2 antenna arrays on UE model with

(0,-3.4,6.2) cm offset
In figure 19, and 20 the spherical coverage curves are compared with and without compensation:
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Figure 19. Spherical Coverage Curves Comparison – 8x2 antenna arrays in FS with (12.5,0,0) cm offset with and without compensation
[image: image26.png]09

08

o7

06

04

03

02

01

0

15

20

)
EIRP [dBm]





Figure 20. Spherical Coverage Curves Comparison – 8x2 antenna arrays on UE model with (0,-3.4,6.2) cm offset with and without compensation
As you can see the only difference from figure 19, and figure 16 is that also the angular coordinate variation due to the offset is applied so that the beam selection error would decrease making the spherical coverage curves matching.
Negligible effects are seen when applying the correction to the 8x2 antenna arrays on UE model since the peak error and spherical coverage curve error were already low.

Observation 5: Based on the simulated antenna arrays in both FS and the UE model, the distance of 30cm seems to be the minimum range length for DNF test method for FR2.
8. Pathloss improvement of the DNF

With current permitted test methods, some test cases requiring high DL signal power and low UL signal power suffer from significant relaxation. The DNF test method can provide an enhancement by reducing the path loss. Compared with a CATR (permitted test method) with a focal length of 1m, the improvement in terms of free space path loss for the DNF test method with 45cm, and 30 cm range length is 10.5dB, and 7dB, respectively (see Table 6). 

	Freq [GHz]
	CATR (focal length=1m) Path Loss [dB]
	DNF_30cm Path Loss [dB]
	DNF_45cm Path Loss [dB]
	Delta1 [dB]
	Delta2 [dB]

	24
	-60.04
	-49.58
	-53.11
	10.46
	6.93

	28
	-61.38
	-50.92
	-54.45
	10.46
	6.93

	39
	-64.26
	-53.8
	-57.32
	10.46
	6.94

	48
	-66.06
	-55.6
	-59.13
	10.46
	6.93


Table 6. Pathloss comparison between CATR and DNF

9. Conclusion 
In this contribution, OTA measurements of a multi-beam UE implementation are emulated considering different measurement distances. Specifically, UE implementation consists of two arrays panels in a 4x1 and 8x2 configurations. Additional simulation results have been presented for a Free Space configuration of the mentioned antenna arrays. Beam selection along with Peak EIRP, TRP and Spherical Coverage have been emulated and compared with the same FoM at classical Far Field distance.
The following observations are made:
Observation 1: At distances less than classical FF (ideal case) distance, the selected beams are different with respect to the FF case.
Observation 2: With the considered UE models (arrays on a phone size ground plane), figure of merits such as EIRP, TRP, and Spherical Coverage are not influenced dramatically from range length especially if the dynamic beam scenarios is considered.
Observation 3: When considering antenna arrays in Free Space, the FoMs’ errors increase especially when the offset is along the beam peak direction.
Observation 4: FoMs’ errors is DUT dependent

Observation 5: Based on the simulated antenna arrays both FS and UE model, the distance of 30cm seems to be the minimum range length for DNF test method FR2.
Observation 6: In comparison with a CATR with focal length of 1m, the improvement in terms of free space path loss for DNF test method with 45cm, and 30 cm range length is 10.5dB, and 7dB respectively.
	Freq [GHz]
	CATR (focal length=1m) Path Loss [dB]
	DNF_30cm Path Loss [dB]
	DNF_45cm Path Loss [dB]
	Delta1 [dB]
	Delta2 [dB]

	24
	-60.04
	-49.58
	-53.11
	10.46
	6.93

	28
	-61.38
	-50.92
	-54.45
	10.46
	6.93

	39
	-64.26
	-53.8
	-57.32
	10.46
	6.94

	48
	-66.06
	-55.6
	-59.13
	10.46
	6.93
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